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A B S T R A C T

Dynamic recrystallisation (DRX) is a significant restoration mechanism in the hot deformation of materials with 
high stacking fault energy (SFE), such as aluminium alloys. Both continuous DRX (CDRX) and geometric DRX 
(GDRX) have been observed concurrently during hot deformation of aluminium alloys. However, the kinetics of 
these DRX mechanisms during hot deformation remain considerably controversial in the literature, leading to the 
development of distinct constitutive models for CDRX and GDRX. To address this knowledge gap, the present 
study conducted hot compression tests on an aluminium alloy (AA6061) at varying strain levels up to 1.5. 
Crystallographic orientation and misorientation were characterised over a large area of the deformed samples 
using high-resolution electron backscatter diffraction (HR-EBSD) with a misorientation resolution of 0.05◦. A 
quantitative analysis was then performed on the characteristics of high-angle grain boundaries (HAGBs), low- 
angle grain boundaries (LAGBs) and geometrically necessary dislocations (GNDs). The results indicate that 
CDRX initiates in the early stages of deformation and reaches saturation as deformation progresses. This satu
ration of CDRX is attributed to a reduction in GNDs and LAGBs. GDRX occurs slightly before CDRX saturation, 
then accelerates as deformation continues, ultimately becoming the dominant mechanism at higher strain levels. 
In addition, hot deformation results in formation of Σ3 (60◦ 〈111〉) twin boundaries (TBs), initially in the original 
HAGBs and subsequently in new HAGBs produced through GDRX. In contrast, these TBs are not observed in the 
new HAGBs generated through CDRX. This research provides significant insights into the kinetics of CDRX and 
GDRX in high SFE materials, supporting the development of predictive models for these DRX mechanisms.

1. Introduction

Metallic materials with high stacking fault energy (SFE), such as 
aluminium, are extensively used across a wide range of industries [1]. 
Their high SFE directly influences their deformation mechanisms and 
mechanical properties in various applications [2]. During hot defor
mation of high SFE materials, dynamic recovery (DRV) and dynamic 
recrystallisation (DRX) are main thermally activated restoration mech
anisms which determine the final microstructure and properties of 
hot-formed products [3]. DRV involves the annihilation of dislocations 
with opposite Burgers vectors and rearrangement of dislocations into 
cell-like structures, eventually into equiaxed subgrain structures sur
rounded by low-angle grain boundaries (LAGBs) [4]. DRV is driven by 

two key mechanisms including the climb of the edge dislocations and the 
cross-slip of screw dislocations [5]. In high SFE materials such as 
aluminium, both climb and cross-slip mechanisms are particularly 
prevalent and activated, resulting in high DRV during hot deformation 
processes. Additionally, DRV is recognised for establishing the condi
tions required for the initiation of DRX, a sequential and complementary 
mechanism that often initiates under similar thermomechanical 
conditions.

DRX involves both formation and migration of HAGBs, typically 
occurring at elevated temperatures [6]. There are three popular types of 
DRX: discontinuous DRX (DDRX), continuous DRX (CDRX) and geo
metric DRX (GDRX) [7–9]. However, their occurrence in high SFE ma
terials has been significantly controversial. DDRX occurs through the 
nucleation and growth of new grains, similarly to static recrystallisation 
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(SRX). It is generally not expected in high SFE materials, primarily 
because the high SFE facilitates rapid DRV which effectively lowers 
dislocation density and reduces the driving force required for DDRX. 
However, the occurrence of DDRX has been widely reported in 
aluminium alloys including AA1xxx [10], AA2xxx [11], AA6xxx [12], 
and AA7xxx [13,14]. CDRX generates HAGBs through the gradual 
transformation of LAGBs, driven by the progressive accumulation of 
dislocations within these boundaries [15]. This mechanism has been 
widely reported in aluminium alloys, such as AA1xxx [10,16], AA2xxx 
[17], AA5xxx [16], AA6xxx [18,19], and AA7xxx [20]. However, the 
concept of CDRX was challenged in Refs. [21,22], where it was argued 
that DRV is a sufficient restoration mechanism in hot deformation of 
aluminium alloys. Additionally, GDRX occurs when grains thin to less 
than three subgrain diameters, leading to the contact and pinch-off of 
serrated HAGBs [23–26]. The occurrence of GDRX has been reported 
during hot deformation of aluminium alloys, such as AA1xxx [10], 
AA2xxx [27], AA6xxx [28], and AA7xxx [29].

A recent study by some of the present authors [30] demonstrated 
that both CDRX and GDRX concurrently occur during hot deformation of 
an aluminium alloy AA6061, whereas DDRX is absent due to the rapid 
occurrence of DRV. This study showed that CDRX produces discontin
uous or discrete HAGBs, while GDRX results in the formation of fine, 
equiaxed grains. However, the evolution of CDRX and GDRX mecha
nisms in high SFE materials such as aluminium alloys during their hot 
deformation remains significantly controversial. It has been reported 
that CDRX dominates at relatively low strain levels [14,16,31], while 
GDRX occurs at higher strain levels [21,24,32]. However, a conflicting 
claim was made in Refs. [33–36], stating that CDRX dominates at severe 
deformation. These varying experimental observations lead to the 
development of distinct constitutive models for CDRX. An early CDRX 
model proposed in Ref. [15] predicts that CDRX appears at a strain of 0.9 
and saturates at a strain of 5 in AA1200 at 460 ◦C and 0.01 s-1. This 
model also suggests that the saturation of CDRX is accompanied by 
saturation in the density of LAGBs as the microstructure approaches a 
steady state at large strains. In contrast, more recent CDRX models 
developed in Refs. [20,37–39] predict that CDRX begins at the very 
onset of deformation and then increases at a progressively decreasing 
rate. Additionally, an alternative model presented in Ref. [40] suggests 
that, with increasing strain, CDRX accelerates, growing at an increasing 
rate as deformation progresses.

These controversial observations are primarily attributed to the 
challenges in accurately differentiating HAGBs generated through 
different DRX mechanisms [41,42]. Some studies have reported that 

CDRX produces discrete segments of HAGBs [16,30], while others sug
gest that CDRX leads to the formation of fine grains fully enclosed by 
HAGBs [13,43]. Additionally, some studies indicate that CDRX can 
result in both types of HAGBs, producing a combination of discrete 
boundary segments and fully developed HAGBs around fine grains [20,
37]. It is widely accepted that GDRX produces fine equiaxed grains [8,
26,44]; however, the differences between these grains and those 
generated through CDRX or DDRX remain poorly understood. In fact, 
GDRX has even been considered as a subtype of CDRX in some studies 
[3].

The other challenges leading to the controversial observations result 
from the limitations of electron backscatter diffraction (EBSD) charac
terisation techniques and the complexity of quantitative data post- 
processing [45,46]. Until recently, a statistically representative 
high-resolution EBSD (HR-EBSD) method was unavailable for system
atically investigating the effects of strain, strain rate, and temperature 
on the underlying DRX mechanisms [47]. Advances in scanning tech
nology have increased speeds from approximately 100 points per second 
(PPS) at an angular resolution of 0.5◦ to over 3000 PPS with similar 
sensitivity [47], enabling the capture of statistically meaningful micro
structure maps within a reasonable timeframe. Furthermore, recent 
advancements in tools such as the MATLAB toolbox and specialised 
EBSD post-processing software have enabled more robust and efficient 
statistical analyses [48]. Coupled with Gleeble thermal-mechanical 
systems [49], which allow systematic studies through precise variation 
of strain, strain rate, and temperature, these advancements make it 
possible to address the long-standing ambiguities surrounding the 
elusive DRX mechanisms in high SFE materials. Using these techniques, 
the present authors recently demonstrated concurrent occurrence of 
CDRX and GDRX during the hot deformation of an aluminium alloy 
[30]. This finding provides opportunities to further explore their evo
lution in high SFE materials during the hot deformation.

