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Abstract: Hot torsion tests were performed on the Al-7Mg alloy at the temperature ranging from 300 to 500°C and strain rates between
0.05 and 5 s' to explore the progressive dynamic recrystallization (DRX) and texture behaviors. The DRX behavior of the alloy manifes-
ted two distinct stages: Stage 1 at strain of <2 and Stage 2 at strains of >2. In Stage 1, there was a slight increase in the DRXed grain frac-
tion (Xprx) With predominance of discontinuous DRX (DDRX), followed by a modest change in Xpry until the transition to Stage 2. Stage
2 was marked by an accelerated rate of DRX, culminating in a substantial final Xprx of ~0.9. Electron backscattered diffraction (EBSD)
analysis on a sample in Stage 2 revealed that continuous DRX (CDRX) predominantly occurred within the (121) [001] grains, whereas
the (111) [110] grains underwent a geometric DRX (GDRX) evolution without a noticeable sub-grain structure. Furthermore, a modified
Avrami’s DRX kinetics model was utilized to predict the microstructural refinement in the Al-7Mg alloy during the DRX evolution. Al-
though this kinetics model did not accurately capture the DDRX behavior in Stage 1, it effectively simulated the DRX rate in Stage 2. The
texture index was employed to assess the evolution of the texture isotropy during hot-torsion test, demonstrating significant improvement
(>75%) in texture randomness before the commencement of Stage 2. This initial texture evolution is attributed to the rotation of parent
grains and the substructure evolution, rather than to an increase in Xpgx.

Keywords: Al-7Mg alloys; hot deformation; hot torsion tests; dynamic recrystazlliation; microstructure; texture

1. Introduction

Dynamic recrystallization (DRX) plays a pivotal role in
industrial thermomechanical processes such as rolling, for-
ging, and extrusion for metallic materials [1-3]. By contrib-
uting to grain refinement and reducing deformation resist-
ance, DRX mechanisms become crucial factors in determin-
ing optimal processing conditions [4]. Moreover, a fine-
grained structure offers significant advantages by retarding
material failure through the suppression of uneven deforma-
tion and void formation [5]. In the realm of hot deformation
of metallic materials, three primary DRX mechanisms have
been identified [6]. Discontinuous DRX (DDRX), one such
mechanism, typically occurs near grain boundaries and ex-
pands by incorporating the adjacent deformed regions. This
process exhibits spatial and temporal heterogeneity within
the material matrix, reflecting a predilection for specific loca-
tions. Another mechanism, continuous DRX (CDRX), in-
volves the continuous rotation of cells or sub-grains during
deformation, facilitated by the cumulative reorganization of
dislocations. This reorganization leads to an increase in the
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misorientation angles between sub-grains and their environs.
Geometric DRX (GDRX), bearing resemblance to CDRX
but without distinct nucleation events, activates at large
strains. It segments large grains into smaller equiaxed ones
through grain boundary impingement and localized lattice ro-
tation. It is broadly recognized that CDRX, or GDRX, pre-
dominates as the chief DRX mechanism under conditions of
low strain rates or elevated temperatures [7].

Generally, Al alloys are commonly known to exhibit a
dominant dynamic recovery (DRV) mechanism due to its
high stacking fault energy (SFE) of 160-250 mJ/m? [8-9].
From a perspective suggested by Galindo-Nava et al. [10],
the DRV frequency decreases with a decrease in alloy dens-
ity and the volume of the dislocation annihilating, achieved
by adding more Mg in AI-Mg alloys. In contrast, an increase
in Mg levels can expedite the frequency of DDRX with re-
stricted grain boundary migration and a large solute-drag ef-
fect due to higher solute content [11]. This indicates that the
addition of Mg to Al alloys has the potential to shift the dom-
inant DRX mechanism from CDRX or GDRX to DDRX.
This intriguing aspect has prompted extensive research on the