HAGBs are commonly classified using the coincidence site lattice 
(CSL) model. Each boundary is assigned a sigma (Σ) value, representing 
the reciprocal of the density of lattice sites shared by both crystals. 
According to the CSL model, special grain boundaries are characterised 
by low Σ values, typically in the range of 1 < Σ < 29, while random 
boundaries are defined as those with Σ ≥ 29 [50]. Σ3 grain boundaries, 
commonly referred to as Σ3 twin boundaries (TBs), are representative 
low-Σ grain boundaries that are thermodynamically stable and exhibit 
lower energy compared to the random boundaries due to their higher 
degree of atomic coherence and periodicity. Σ3 TBs are frequently 
observed in face-centred cubic (FCC) metals and alloys with 
low-to-medium SFE, such as copper or stainless steel, where they are 
primarily generated through deformation twinning [51] or annealing 
twining [52,53]. Research has shown that Σ3 TBs can significantly 
enhance material properties, including creep strength, fatigue property, 
corrosion resistance, and radiation tolerance [54,55]. This leads to the 
development of grain boundary engineering (GBE) which focuses on 
increasing the fraction of special grain boundaries [56–58]. Σ3 TBs have 
also been observed in high SFE materials such as aluminium [59–64], 
although their formation is known to be challenging in such materials 
[65]. However, the formation of Σ3 TBs during hot deformation pro
cesses in high SFE materials, along with the associated characteristics 
and kinetics, has been rarely reported and remains poorly understood.

The present study aims to investigate the kinetics of CDRX and GDRX 
mechanisms during the hot compression of an aluminium alloy AA6061. 
A series of hot compression tests were carried out on AA6061 at varying 
strain levels. The resulting crystallographic microstructures were char
acterised over sufficiently large regions using HR-EBSD technology for 
quantitative analyses. The evolution of the characteristics of HAGBs, 
LAGBs, and GNDs was systematically analysed. Furthermore, the den
sities of HAGBs produced through CDRX and GDRX, as well as the 
density of Σ3 TBs, were quantified separately. This study will provide 
valuable insights into the underlying DRX mechanisms in high SFE 
materials and support the development of predictive models for these 

Abbreviations

(SFE) stacking fault energy
(DDRX) discontinuous dynamic recrystallisation
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(GND) geometrically necessary dislocation
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processes.

2. Methodology

A cast and homogenised aluminium alloy AA6061 ingot, with 
chemical composition of Al-0.50Si-0.70Fe-0.25Cu-0.15Mn-1.0Mg- 
0.25Zn-0.09Cr-0.15Ti (wt.%), was used in this study. Cylindrical sam
ples, with a diameter of 8 mm and length of 12 mm, were cut from the as- 
received ingot. As shown in Fig. 1(a), hot compression tests on these 
samples were carried out using a Gleeble system. During the testing, 
samples were heated using the direct resistance heating method at a 
heating rate of 1 ◦C/s to achieve the target deformation temperature. 
After soaking for 3 min at this target temperature, the samples were 
deformed at the target strain rate to a certain strain level. Subsequently, 
the samples were water cooled to room temperature within 1 s. A pair of 
K-type thermocouples was welded at the centre of the sample to monitor 
its temperature. Table 1 lists all testing temperatures, strain rates and 
strain levels adopted in this study. Each test condition was repeated at 
least twice.

The crystallographic microstructures of the samples after the hot 
compression tests were characterised using the HR-EBSD technology. 
For this purpose, the deformed cylindrical samples were cut along the 
axial direction from the centre, as shown in Fig. 1(a). The samples were 
firstly ground using Silicon Carbide (SiC) abrasive papers with grit sizes 
from P800 to P4000, followed by polishing using diamond suspensions 
with micron sizes from 3 to 1 μm. Subsequently, they were electro
polished in a solution of 10% perchloric acid and 90% ethanol by vol
ume, at a voltage of 20 V for approximately 30 s. The polished samples 
were finally scanned using a scanning electron microscope (SEM) 
equipped with an Oxford Instruments AZtec EBSD system. The scans 
were conducted with a fixed step size of 2 μm, producing an EBSD map 
measuring 1800 μm × 700 μm for each sample. The EBSD data were 
processed using the MATLAB toolbox MTEX (Version 5.7.0). The half- 
quadratic filter in MTEX was applied to denoise the EBSD data, utilis
ing the default smoothing parameters. Grain boundaries were cat
egorised based on misorientation angles θ, with HAGBs defined as those 
with θ ≥ 15◦, and LAGBs defined as those with 2◦ ≤ θ < 15◦. The density 
of grain boundaries was calculated by dividing their total length (unit: 
m) by the area (unit: m2) of the observed region, leading to a unit of m-1. 
The GND density, ρ, was estimated by calculating the curvature tensor of 

the crystalline lattice. This estimation included a linear optimisation 
step aimed at minimising the total energy, refining the GND density 
calculation [66].

Fig. 1(b1) and (b2) shows the inverse pole figure (IPF) map and the 
corresponding map of HAGBs and LAGBs for the as-received AA6061. 
The alloy reveals a relatively uniform grain size distribution across the 
observed region. Fig. 1(c) displays the corresponding pole figures for the 
crystal directions [100], [110] and [111], indicating a random texture in 
the as-received alloy [30].

3. Results

3.1. Evolution of characteristics of HAGBs and occurrence of DRX

The occurrence of DRX results in both the formation and migration of 
HAGBs. Fig. 2 presents the evolution of the HAGB distributions for the 
samples deformed to different strain levels ε = 0.5, 0.75, 1 and 1.5 at 
400 ◦C & 0.1 s-1 (Fig. 2(a1)–(a4)) and 475 ◦C & 0.1 s-1 (Fig. 2(b1)–(b4)). 
The HAGBs comprise of continuous HAGBs (black lines) and discon
tinuous HAGBs (red lines). They are categorised based on their ability to 
form closed loops: continuous HAGBs form closed loops, while discon
tinuous or discrete HAGBs do not, similar to the method described in 
Ref. [30]. As seen, both continuous HAGBs and discontinuous HAGBs 
increase across the observed region as the deformation level rises. 
Notably, a great number of fine equiaxed grains were formed when the 
alloy was compressed to relatively high strain levels such as ε = 1.5 
under both testing conditions. A previous study by some of the present 
authors [30] demonstrated that GDRX contributes to the formation of 
fine equiaxed grains, while CDRX results in the formation of discontin
uous HAGBs. The following subsections will provide further evidence 
and analyse the kinetics of these DRX mechanisms during hot 
compression.

Fig. 1. Hot compression tests and initial microstructure of as-received AA6061, (a) Experimental setup for hot compression tests, including the size of sample and 
location for EBSD characterisation, with symbols ‘+’ and ‘− ’ indicating positive and negative electrodes, respectively, for direct resistance heating, (b1) Inverse pole 
figure (IPF) map showing crystal orientations along the Y-axis (compression direction), (b2) Corresponding map showing all HAGBs and LAGBs, and (c) Pole figures 
for crystal directions [100], [110] and [111], showing the texture.

Table 1 
Deformation conditions for hot compression tests including temperatures T, 
strain rates ε̇ and strain levels ε.

ε = 0.5 ε = 0.75 ε = 1 ε = 1.5

T = 400 ◦C, ε̇ = 0.1 s-1 √ √ √ √
T = 475 ◦C, ε̇ = 0.1 s-1 √ √ √ √
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3.1.1. Continuous HAGBs and occurrence of GDRX
Fig. 3(a) and (b) shows the density of continuous HAGBs in AA6061 

samples deformed at 400 ◦C & 0.1 s-1 and 475 ◦C & 0.1 s-1, respectively. 
The microstructure data of the as-received alloy (Fig. 1) was used to 
represent zero deformation (ε = 0), as the alloy had been homogenised, 
as described in Section 2. As the deformation level rises, the continuous 
HAGB density increases, particularly when the deformation strain sur
passes approximately 0.75. Fig. 3(c) and (d) displays the misorientation 
angle distributions of the continuous HAGBs. The continuous HAGBs in 
the as-received alloy (ε = 0) have misorientation angles ranging from 
15◦ to 61◦, and those with a misorientation angle of approximately 45◦

exhibit the highest density. As the alloy was deformed to ε = 0.5 or 0.75 
under both testing conditions, only the continuous HAGB density with 
misorientation angles ranging from approximately 45◦ to 61◦ increases. 
When the alloy was further deformed to ε = 1 or 1.5 under both testing 
conditions, the continuous HAGB density with any misorientation angles 
ranging from 15◦ to 61◦ increases. This is particularly pronounced for 
the continuous HAGBs with misorientation angles around 59.5◦, where 
their density at ε = 1.5 shows an increase of over 700% compared to the 
as-received alloy (ε = 0). Fig. 3(e) and (f) presents the number of grains 
against their perimeters at 400 ◦C & 0.1 s-1 and 475 ◦C & 0.1 s-1, 
respectively. It should be noted that these grains are enclosed by 
continuous HAGBs. As the deformation progresses under both testing 

conditions, the number of grains with perimeters ranging from 15 to 200 
μm increases significantly, particularly the grains with perimeters 
around 35 μm. For example, the number of grains with a perimeter of 35 
μm is increased by over 3000% when deformed from ε = 0 to 1.5 at 400 
◦C & 0.1 s-1. However, the number of the grains with perimeters 
exceeding 200 μm remains relatively unchanged. A previous study by 
some of the present authors [30] identified the fine equiaxed grains with 
perimeters of 200 μm and less, as the products due to the occurrence of 
GDRX. The resulting data presented in Fig. 3(e) and (f) further support 
this finding. It should be noted that this critical grain perimeter probably 
depends on deformation conditions, such as temperature and strain rate. 
However, for simplicity and consistency, a conservative value of 200 μm 
was adopted in the present study to identify fine equiaxed grains. 
Furthermore, at the same strain level ε = 1 or 1.5, higher deformation 
temperatures result in a lower number of grains.

Fig. 4(a) and (b) displays the density of continuous HAGBs of fine 
equiaxed grains with perimeters of 200 μm or less, in AA6061 samples 
deformed at different strain levels under conditions of 400 ◦C & 0.1 s-1 

and 475 ◦C & 0.1 s-1, respectively. The maps showing the fine grain 
distributions are presented in Appendix A. At a strain level of ε = 0, the 
continuous HAGB density is approximately 15 × 103 m-1. This indicates 
that fine grains are present in the as-received alloy, which can also be 
seen in Fig. 3(e) and (f). As the deformation rises to ε = 0.5, the HAGB 

Fig. 2. Maps showing all HAGBs comprising continuous HAGBs (black lines) and discontinuous HAGBs (red lines) in AA6061 deformed during hot compression tests 
at different strain levels: (a1)–(b1) 0.5, (a2)–(b2) 0.75, (a3)–(b3) 1 and (a4)–(b4) 1.5. Additionally, (a1)–(a4) at 400 ◦C and 0.1 s-1 and (b1)–(b4) at 475 ◦C and 0.1 
s-1.
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density almost remains unchanged, indicating that GDRX has not been 
initiated. When the deformation exceeds ε = 0.75, the HAGB density 
increases significantly, suggesting that GDRX occurs at higher strain 
levels. It is worth noting that GDRX occurs slightly earlier at 475 ◦C & 
0.1 s-1 than at 400 ◦C & 0.1 s-1. Fig. 4(c) and (d) shows the misorientation 
angle distributions for the continuous HAGBs surrounding the fine 
grains. These distributions exhibit similar shapes to those of all the 
continuous HAGBs displayed in Fig. 3(c) and (d). Furthermore, the in
crease in HAGB density results from the increase in HAGBs across a 
range of misorientation angles from 15◦ to 61◦, which is particularly 
pronounced for HAGBs with misorientation angles around 59.5◦.

3.1.2. Discontinuous HAGBs and occurrence of CDRX
Fig. 5(a) and (b) illustrates the density of discontinuous HAGBs in 

AA6061 samples deformed to different strain levels at 400 ◦C & 0.1 s-1 

and 475 ◦C & 0.1 s-1, respectively. At a strain level of ε = 0, the 
discontinuous HAGB density is zero. As deformation progresses, the 
discontinuous HAGB density rapidly increases and reaches saturation as 
the microstructure approaches a steady state. In a previous study by 
some of the present authors [30], it was demonstrated that these 
discontinuous HAGBs were produced due to the occurrence of CDRX. 
The rapid increase in the discontinuous HAGB density at the onset of hot 
deformation indicates the initiation of CDRX. Furthermore, CDRX is 

Fig. 3. Evolution of the characteristics of continuous HAGBs in AA6061 deformed during hot compression tests at different strain levels, (a) and (b) Density of 
continuous HAGBs, (c) and (d) Misorientation angle distributions of continuous HAGBs, (e) and (f) Number of grains as a function of their perimeter. Additionally, 
(a), (c), (e) at 400 ◦C and 0.1 s-1, and (b), (d), (f) at 475 ◦C and 0.1 s-1.
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approaching completion at high strain levels as the density reaches 
saturated levels. Fig. 5(c) and (d) displays the misorientation angle 
distributions for the discontinuous HAGBs. Similarly to the observation 
reported in [30], these distributions differ significantly from the 
misorientation angle distributions of the continuous HAGBs, as pre
sented in Fig. 3(c) and (d), although their misorientation angles also 
range from 15◦ to 61◦. For the discontinuous HAGBs, their density 
reaches its highest values at a misorientation angle of 15◦. As the 
misorientation angle increases, their density gradually decreases. 
Notably, the discontinuous HAGB density with misorientation angles 
above 40◦ is nearly zero. Furthermore, the increase in the total density of 
discontinuous HAGBs is primarily due to the increase in the discontin
uous HAGBs with misorientation angles from 15◦ to approximately 35◦, 
particularly those at a misorientation angle of 15◦. When the discon
tinuous HAGB density reaches saturation at relatively high strain levels, 
their misorientation angle distribution remains unchanged.