) Springer


mailto:jwl@kongju.ac.kr
https://doi.org/10.1007/s12613-024-2877-9
https://doi.org/10.1007/s12613-024-2877-9
https://doi.org/10.1007/s12613-024-2877-9
https://doi.org/10.1007/s12613-024-2877-9
https://doi.org/10.1007/s12613-024-2877-9
https://doi.org/10.1007/s12613-024-2877-9
https://doi.org/10.1007/s12613-024-2877-9
https://doi.org/10.1007/s12613-024-2877-9
https://doi.org/10.1007/s12613-024-2877-9
https://doi.org/10.1007/s12613-024-2877-9
https://doi.org/10.1007/s12613-024-2877-9

K.T. Son et al., Two-stage dynamic recrystallization and texture evolution in Al-7Mg alloy during hot torsion 1901

DRX behavior of AI-Mg alloys over several decades. Most
studies have concluded that the restoration mechanism in
Al-Mg alloys is governed by GDRX. Some researchers ex-
amined deformed microstructures of Al-Mg alloys with Mg
content up to 5.8wt%, which exhibited typical GDRX char-
acteristics with cumulative misorientation increase of sub-
grains from early strains (¢ = 1, 2) to large strains (¢ = 10.8)
[12-13]. However, a recent study revealed that higher Mg
additions to Al alloys (8wt% and 9wt%) resulted in a trans-
ition of the main DRX mechanism towards DDRX in Al-Mg
alloys [14]. Therefore, investigating the DRX mechanism of
the Al-7Mg alloy will help bridge the gap between low Mg-
containing (<6wt%) and high Mg-containing (>8wt%) bin-
ary Al-Mg alloys.

DRX is anticipated to significantly enhance the formabil-
ity of Al alloys by promoting grain size uniformity and the
development of equiaxed grain morphology. Beyond influ-
encing these basic grain shape characteristics, recrystalliza-
tion plays a pivotal role in altering the crystal orientation, or
texture, of the material [15], a critical property that impacts
mechanical behaviors. In AI-Mg alloys, the emergence of a
copper-type texture (comprising copper, brass, and S orienta-
tions) has been shown to adversely affect formability
[16-17]. Conversely, a random texture in Al alloys has been
found to prevent earing formation [18], with the achieve-
ment of uniform deformation from such a texture improving
planar anisotropy and thereby reducing the risk of fracture
during metal forming processes [19]. Nonetheless, this ran-
dom texture may not always yield the optimal formability
across various strain modes due to the lack of geometrical
hardening [20]. While there has been extensive research on
the texture of cold-worked and annealed alloys, the evolution
of hot deformation texture in Al-Mg alloys, especially con-
cerning DRX and at large strains, has been less frequently re-
ported. A study on the Al-3Mg alloy revealed that at elev-
ated temperatures and reduced strain rates, texture random-
ness increased up to relatively minor strains (¢ < 0.6) [21], a
phenomenon believed to afford enhanced formability with
mechanical isotropy [22]. However, the texture evolution in
Al-Mg alloys with high Mg content and subjected to large
strains, potentially involving GDRX, remains a largely unex-
plored domain. Thus, exploring the texture evolution along-
side DRX in Al-7Mg alloys during hot deformation up to
significant strain levels presents a worthwhile investigation.

This study is to investigate the progressive DRX and tex-
ture behaviors during the hot deformation of Al-7Mg alloy,
with a specific focus on strains larger than those typically
achieved in tension or compression tests (typically ¢ < 2). It
reveals how variations in deformation parameters influence
the transition between different DRX mechanisms, offering
critical insights into optimizing processing conditions for im-
proved microstructural control and mechanical properties in
Al-Mg systems. To achieve the stated objective, the hot-tor-
sion test was selected for its ability to apply large strains
while simultaneously recording the stress—strain curve, which
is not shared by other severe plastic deformation methods
such as equal channel angular pressing and high-pressure tor-

sion [6]. Furthermore, this mode of simple shear deforma-
tion, offering access to large strains, proves more advantage-
ous for structural modification through grain size refinement
compared to the pure shear mode [23]. Observations of mi-
crostructure and texture in the hot-torsioned Al-Mg alloys
were carried out to gather data on DRX and texture evolu-
tion. In addition, DRX kinetics were analyzed using a modi-
fied Avrami's equation. The primary goal behind deriving
DRX kinetics was to predict microstructural refinement facil-
itated by DRX, utilizing the stress—strain curve as a basis,
thereby minimizing reliance on direct microstructure obser-
vations alone.

2. Experimental

A torsion test was employed in this study to investigate the
DRX and texture behaviors of Al-7Mg alloy during hot de-
formation. The hot extruded Al-7Mg alloy rods, with an ex-
trusion ratio of 25.3:1, were provided by the Korea Institute
of Industrial Technology. The alloy was consisted of Mg
6.93wt%, Mn 0.74wt%, Fe 0.09wt%, Si 0.06wt%, Zn
0.04wt%, Ca 0.08wt%, and Al. For the torsion tests, samples
with a gauge length of 20 mm and a radius of 5 mm were ma-
chined. Prior to the torsion tests, the samples were annealed
in air at 530°C for 3 h.

Torsion tests were conducted in the temperature range of
300 to 500°C, with strain rates ranging from 0.05 to 5s™'. The
samples were heated at a rate of 1°C/s and held at the test
temperatures for 600 s. The tests were continued until sample
failure occurred or were interrupted at a specific strain for
microstructure observation. To preserve the microstructure
developed during the tests, the samples were water-quenched
within a few seconds after the torsion tests. The effective
stress (o) and effective strain (¢) were calculated using
the Von Mises criterion and the method of Fields and Back-
ofen [24].

Deformed microstructures were observed on a tangential
plane of the samples. The samples were cut parallel to the
torsion axis at a distance of 0.7r (r represents sample radius).
A graphical illustration of this sample observation is avail-
able elsewhere [25]. Microstructure observation was per-
formed by optical microscopy (OM), electron backscatter
diffraction (EBSD), and transmission electron microscopy
(TEM). OM was used to observe the grains of the sample be-
fore/after deformation. The samples for OM were anodized
in a solution of 10% H;PO, in distilled water at 50°C using a
Struers Lectropol 5 machine. EBSD was performed on
300 um x 300 um area with a step size of 0.5 um to determ-
ine the sub-grain structures and misorientation angles (6). A
Hitachi 4300SE scanning electron microscope equipped with
an EDAX EBSD camera was used for the EBSD data collec-
tion. The DRX volume fraction of the samples was measured
using grain orientation spread mapping in EBSD. Generally,
a grain orientation spread (GOS) value of less than 2°, com-
bined with a relatively smaller grain size of less than § um,
indicates regions where recrystallization has occurred
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[26-27]. Three deformation conditions were selected for the
characterization of DRX and texture evolution: 300°C,
0.05s™';400°C, 0.05 s™'; 500°C, 0.5 s.. The choice of 500°C,
0.5 s! instead of 500°C, 0.05 s™' was decided because the
DRX kinetics derivation was not available for the latter con-
dition, as discussed later.

EBSD was also used to plot the shear texture volume frac-
tion of the hot-torsioned samples. For the texture identifica-
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tion, a deviation of <15° from the ideal orientation was ap-
plied. Table 1 lists the ideal shear texture components ac-
cording to Bunge’s notation. The samples for EBSD were
prepared by electropolishing with a solution of 20% per-
chloric acid in methanol at —30°C using a Struers Lectropol
5 machine. TEM observations were conducted using a Jeol
JEM-2100F machine. Samples for TEM observations were
prepared using a Struers TenuPol-5 twin-jet polisher.