3.1.3. Comparison of CDRX and GDRX
Fig. 6(a) and (b) presents a comparison of the density of continuous 

HAGBs surrounding fine equiaxed grains (perimeter ≤ 200 μm) pro
duced through GDRX and discontinuous HAGBs formed through CDRX, 
at 400 ◦C & 0.1 s-1 and 475 ◦C & 0.1 s-1, respectively. The density of 
continuous HAGBs through GDRX was adjusted by excluding the 
contribution from the fine grains in the as-received alloy. As observed, 
CDRX initiates early in the hot deformation process, with its intensity 
increasing as deformation progresses. When strain levels approach 
approximately ε = 0.75, CDRX reaches near completion. In contrast, 
GDRX begins at higher strain levels, around ε = 0.75 and accelerates as 

deformation progresses. With the completion of CDRX at higher strain 
levels, GDRX produces a higher density of HAGBs than CDRX and be
comes the dominant DRX mechanism responsible for the formation of 
more HAGBs. Specifically, when deformed to ε = 1.5 at 475 ◦C & 0.1 s-1, 
GDRX produces a HAGB density of 44.7 × 103 m-1, which is approxi
mately 300% higher than that produced through CDRX.

3.2. Evolution of characteristics of LAGBs and GNDs

While HAGBs play a key role in DRX, the evolution of LAGBs and 
GNDs within grains also significantly contributes to its occurrence. To 
further understand their effects on DRX kinetics, the characteristics of 
both LAGBs and GNDs were analysed. Fig. 7(a) and (b) shows the density 
of LAGBs and GNDs in AA6061 samples deformed at different strain 
levels under conditions of 400 ◦C & 0.1 s-1 and 475 ◦C & 0.1 s-1, 
respectively. The corresponding distribution maps are provided in Ap
pendix B. The density of LAGBs at the beginning of hot compression is 
nearly zero (Fig. 1(b1) and (b2)). As deformation progresses, the density 
accelerates and reaches a peak value at a strain level around ε = 0.75. 
With further deformation, however, the density of LAGBs gradually 
decreases. The evolution of the density of GNDs exhibits a similar trend. 
The GND density increases in the initial stage of deformation and rea
ches its peak value at ε = 0.75, while it begins to decrease with further 
deformation. Fig. 7(c) and (d) displays the misorientation angle distri
butions for LAGBs. The distributions at different strain levels show a 
similar trend that its density decreases as the misorientation angle in
creases from 2◦ to 15◦. It is interesting to notice that the density of 
LAGBs with a misorientation angle of 15◦ increases progressively with 

Fig. 4. Evolution of the characteristics of the selected continuous HAGBs of the fine grains with perimeters less than or equal to 200 μm, in AA6061 deformed during 
hot compression tests at different strain levels, (a) and (b) Density of continuous HAGBs, (c) and (d) Misorientation angle distributions of continuous HAGBs. 
Additionally, (a), (c) at 400 ◦C and 0.1 s-1, and (b), (d) at 475 ◦C and 0.1 s-1.
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deformation, even though the total LAGB density initially rises and 
subsequently declines. This indicates a gradual transformation of LAGBs 
from lower to higher misorientation angles.

3.3. Evolution of local curvatures of HAGBs

Previous studies [24,26,44] have demonstrated that the serrations of 

HAGBs contribute to the occurrence of GDRX. However, quantitative 
evaluation of HAGB serrations remains challenging [67]. In the present 
study, the local curvature of HAGBs was calculated by fitting circles to 
local grain boundaries and taking the reciprocal of their radius using the 
‘curvature’ command in MTEX. Higher curvature values indirectly 
suggest greater HAGB serrations [30]. Fig. 8(a) shows the magnified 
regions in the as-received alloy and the alloy deformed to ε = 1.5 at 475 

Fig. 5. Evolution of the characteristics of discontinuous HAGBs in AA6061 deformed during hot compression tests at different strain levels, (a) and (b) Density of 
discontinuous HAGBs, (c) and (d) Misorientation angle distributions of discontinuous HAGBs. Additionally, (a), (c) at 400 ◦C and 0.1 s-1, and (b), (d) at 475 ◦C and 
0.1 s-1.

Fig. 6. Comparison of the density of continuous HAGBs of fine grains (perimeter ≤ 200 μm) produced through GDRX and discontinuous HAGBs produced through 
CDRX in AA6061 deformed during hot compression tests at different strain levels up to ε = 1.5 at (a) 400 ◦C and 0.1 s-1 and (b) 475 ◦C and 0.1 s-1.
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◦C & 0.1 s-1; these magnified regions are illustrated in Figs. 1(b2) and 2
(a4). Compared to the as-received alloy, both continuous and discon
tinuous HAGBs become serrated after hot deformation. Fig. 8(b) displays 
the curvature of the corresponding HAGBs. As observed, higher curva
ture values correspond to higher serrations, which supports the use of 
curvature values to evaluate HAGB serrations. Fig. 8(c) and (d) presents 
the curvature value distributions for continuous HAGBs in AA6061 
deformed to different strain levels at 400 ◦C & 0.1 s-1 and 475 ◦C & 0.1 
s-1, respectively. Compared to the as-received alloy, where the curvature 
values for continuous HAGBs range from 0 to 0.25, the curvature values 
after hot deformation increase to a range of 0 to 0.45. As deformation 
progresses, the range of continuous HAGB curvature values remains 
unchanged. However, the density of these boundaries increases, 
particularly for these with relatively low curvature values. Fig. 8(e) and 
(f) shows the curvature value distributions for discontinuous HAGBs. 
Similarly to continuous HAGBs, the curvature values for discontinuous 
HAGBs range from 0 to 0.45. The increase in their total density is 
attributed to the rise in discontinuous HAGBs with relatively low cur
vature values. The maps showing the local curvatures of all HAGBs are 
displayed in Appendix C.

3.4. Formation of 〈110〉 fibre texture along compression direction

During hot deformation of AA6061, texture typically develops, 
which may influence the DRX process. Fig. 9(a1)–(a4) and (b1)–(b4) 
shows the evolution of 〈110〉 texture in AA6061 samples deformed at 
different strain levels under conditions of 400 ◦C & 0.1 s-1 and 475 ◦C & 
0.1 s-1, respectively. The corresponding IPF maps are presented in Ap
pendix D. The 〈110〉 fibre texture along the compression direction (i.e. 

the Y-axis) develops when the alloy is deformed to ε = 0.5. As defor
mation progresses, this texture becomes stronger. To quantify the in
tensity of the 〈110〉 texture, its highest density values are obtained from 
respective pole figures. Fig. 9(c) displays the results. As seen, the 〈110〉
fibre texture forms at ε = 0.5 and becomes stronger as deformation in
creases. As ε surpasses 0.75, the texture tends to saturate. This suggests 
that the texture was primarily formed in the early stages of deformation. 
The textures continue to increase as deformation processes, while its 
increasing rate gradually decreases.

3.5. Formation of Σ3 twin boundaries (TBs)

According to Fig. 3(c) and (d), the density of continuous HAGBs at 
high misorientation angles between 52◦ and 61◦ increases significantly 
as deformation progresses, particularly for those with a misorientation 
of approximately 59.5◦. To further study the characteristics of these 
HAGBs, the evolution of their total density was obtained, as plotted in 
Fig. 10(a). The corresponding distribution maps of these HAGBs are 
provided in Appendix E. As seen, the density of the HAGBs increases as 
deformation progresses, rising by approximately 370% from ε = 0 to 1.5. 
It should be noted that under the two testing conditions of 400 ◦C & 0.1 
s-1 and 475 ◦C & 0.1 s-1, there is little difference between the density of 
HAGBs with high misorientation angles. Fig. 10(b1)–(b4) and (c1)–(c4) 
presents the distribution of misorientation axes for HAGBs with high 
misorientation angles from 52◦ to 61◦ with respect to the crystal coor
dinate system. As observed, these HAGBs with high misorientation an
gles exhibit a preferred misorientation axis which aligns with the crystal 
direction of 〈111〉. As deformation progresses, the density of these 
HAGBs with a 〈111〉 misorientation axis increases significantly, 

Fig. 7. Evolution of the characteristics of LAGBs and GNDs in AA6061 deformed during hot compression tests at different strain levels, (a) and (b) Density of LAGBs 
and GNDs, (c) and (d) Misorientation angle distributions of LAGBs. Additionally, (a), (c) at 400 ◦C and 0.1 s-1, and (b), (d) at 475 ◦C and 0.1 s-1.
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indicating the formation of abundant Σ3 TBs (60◦ 〈111〉) during defor
mation [64].

Fig. 11(a) and (b) displays the magnified regions within the IPF maps 
in AA6061 samples deformed to ε = 1.5 at 400 ◦C & 0.1 s-1 and 475 ◦C & 
0.1 s-1, respectively, highlighting the fine equiaxed grains in yellow 
colour, Σ3 TBs in the fine grains in green colour, and Σ3 TBs in the other 
HAGBs in blue colour. Considering that experimental measurements 
often show slight deviations from theoretical twin misorientations, all 
selected TBs in Fig. 11 exhibit a misorientation angle of 60◦ ± 5◦ and a 
misorientation axis within 5◦ of 〈111〉. It is worth noting that there is no 
Σ3 TBs formed in the discontinuous HAGBs. Furthermore, all these Σ3 

TBs are not continuous, but discrete segments, similarly to the form of 
discontinuous HAGBs formed through CDRX. Fig. 11(c) and (d) plots Σ3 
TBs in the fine equiaxed grains, Σ3 TBs in the other continuous HAGBs 
excluding those of the fine grains, and all Σ3 TBs, in AA6061 samples 
deformed at different strain levels under conditions of 400 ◦C & 0.1 s-1 

and 475 ◦C & 0.1 s-1, respectively. The corresponding distribution maps 
for these Σ3 TBs are presented in Appendix E. As seen, a few of Σ3 TBs 
exists in the as-received alloy (ε = 0), including in the fine grains and in 
the other continuous HAGBs. As the alloy is deformed to ε = 0.5, the 
density of Σ3 TBs in the fine grains remains unchanged, while the 
density of Σ3 TBs in the other continuous HAGBs increases. With further 

Fig. 8. Curvature values of HAGBs and their evolution in AA6061 deformed during hot compression tests at different strain levels, (a) Magnified regions of the HAGB 
maps in the as-received alloy (black rectangle in Fig. 1(b2)) and the alloy deformed to ε = 1.5 at 400 ◦C and 0.1 s-1 (black rectangle in Fig. 2(a4)), (b) Curvature of 
HAGBs in these magnified regions, (c) and (d) Curvature value distributions for continuous HAGBs, (e) and (f) Curvature value distributions for discontinuous 
HAGBs. Additionally, (c), (e) at 400 ◦C and 0.1 s-1, and (d), (f) at 475 ◦C and 0.1 s-1.

R. Zhang et al.                                                                                                                                                                                                                                   



Acta Materialia 289 (2025) 120893

10

deformation to ε = 0.75, the density of Σ3 TBs in the other continuous 
HAGBs continues to increase, while the density of Σ3 TBs in the fine 
grains at 400 ◦C & 0.1 s-1 remains unchanged and at 475 ◦C & 0.1 s-1 

increases slightly. This indicates that the increase in Σ3 TBs of the fine 
grains is slightly delay than the increase in Σ3 TBs in the other contin
uous HAGBs. When the alloy is deformed to ε = 1 and 1.5, the density of 
both Σ3 TBs of the fine grains and in the other continuous HAGBs keeps 
increasing. These increases contribute to a continuing increase in the 
total density of all Σ3 TBs in AA6061 as deformation progresses. For 
example, the density of all Σ3 TBs is increased by approximately 620% 
with deformation from ε = 0 to 1.5 at 400 ◦C & 0.1 s-1.

4. Discussion

4.1. Occurrence of CDRX and GDRX

Both continuous and discontinuous HAGBs were observed in hot 
deformed AA6061, as shown in Fig. 2. Their densities increase in 
different ways as the deformation progresses, as demonstrated in Figs. 3
(a) and (b) and 4(a) and (b). Additionally, the misorientation angle 
distributions of continuous and discontinuous HAGBs exhibit signifi
cantly different shapes, as illustrated in Figs. 4(c) and (d) and 5(c) and 
(d). A previous study performed by some of the present authors [30] 
demonstrated that during the hot compression of AA6061, CDRX results 
in the formation of discontinuous HAGBs while GDRX leads to the for
mation of fine equiaxed grains surrounded by continuous HAGBs. The 
present study provides more evidence to support these findings. 
Regarding CDRX, it involves a continuous process in which LAGBs 
transform into HAGBs by gradually increasing their misorientation 

angles [15,16]. As seen in Fig. 7(c) and (d), the misorientation angle 
distributions of LAGBs show a trend of gradually increasing their 
misorientation angles as deformation progresses. This trend is evidenced 
by a higher density of LAGBs at misorientation angles (θ) around 15◦ at 
higher deformation levels, although the total density of LAGBs firstly 
increases and subsequently decreases as shown in Fig. 7(a) and (b). 
Furthermore, the density of LAGBs at misorientation angles just below 
15◦, as shown in Fig. 7(c) and (d), is nearly equal to the density of 
discontinuous HAGBs at misorientation angles slightly above 15◦, as 
displayed in Fig. 5(c) and (d). This further demonstrates the continuous 
transformation from LAGBs (θ < 15◦) into discontinuous HAGBs (θ ≥
15◦) due to CDRX. Additionally, the increase in the total density of 
discontinuous HAGBs is primarily attributed to the rising density of 
those with relatively low misorientation angles from 15◦ to 35◦, 
particularly concentrated around 15◦, as shown in Fig. 5(c) and (d). All 
these observations strongly support the occurrence of CDRX which 
produces discontinuous HAGBs.