Table 1. Ideal shear texture components of FCC materials (Bunge notation, given in Euler angle of g = (¢:, D, and ¢,))

Orientation Shear plane Shear direction 01/ () D/(%) 02/ (%)

A (117) [110] 0 35.26 45

A (111) [110] 180 35.26 45

A (117) [211] 35.26 45 0

> (111) [211] 144.74 45 0

B (112) [110] 0 54.74 45

B (112) [110] 180 54.74 45

C (100) [011] 90 45 0

Table 2. Experimental data of Al-7Mg obtained from effective stress—strain curves

T/°C &/s! o,/ MPa & o,/ MPa & & InZ
0.05 190.36 0.31 — — 2.37 33.07

300 0.5 225.28 0.34 — — 1.58 35.37
5 249.22 0.30 — — 0.81 37.67
0.05 115.74 0.06 68.81 4.89 8.55 27.71

400 0.5 147.46 0.17 — — 291 30.01
5 184.93 0.26 — — 1.70 32.31
0.05 59.692 0.01 32.92 4.01 9.20 23.74

500 0.5 87.83 0.04 53.04 4.52 7.66 26.04
5 120.17 0.14 — — 1.93 28.34

Note: T is temperature, ¢ is strain rate, o, is peak stress, ¢, is peak strain, o, is steady-state stress, & is strain where the steady-state
initiates, & is strain at fracture, and InZ is natural logarithm of the Zener—Hollomon parameter.

3. Results
3.1. Flow curves

Fig. 1 presents flow curves of the Al-7Mg alloy obtained
from hot torsion tests at different temperatures (300 to
500°C) and strain rates (0.05 to 5 s™'). Table 2 provides the
corresponding mechanical properties, including peak stress
(0,) and fracture strain (gf). The flow curves exhibit initial
strain hardening, consistent with typical metal deformation
behavior. Decreasing temperature and increasing strain rate
lead to higher peak stress and peak strain (g,). Conversely,
higher temperatures and lower strain rates result in increased
fracture strain, indicating improved hot ductility. All flow
curves show a distinct peak stress, indicating the occurrence
of DRX. Beyond the peak stress, flow softening occurs as
strain continues, indicating the initiation of dynamic micro-
structural development. This flow softening leads to a steady
state, where the microstructure becomes stable, featuring a
dense DRX structure.

In general, the relationship between the flow stress and the
deformation conditions, such as temperature and strain rate,
is expressed through the Zener—Hollomon (Z) parameter [2].

It has also been reported that this single processing paramet-
er can effectively be used for studying DRX in metals, repla-
cing the need for multiple processing parameters such as
temperature and strain rate [6]. In this study, the constitutive
equation was established using the hyperbolic sine law, as
follows:

Z =éexp[Q/(RT)] =7.99 x 10" x [sinh(0.00670,)]'** (1)

where Z, £, O, R, T, and o, are the Zener-Hollomon paramet-
er, the strain rate, the activation energy for hot working, the
gas constant (8.3145 J-K™'-mol ™), the temperature, and the
peak stress, respectively. The activation energy for hot work-
ing, O, was calculated to be 171.8 kJ-mol™". This activation
energy is somewhat higher than the self-diffusion energy of
Al atoms in the Al matrix (=142 kJ-mol ™). It has been repor-
ted that Q increases with the addition of more solute atoms to
the Al matrix as these solute atoms act as obstacles to dislo-
cation movement [28-29]. Jeong et al. [30] reported a com-
parable activation energy (Q) value of 179.8 kJ-mol " for
Al-7Mg under hot compression within the same temperature
range but at a different strain rate range of 5 x 10 to 10 s™".
This indicates a minor discrepancy in the activation energy
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Fig. 1. Flow curves of AI-7Mg deformed at (a) 300°C, (b) 400°C, and (c) 500°C under the strain rates of 0.05, 0.5, and 5s~".

due to differences in conditions. Calculations of the activa-
tion energy based on Eq. (1) for three different deformation
modes [31] also support this viewpoint, showing approxim-
ately 5 kJ-mol ! difference in O values across three different
deformation modes for the same Al alloy, temperature, and
strain rates. At high Z values, which correspond to faster
strain rates or lower temperatures, the flow curves showed
moderate strain hardening followed by flow softening up to
the point of fracture. Conversely, at low Z parameters, indic-
ative of slower strain rates or higher temperatures, there was
a rapid increase in flow stresses, with flow softening advan-
cing to a steady-state, with the exception being the outcome
at 500°C and strain rate of 55"

The detailed analysis of Fig. 1 uncovers two distinct pro-
files in the flow curves under varying deformation condi-
tions: (i) gradual increase in stress followed by broad peak
and (ii) swift escalation in stress culminating in sharp peak.
Flow curves exhibiting the type (i) peak typically occur un-
der high Z conditions, associated with lower temperatures
and higher strain rates. Conversely, flow curves displaying
the type (ii) peak are predominantly found under low Z con-
ditions, indicative of environments where DRV is prevalent.

3.2. Deformed/undeformed DRX microstructure obser-
vation using EBSD

Fig. 2 displays EBSD images of the Al-7Mg alloy before
and after undergoing hot torsion tests. The colored regions in
the figure signify the occurrence of DRX. As depicted in
Fig. 2(a), none of the grains in the undeformed structure ful-
fill the criteria for DRX, characterized by grain orientation
spread (GOS) value of less than 2° and grain size smaller
than 8 um. This observation confirms that all the colored
grains in the deformed structures (Fig. 2(b)—(d)) have under-
gone DRX. Essentially, the undeformed structure, with a
minimum grain size of 8 pum, sets the threshold for identify-
ing DRXed grains in the study of DRX using EBSD data.

At the lowest temperature of 300°C, a reduced amount of
DRX was observed, characterized by flow curves with a
broad peak without reaching a steady-state. In this scenario,
DRX predominantly occurred along the grain boundaries of
parent grains, accompanied by localized DRX within shear
bands, identifying these grains as undergoing CDRX within
shear bands [6]. The shear banding effect narrowed the grain
boundaries, thereby accelerating lattice rotation and the oc-
currence of CDRX. A comparison between the two lower
strain conditions depicted in Fig. 2(c)+(d) shows that the

Fig. 2. DRX area visualization using criterion of GOS < 2°
and grain size smaller than 8 pm: (a) non-deformed, as heat-
treated sample; deformed samples up to £ = 0.5 in torsion con-
ditions at (b) 300°C, 0.05 s™', (c) 400°C, 0.05 s, and (d) 500°C,
0.5 s'. In the images, black lines represent grain boundaries
with @ greater than 15°, and the DRX area is indicated by col-
or. The red arrows in (b) indicate where shear-bands were
formed.

sample at 400°C demonstrated a higher DRX fraction than
the one at 500°C for strain of 0.5. This lower DRX fraction at
the reduced temperature can be ascribed to the more active
DRV at elevated temperatures, as previously mentioned. This
assertion is supported by the calculated geometrical neces-
sary dislocation density (GND), with the 500°C sample ex-
hibiting a lower GND level of (7.1 + 7.2 x 10"”) m?, in con-
trast to the 400°C sample, which presented a higher GND
value of (9.9 £ 10.1 x 10") m 2. A lower GND at identical
strain levels indicates a faster DRV rate or increased disloca-
tion annihilation.

To delve deeper into the progressive DRX behavior in the
Al-7Mg alloy during hot torsion, the condition of 400°C and
0.05 s™', which showed the largest DRX fraction at the same
strain, was chosen for further investigation. Multiple EBSD
datasets were collected across continuous strains, as illus-
trated in Fig. 3. At smaller strains (<3), both elongated parent
grains and small equiaxed grains formed through DRX are
evident. The proportion of equiaxed grains gradually rises
with strain, yet a fully recrystallized structure remains un-
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Fig. 3. Inverse pole figure (IPF) maps of Al-7Mg alloy deformed at 400°C under a strain rate of 0.05 s at the various deformation
strains. The shear direction (SD) is indicated as vertical in the images. The color of the grain orientation corresponds to the shear dir-
ection, as illustrated by the orientation triangle located at the bottom-right corner. The scale of individual images in Fig. 3 is the
same. Section A, B, and C are the specific areas for further analyses in discussion section.