A significant number of fine equiaxed grains were produced during 
the hot compression of AA6061, particularly at high compression strain 
levels such as ε = 1 and 1.5, as observed in Fig. 3(e) and (f). GDRX 
typically produces fine equiaxed grains as original grains become flat
tened and their HAGBs serrated under large strains, eventually allowing 
the boundaries to contact opposing sides or pinch off to form fine grains 
[24,25,44]. One may argue that these fine grains were probably pro
duced due to the occurrence of DDRX, which typically involves the 
nucleation and growth of new grains [68]. However, this mechanism is 
unlikely because DDRX is generally not considered to occur in high SFE 
materials due to the rapid DRV. Furthermore, the previous study [30] 
demonstrated that the density of HAGBs of the fine grains is directly 

Fig. 9. 〈110〉 pole figures in AA6061 deformed during hot compression tests at different strain levels, (a1)–(b1) 0.5, (a2)–(b2) 0.75, (a3)–(b3) 1 and (a4)–(b4) 1.5. 
Additionally, (a1)–(a4) 400 ◦C and 0.1 s-1, (b1)–(b4) at 475 ◦C and 0.1 s-1. (c) Highest density of 〈110〉 at different strain levels.
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proportional to the deformation temperature. This dependence contra
dicts the expected behaviour of DDRX, as higher temperatures further 
strengthen the rapid DRV in high SFE materials, which in turn sup
presses DDRX activity [69]. Moreover, the misorientation angle distri
butions of the fine grains’ HAGBs, as shown in Fig. 4(c) and (d), are very 
similar to those of the original HAGBs and those of all continuous 
HAGBs, as shown in Fig. 3(c) and (d). In addition, as observed in Fig. 8
(a)–(d), the continuous HAGBs exhibit significantly increased curvature 
values compared to those in the as-received alloy, suggesting their 
enhanced serrations as deformation progresses. This further indicates 
that the fine grains’ HAGBs originate from the original continuous 
HAGBs through mechanisms of serration, contact and pinching off. 
Therefore, it can be concluded that these fine equiaxed grains were 
produced through GDRX.

It should be noted that the specimen shape significantly changes at 
large strains, such as ε = 1.5, which may serve as an additional indicator 
of GDRX occurrence, as GDRX occurs significantly at large strains, as 
shown in Fig. 2(a4) and (b4). Therefore, it may be inferred that GDRX 
can be distinguished from other DRX mechanisms based on the defor
mation mode, such as torsion. However, distinguishing between CDRX 
and GDRX based on test type may be challenging. GDRX occurs when 
materials undergo significant deformation, leading to a dramatic 
reduction in grain thickness to less than twice the size of subgrains [26,
44]. The term ‘geometric’ in GDRX primarily refers to the geometry of 
grains, rather than that of specimens [26,44]. In torsion, there are also 
opportunities to reduce grain thickness to meet this critical condition, 
suggesting that GDRX has the potential to occur in these types of tests as 
well. CDRX occurs through the progressive transformation of LAGBs into 
HAGBs, a process that is not directly influenced by grain geometry [15,

16]. As demonstrated in this manuscript, both CDRX and GDRX are 
observed in hot compression of AA6061.

4.2. Kinetics of CDRX and GDRX

As seen in Fig. 6, the density of discontinuous HAGBs produced 
through CDRX accelerates in the initial stages of hot deformation. As 
deformation progresses, the density reaches saturated levels. This sug
gests that CDRX initiates at the onset of hot deformation, leading to the 
accumulation of discontinuous HAGBs. When the deformation reaches 
certain levels, typically above ε = 0.75, as shown in Fig. 5(a) and (b), 
CDRX reaches completion and no more discontinuous HAGBs are pro
duced, resulting in saturation in the total density of discontinuous 
HAGBs. One may argue that CDRX still occurs at high strain levels, and 
that the saturation of the total discontinuous HAGB density could result 
from a dynamic equilibrium transformation of discontinuous HAGBs 
into continuous HAGBs. However, this is unlikely, as most discontinuous 
HAGBs have relatively low misorientation angles, typically between 15◦

and 35◦, as shown in Fig. 5(c) and (d). If discontinuous HAGBs were 
indeed transforming into continuous HAGBs, the density of continuous 
HAGBs with misorientation angles from 15◦ to 35◦ would be particularly 
high. In fact, as seen in Fig. 3(c) and (d), the density of continuous 
HAGBs in the 15◦ to 35◦ range is comparatively lower than that of the 
other continuous HAGBs. Furthermore, as seen in Fig. 7(a) and (b), the 
density of both LAGBs and GNDs decreases when the alloy is deformed 
to higher strain levels, typically above ε = 0.75. Given that CDRX in
volves continuous transformation of LAGBs into HAGBs by increasing 
misorientation angles of LAGBs at the consumption of dislocations [15,
16], the decrease in both LAGB and GND densities hinders the 

Fig. 10. (a) Density of all continuous HAGBs with misorientation angles ranging from 52◦ to 61◦ in AA6061 deformed during hot compression tests at different strain 
levels, (b1)–(b4) and (c1)–(c4) Misorientation axes of these HAGBs at different strain levels, (b1)–(c1) 0.5, (b2)–(c2) 0.75, (b3)–(c3) 1 and (b4)–(c4) 1.5. Addi
tionally, (b1)–(b4) at 400 ◦C and 0.1 s-1, and (c1)–(c4) at 475 ◦C and 0.1 s-1.
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occurrence of CDRX.
The occurrence of GDRX presents a reverse trend as deformation 

progresses compared to the CDRX. As observed in Fig. 6, the density of 
HAGBs of fine equiaxed grains generated through GDRX remains un
changed in the initial stages of deformation. When the alloy is deformed 
to higher strain levels, specifically above ε = 0.5, the density of HAGBs 
of fine grains accelerates as deformation rises. This suggests that GDRX 
initiates at relatively high strain levels, slightly before the completion of 
CDRX. In addition, with further deformation to higher strain levels, such 
as ε = 1.5, the density of HAGBs of fine grains exceeds that of discon
tinuous HAGBs, particularly at higher temperatures. This suggests that 
GDRX surpasses CDRX and becomes the dominant DRX mechanism at 
higher strain levels. The occurrence of GDRX needs to meet several 
conditions, including the serrations of HAGBs and the flattening of 
original grains, which should typically have a thickness along the 
compression direction approximately 2 or 3 times the size of subgrains 
[26]. This explains why GDRX does not initiate in the early stages of 
deformation. For example, the original grains are not sufficiently flat
tened to meet the initiation criteria. One may speculate that the accu
mulation of discontinuous HAGBs through CDRX contributed to the 
acceleration of GDRX because the discontinuous HAGBs also become 
serrated, as seen in Fig. 8(e) and (f), and their presence facilitates the 
contact of HAGBs. However, this is unlikely, as the increase in fine 

grains’ HAGBs at misorientation angles between 15◦ and 35◦ is signifi
cantly lower than for those at misorientation angles above 35◦, as 
illustrated in Fig. 4(c) and (d).

Overall, CDRX occurs in the early stages of hot deformation, while 
GDRX initiates slightly before CDRX reaches saturation and accelerates 
at large strains. The acceleration of GDRX at large strains occurs because 
more grains become significantly flattened and reach the critical con
dition for GDRX [26,44]. This mechanism also applies to torsion and 
accumulative roll-bonding, where large deformations are typically 
achieved. Regarding CDRX, it results in the formation of discontinuous 
HAGBs. Additionally, as shown in Fig. 5(c) and (d), after reaching 
saturation at large strains, the misorientation angle distributions for 
discontinuous HAGBs remain unchanged as the deformation progresses 
further. This indicates that the discontinuous HAGBs remain stable as 
deformation continues. Therefore, the method used to distinguish be
tween GDRX and CDRX based on the continuous and discontinuous 
characteristics of HAGBs can also be extended to other tests involving 
large strains, such as torsion.

4.3. Formation of 〈110〉 fibre texture and its impact on DRX

As observed in Fig. 9, the 〈110〉 fibre texture along the compression 
direction develops during hot deformation of AA6061. Specifically, the 

Fig. 11. Formation of Σ3 twin boundaries (TBs) exhibiting a misorientation angle of 60◦ ± 5◦ and a misorientation axis within 5◦ of 〈111〉 in AA6061 during hot 
compression tests, (a) and (b) Magnified regions showing Σ3 TBs deformed to 1.5 at different deformation conditions: (a) 400 ◦C and 0.1 s-1 (blue rectangle in Fig. 2 
(a4)), (b) 475 ◦C and 0.1 s-1 (blue rectangle in Fig. 2(b4)), (c) and (d) Evolution of Σ3 TBs in continuous HAGBs of fine grains (perimeter ≤ 200 μm), and in the other 
continuous HAGBs excluding those of fine grains: (c) 400 ◦C and 0.1 s-1, (d) 475 ◦C and 0.1 s-1 (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.).
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〈110〉 texture forms in the early stages of deformation and tends to reach 
saturation at relatively high strain levels, specifically above ε = 0.75. It 
is interesting to notice that this evolution of the 〈110〉 texture is 
extremely similar to the evolution of CDRX in producing discontinuous 
HAGBs, as shown in Fig. 5(a) and (b). Therefore, there probably exists an 
essential connection between the formation of the 〈110〉 fiber texture 
and the occurrence of CDRX [20,70]. The formation of the 〈110〉 fiber 
texture along the compression direction is attributed to the FCC crystal 
lattice structure of AA6061 and crystal directions 〈110〉 are the most 
active slip directions. Similar phenomena have been reported in Refs. 
[16,30,71]. Additionally, a previous study [16] reports that, during hot 
compression of an aluminium AA1xxx with single crystals, CDRX initi
ates at a strain of 0.3 in 〈111〉 crystal, while at a strain of 0.9 in 〈001〉
crystal. In contrast, CDRX does not occur in 〈110〉 crystal. These findings 
suggest that the occurrence of CDRX can be influenced by the initial 
crystallographic orientation of the alloy. However, future effects are 
needed to directly disclose the mechanistic relationship between the 
texture formation and the occurrence of CDRX.

4.4. Kinetics of DRV and formation of Σ3 TBs

As observed in Fig. 7(a) and (b), the density of LAGBs accelerates at 
the onset of hot deformation along with the acceleration of the density of 
GNDs. The formation of LAGBs results from the occurrence of DRV at the 
rearrangement and consumption of GNDs [21], indicating that DRV 
initiates at the onset of hot deformation. Additionally, as deformation 
progresses, the kinetics of DRV increase, as evidenced by the continuous 
reduction in the density of GNDs at relatively high strain levels, spe
cifically above ε = 0.75.

As seen in Fig. 3(c) and (d), the density of continuous HAGBs at 
relatively high misorientation angles between 52◦ and 61◦ particularly 
increases as hot deformation progresses. These continuous HAGBs 
include a large portion of Σ3 TBs (60◦ 〈111〉), as shown in Fig. 11(a) and 
(b), which are known for their low energy due to their highly ordered 
atomic structure [72,73]. As observed in Fig. 11(c) and (d), the forma
tion of Σ3 TBs begins at the onset of hot deformation, but accelerates at 
relatively high strain levels, specifically above ε = 0.75. Additionally, 
the formation of Σ3 TBs in continuous HAGBs of fine grains is slightly 
delay compared to in the other continuous HAGBs excluding those of the 
fine grains. This is attributed to the formation of fine grains occurring at 
relatively high strain levels, as illustrated in Fig. 6(a) and (b). It is 
important to note that, as illustrated in Fig. 11, the Σ3 TBs are not 
associated with physical deformation twins or annealing twins, similarly 
to the phenomena reported in Refs. [61,63,64]. In fact, it is commonly 
recognised that neither type of twin typically forms in high SFE mate
rials [74]. The formation kinetics of Σ3 TBs closely align with those of 
DRV, as the increase in Σ3 TBs correlates with a reduction in the density 
of GNDs and LAGBs at similarly high strain levels. In addition, higher 
temperatures result in a higher density of Σ3 TBs, as shown in Fig. 11(c) 
and (d). These observations indicate that the formation of Σ3 TBs is 
likely linked to the DRV process. In Ref. [21], DRV was identified as the 
sole restoration mechanism in aluminum alloys. Nevertheless, further 
investigation is required to fully elucidate their formation mechanisms. 
Additionally, as shown in Figs. 9 and 11, compared to the 〈110〉 fibre 
texture, which develops rapidly in the early stages of deformation and 
tends to saturate at large strains, Σ3 TBs form slowly at first and then 
accelerate at large strains. Considering that both fibre texture and TBs 
contribute to lower-energy configurations, it may suggest that 〈110〉
fibre texture develops first, potentially promoting TB formation. How
ever, as strain increases, TB formation accelerates just as the fibre 
texture reaches saturation, indicating that TB formation does not 
directly correlate with fibre texture development.

It is worth noting that Σ3 TBs are not observed in discontinuous 
HAGBs even at high strain levels, as shown in Fig. 11(a) and (b) and 

Appendix E. In fact, as deformation progresses, the misorientation an
gles of discontinuous HAGBs show no obvious increase, with the density 
of HAGBs between 52◦ and 61◦ nearly zero, as shown in Fig. 5(c) and (d). 
Therefore, the discontinuous HAGBs differ significantly from the 
continuous HAGBs in their response to evolve into Σ3 TBs. One inter
esting finding is that Σ3 TBs are discontinuous segments, which closely 
resemble the discontinuous HAGBs produced through CDRX.

5. Conclusions

In this study, the kinetics of continuous dynamic recrystallisation 
(CDRX) and geometric dynamic recrystallisation (GDRX) in an 
aluminium alloy (AA6061) during hot compression tests have been 
investigated. The alloy was deformed at varying strain levels up to 1.5, 
and the resulting crystallographic microstructure was characterised 
within a large region using high-resolution electron backscatter 
diffraction (HR-EBSD) technology. By quantitively analysing the char
acteristics of high-angle grain boundaries (HAGBs), low-angle grain 
boundaries (LAGBs) and geometrically necessary dislocations (GNDs), 
the following conclusions can be drawn: 

1) CDRX occurs during the initial stages of deformation, increases as 
deformation progresses, and eventually saturates to a certain value at 
relatively high strain levels. This saturated value is inversely pro
portional to deformation temperature, while directly proportional to 
strain rate. The decrease in the kinetics of CDRX with increasing 
deformation is attributed to the reduction in GNDs and LAGBs, which 
results from the occurrence of dynamic recovery (DRV).

2) GDRX leads to the generation of fine equiaxed grains with perimeters 
below 200 μm, particularly in the 25 to 75 μm range. Furthermore, 
GDRX initiates slightly before CDRX reaches saturation, and GDRX 
increases quickly as deformation rises. The density of HAGBs 
generated through GDRX can surpass that through CDRX, becoming 
the dominant DRX mechanism at high strain levels.

3) As deformation progresses, HAGBs with misorientation angles 
ranging from 52◦ to 61◦ are increasingly produced in continuous 
HAGBs, while they are not produced in discontinuous HAGBs. These 
HAGBs include Σ3 (60◦ 〈111〉) twin boundaries (TBs), which are 
firstly produced in original HAGBs and subsequently generated in 
new HAGBs of fine grains produced through GDRX
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Appendix A. Fine grains

Fig. A.1(a1)–(a4) and (b1)–(b4) presents the distribution maps of fine equiaxed grains with perimeters less than or equal to 200 μm in AA6061 
samples deformed at different strain levels under conditions of 400 ◦C & 0.1 s-1 and 475 ◦C & 0.1 s-1, respectively. Grains located at the map boundaries 
were excluded during the selection process. The fine grains are uniformly distributed across the alloy. In addition, the number of the fine grains 
increases sharply when the alloy is deformed to high strain levels, such as ε = 1.5.