Table 3. DRXed grain size evolution during hot torsion

Deformation condition 300°C, 0.05s™, InZ = 33.07  400°C, 0.05 s™', InZ = 27.71

500°C, 0.5 s, InZ = 26.04

Strain 0.5 1 2.2 05 1
1.42+ 1.54+ 1.36+

DRXed grainsize /pym '75" 65 045 120 134

3 5 82 05 1 2 3 5 7.6

2.23+ 231+ 2.33+ 2.38+ 2.63+ 2.80+ 2.80+ 2.82+ 3.25+ 3.69+ 3.64+ 3.84+
1.37 125 137 148 205 195 213 228 211 221

Note: The measured initial grain size before hot-torsion was (31.9 £ 15.4) um (Fig. 2(a)).

achieved even at a strain of 5.

By a strain of 0.5, equiaxed grains are predominantly loc-
ated at the boundaries of elongated grains. With increasing
strain (¢ > 1), an increase in DRXed grains is noted, and
elongated grains begin to align with the shear direction. DRX
primarily takes place near grain boundaries. At low strains
(¢ < 2) under the 400°C and 0.05 s condition, DRX initi-
ation is observed at the boundaries of parent grains and may
extend inward. With the strain increasing to ¢ = 5, parent
grains nearly align parallel to the shear direction.

Table 3 outlines the evolution of DRXed grain size in
Al-7Mg alloys during hot torsion. The data highlights a trend
of smaller DRXed grains at higher Z parameters of deforma-
tion. Remarkably, the size of DRXed grains consistently en-
larges at lower Z conditions, specifically at 400°C, 0.05 s~
and 500°C, 0.5 s™'. This increase in DRXed grain size is not-
ably more significant under the lower Z condition.

3.3. Prediction of the hot-deformed grain structure with
DRX

Grain refinement can be effectively achieved through
DRX during hot working. Within the DDRX mechanism,
new grains form at the boundaries of parent grains, leading to
the replacement of parent grains by DRXed grains once a
sufficient strain is reached. The size of DDRXed grains typ-
ically remains constant up until the strain level that corres-
ponds to the steady-state is attained [1]. However, as indic-
ated in Table 3, the size of DRXed grains increased with
strain under specific deformation conditions, likely attribut-
able to the utilization of stored energy surrounding the DRX

areas.

The DRXed grain size decreases as the temperature de-
creases and the strain rate increases. Generally, the DRXed
grain size does not depend on the initial grain size, but rather
on the deformation conditions, such as temperature and strain
rate [32]. The following relationship represents the DRXed
grain size of Al-7Mg as a function of the Z parameter.

DDRX = 188.672_0‘153 (2)

where Dprx is the DRXed grain size. The relationship was
derived from the linear regression of the measured DRXed
grain size after torsion tests with various deformation condi-
tions. As Z is as a function of temperature and strain rate, the
DRXed grain size can be predicted and controlled with the
temperature and strain rate.

3.4. Deformed shear texture and texture randomness
evolution during hot torsion

Generally, a grain structure that is randomly oriented or
exhibits a weak texture tends to display superior isotropy in
its properties. Although complete randomness of texture in a
polycrystal does not invariably ensure optimal formability, it
facilitates acceptable formability without the significant
mechanical drawbacks associated with unfavorably textured
grains [16—17]. Notably, a random texture is particularly ef-
fective in mitigating defect formation during sheet metal-
working processes [18—19].

Fig. 4 illustrates the evolution of shear texture during the
hot torsion of Al-7Mg alloys under three specific conditions:
300°C at 0.05 s™!, 400°C at 0.05 s™', and 500°C at 0.5 s™".
Samples processed at 400 and 500°C show an initial
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Fig. 4. Ideal shear texture evolution during hot torsion of AI-7Mg alloys under 300°C 0.05 s, 400°C 0.05 s, and 500°C 0.5 s,

The shear texture fraction of whole region is given in the first row and the shear texture fraction of DRXed region is given in the

second row.

strengthening of shear texture at early strains (¢ < 1.5), which
subsequently weakens (¢ =~ 2.5) until reaching a steady state
(¢ £ 3). A higher fraction of ideal shear texture is observed
under larger Z conditions. Remarkably, in areas where DRX
occurred, the fractions of shear texture gradually increase un-
til rupture, particularly under larger Z conditions. At highly
DRXed states (¢ > 7), the intensity ranking of shear compon-
ents follows the order 4 > B > A; > C > A;. However, with
the total fraction of these ideal shear textures being close to
0.1, it remains challenging to assert that a pronounced tex-
ture developed in the Al-7Mg alloy due to DRX or hot de-
formation within the explored temperature range of 300 to
500°C.