Fig. A.1. Selected HAGBs of fine grains with perimeters less than or equal to 200 μm in AA6061 deformed during hot compression tests at different strain levels: 
(a1)–(b1) 0.5, (a2)–(b2) 0.75, (a3)–(b3) 1 and (a4)–(b4) 1.5. Additionally, (a1)–(a4) at 400 ◦C and 0.1 s-1 and (b1)–(b4) 475 ◦C and 0.1 s-1.

Appendix B. LAGBs and GND densities

Fig. B.1(a1)–(a4) and (b1)–(b4) displays distribution maps of LAGBs (blue lines), along with continuous HAGBs (black lines) and discontinuous 
HAGBs (red lines) in AA6061 samples deformed at different strain levels under conditions of 400 ◦C & 0.1 s-1 and 475 ◦C & 0.1 s-1, respectively. As can 
be seen, LAGBs are nearly uniformly distributed across the maps at varying stain levels under both testing conditions. This indicates the rapid DRV 
occurring in this high SFE alloy during hot deformation, resulting in the formation of fine, equiaxed, steady subgrains. Additionally, higher tem
peratures reduce the density of LAGBs due to the enhanced DRV at elevated temperatures. 
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Fig. B.1. Maps showing distributions of LAGBs in AA6061 deformed during hot compression tests at different strain levels: (a1)–(b1) 0.5, (a2)–(b2) 0.75, (a3)–(b3) 1 
and (a4)–(b4) 1.5. Additionally, (a1)–(a4) at 400 ◦C and 0.1 s-1 and (b1)–(b4) 475 ◦C and 0.1 s-1.

Fig. B.2(a1)–(a4) and (b1)–(b4) shows distribution maps of GND densities in AA6061 samples deformed at different strain levels under conditions 
of 400 ◦C & 0.1 s-1 and 475 ◦C & 0.1 s-1, respectively. Similarly to the LAGBs, the distribution of GND densities, with varying values, is relatively 
uniform across the characterised EBSD map. Furthermore, the GND density decreases with increasing deformation temperature due to the enhanced 
DRV. 
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Fig. B.2. Maps showing GND densities in AA6061 deformed during hot compression tests at different strain levels: (a1)–(b1) 0.5, (a2)–(b2) 0.75, (a3)–(b3) 1 and 
(a4)–(b4) 1.5. Additionally, (a1)–(a4) at 400 ◦C and 0.1 s-1 and (b1)–(b4) 475 ◦C and 0.1 s-1.

Appendix C. Curvature of HAGBs

Fig. C.1(a1)–(a4) and (b1)–(b4) displays distribution maps of the local curvature values for all HAGBs comprising of both continuous HAGBs and 
discontinuous HAGBs, for AA6061 samples deformed at different strain levels under conditions of 400 ◦C & 0.1 s-1 and 475 ◦C & 0.1 s-1, respectively. 
The calculation method of the local curvature values is detailed in Section 3.3. The HAGBs with relatively high curvature values are uniformly 
distributed across the maps. Furthermore, as deformation progresses, a significant fraction of HAGBs with low curvature values remains distributed 
uniformly throughout the alloy. This indicates that, during hot deformation, only a limited fraction of HAGBs become serrated. 
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Fig. C.1. Curvature of all HAGBs comprising the continuous and discontinuous HAGBs in AA6061 deformed during hot compression tests to different strain levels: 
(a1)–(b1) 0.5, (a2)–(b2) 0.75, (a3)–(b3) 1 and (a4)–(b4) 1.5. Additionally, (a1)–(a4) at 400 ◦C and 0.1 s-1 and (b1)–(b4) 475 ◦C and 0.1 s-1.

Appendix D. IPF maps along compressive direction

Fig. D.1(a1)–(a4) and (b1)–(b4) displays the IPF maps along the Y-axis (compression direction) for AA6061 samples deformed at different strain 
levels under conditions of 400 ◦C & 0.1 s-1 and 475 ◦C & 0.1 s-1, respectively. Most grains present a green colour, indicating that the 〈110〉 crystal 
directions of these grains align with the compression direction, namely the formation of a 〈110〉 fibre texture. As deformation progresses, the fraction 
of area of the grains in the green colour increases, indicating that the fibre texture becomes stronger. 
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Fig. D.1. IPF maps along the Y-axis (compression direction) for AA6061 deformed during hot compression tests at different strain levels: (a1)–(b1) 0.5, (a2)–(b2) 
0.75, (a3)–(b3) 1 and (a4)–(b4) 1.5. Additionally, (a1)–(a4) at 400 ◦C and 0.1 s-1 and (b1)–(b4) 475 ◦C and 0.1 s-1.

Appendix E. HAGBs at high misorientation angles and Σ3 TBs

Fig. E.1(a1)–(a4) and (b1)–(b4) shows distribution maps of continuous HAGBs at relatively high misorientation angles θ ranging from 52◦ to 61◦

(blue lines), together with the other continuous HAGBs (black lines) and discontinuous HAGBs (red lines), in AA6061 samples deformed at different 
strain levels under conditions of 400 ◦C & 0.1 s-1 and 475 ◦C & 0.1 s-1, respectively. It should be noted that the density of the discontinuous HAGBs with 
52◦ ≤ θ ≤ 61◦ is nearly zero. As seen, the continuous HAGBs with 52◦ ≤ θ ≤ 61◦ are uniformly distributed across the maps. Furthermore, as 
deformation progresses, their density increases significantly. 
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Fig. E.1. Continuous HAGBs with misorientation angles ranging from 52◦ to 61◦ in AA6061 deformed during hot compression tests at different strain levels: (a1)– 
(b1) 0.5, (a2)–(b2) 0.75, (a3)–(b3) 1 and (a4)–(b4) 1.5. Additionally, (a1)–(a4) at 400 ◦C and 0.1 s-1 and (b1)–(b4) 475 ◦C and 0.1 s-1.

Fig. E.2(a1)–(a4) and (b1)–(b4) shows distribution maps of Σ3 TBs (60◦ 〈111〉) in AA6061 samples deformed at different strain levels under 
conditions of 400 ◦C & 0.1 s-1 and 475 ◦C & 0.1 s-1, respectively. To differentiate Σ3 TBs in the continuous HAGBs of fine grains (perimeter ≤ 200 μm) 
from those in the other continuous HAGBs, they are coloured blue and green, respectively. In addition, fine grains are shown in yellow. As seen, Σ3 TBs 
in both continuous HAGBs of fine grains and other continuous HAGBs are uniformly distributed across the maps. Furthermore, when the alloy was 
deformed to high strain levels, such as ε = 1.5, the density of these Σ3 TBs increases significantly. 
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Fig. E.2. Σ3 twin boundaries (TBs) in the continuous HAGBs of fine grains (perimeter ≤ 200 μm) and in the other continuous HAGBs excluding those of the fine 
grains in AA6061 deformed during hot compression tests at different strain levels: (a1)–(b1) 0.5, (a2)–(b2) 0.75, (a3)–(b3) 1 and (a4)–(b4) 1.5. Additionally, (a1)– 
(a4) at 400 ◦C and 0.1 s-1 and (b1)–(b4) 475 ◦C and 0.1 s-1.
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