The texture index (TT) offers a more intuitive approach for
evaluating texture randomness or material isotropy than
merely calculating individual texture strengths, as depicted in
Fig. 4. Defined in [33] and derivable through calculations in
EBSD software, the TI provides a holistic measure of the
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Fig. 5. Evolution of TI during hot torsion tests of AI-7Mg al-
loys under three different conditions. The straight green line
represents TI = 1, which corresponds to the theoretical perfect
random texture.

overall texture characteristic. This allows for a more insight-
ful analysis of texture randomness or isotropy within the ma-
terial, facilitating a deeper understanding of how texture in-
fluences the mechanical properties and formability of
Al-7Mg alloys.

Texture index (TI) = j f(g)’dg 3)

where f(g) is the orientation distribution function which is
defined as the probability of finding a crystallite of certain
orientation g = {¢,, D, ¢,}, and g is the Euler coordinate giv-
en in Table 1. The texture index (TI) represents the overall
texture randomness of the material, regardless of the specific
crystallite orientations where the highest intensities occur.
The higher value of TI indicates more textured or more an-
isotropic material, while a fully random texture corresponds
to TI value of unity.

Fig. 5 illustrates the evolution of the TI in hot-torsioned
Al-7Mg samples under various conditions: 500°C at 0.5 s/,
400°C at 0.05 s, and 300°C at 0.05 s'. Initially, at & = 0.5,
all three samples display the highest levels of material aniso-
tropy. Under larger Z conditions, there is a noticeable reduc-
tion in texture randomness at the early strains. However, as
the strain progresses, the TI gradually declines towards unity,
signaling the development of an ideally random texture or an
isotropic polycrystalline structure. This decline in TI follows
a non-linear trajectory, with the bulk of the reduction occur-
ring by ¢ = 2. Remarkably, even with low volume fraction of
DRX (Xpry) at & = 2 in the 400°C, 0.05 s™' sample, there is a
pronounced 70% decrease in TI from ¢ = 0.5 to ¢ = 2. This
significant change suggests that DRX may not be the sole
contributing factor to the randomization of texture during the
hot deformation of Al-7Mg alloys.

3.5.DRX Kkinetics for the prediction of DRX volume
fraction

The evolution of microstructure resulting from DRX dur-
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Table 4. Parameters of Kinetics model for DRX obtained
from effective stress—strain curves of AI-7Mg alloy
T/°C éls’! & & i m'
400 0.05 0.052 0.772 0.32 1.28
500 0.05 0.007 0.238 0.83 0.53
0.5 0.032 0.548 0.51 0.90

ing hot deformation can be forecasted using a DRX kinetics
model. Numerous models for DRX kinetics have been pro-
posed across various materials. In our study, a modified kin-
etics model, inspired by Kim’s model [34] and Serajzadeh’s
model [35], was utilized to predict changes in the extent of
Xprx during hot deformation. The equation employed to
characterize this relationship is outlined as follows:

e—¢ m
Xprx = 1 —exp [—k’( - C) ] 4)
g*
where &, is the critical strain for the initiation of DRX, &" is
@ 200
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the strain required for maximum softening rate, and £’ and m’
are constants.

The parameters for the DRX kinetics model were derived
from experimental data presented in Table 4. The work
hardening rate (n = do/de) was calculated from flow curves
and graphed against effective stress and strain, as shown in
Fig. 6. At a strain of approximately 0.5, the n curve for the
condition at 500°C, 0.05 s™' reaches zero, implying the com-
pletion of DRX. However, such an implication is unlikely at
this low strain level, with no preceding evidence to support
the premature completion of DRX in Al alloys possessing an
initial grain size larger than 30 um. Therefore, the current
DRX kinetics model does not suit the 500°C, 0.05 s condi-
tion. Consequently, an alternative condition (500°C, 0.5 s™")
was selected for analyzing the evolution of DRX volume
fraction, facilitating a comparison between empirical obser-
vations and theoretical predictions.

(b) 100
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g0l | ——500°C, 0.5 5!
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(a) Work hardening rate—effective stress curves to determine the critical strain for AI-7Mg alloy and (b) work hardening

rate—effective strain curves to determine the strain for maximum softening rate. The softening rate evolution of the 500°C, 0.05 s
condition is unevaluable beyond ¢ = 0.6, hence not available for the DRX kinetic derivation.

To determine the critical strain for the initiation of DRX
(&.), the point where 6°n/dc is zero was identified from
Fig. 6(a) [36]. The values of ¢, increased as the temperature
decreased and the strain rate increased. Additionally, the
strain required for the maximum softening rate (¢") was de-
termined from the n—e¢ relationship in Fig. 6(b). The values of
¢" increased as the temperature decreased and the strain rate
increased. To determine the constants &’ and m’, the relation-
ship of the fractional softening in the effective stress, which
represents the fraction of DRX, was utilized [37] as follows:

o,—0

Xppx = ——— (5)
Op— 0y

where ¢, and o, are the peak stress and steady-state stress, re-
spectively. By combining Egs. (4) and (5), £’ and m’ were de-
termined by linear regression.

Fig. 7 displays the kinetics curves of the Al-7Mg alloy
under various deformation conditions. The Xprx increases
with strain, achieving 100% at larger strains (>7). Xprx both
initiates and completes earlier under lower Z conditions, ex-
hibiting a slower rate beyond the DRX acceleration point.
The measured Xprx significantly deviates from the calcu-
lated values, with a maximum discrepancy of more than 0.46.

These discrepancies are more pronounced in the condition of
500°C at 0.5 s™' (lower Z) compared to the condition of
400°C at 0.05 s' (higher Z). The model does not accurately

1.00  Calculated Xjry from Eq. (5)
—400°C, 0.05s"'£1.04
—500°C, 0.5 51 £0.75 o
0.75 + Measured Xy from EBSD ;’
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0 ) X acceleration
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Effective strain (¢)
Fig. 7. Calculated and measured volume fraction of DRXed

grains, based on the kinetics model for DRX (Eq. (5)) and
EBSD, for AI-7Mg at various deformation conditions. Under-
lined and bold numbers are kinetic slopes. DRX acceleration
points are different between the calculated values and meas-
ured values.
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predict the early strain increase in Xppx prior to DRX acceler-
ation and forecasts DRX acceleration at lower strains, con-
trary to the observed data. Such inconsistencies underscore
the limitations of the current DRX kinetics model in pre-
cisely predicting the DRX evolution in the Al-7Mg alloy.
Nevertheless, the calculated Xprx successfully mirrors the
measured DRX speed, or the steepness of the kinetics slope,
beyond the DRX acceleration point. This suggests that fur-
ther refinement or modifications of the model are needed to
enhance its predictive accuracy for specific alloy and de-
formation conditions, especially concerning lower strain
DRX behaviors.

4. Discussion

In the hot deformation of metallic alloys, it is crucial to
consider the effects of strain rate and temperature on the mi-
crostructure. The Z parameter effectively illustrates how the
interplay between temperature and strain rate influences
DRX mechanisms and the resulting deformation texture in
Al-7Mg alloys. Conditions of low Z, corresponding to high
temperatures and low strain rates, promote the development
of fine-grained recrystallized structures through CDRX and
GDRX, leading to a weaker deformation texture at early
strains. Conversely, high Z conditions, characterized by low
temperatures and high strain rates, tend to favor DDRX, res-
ulting in stronger deformation textures at early strains.
However, as evidenced in Fig. 7, the DRX behavior of hot-
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torsioned Al-7Mg alloys in this study cannot be solely inter-
preted through a single DRX mechanism, necessitating a
more detailed discussion on this topic.

4.1. Progressive DRX behaviors in the Al-7Mg during
hot-torsion

In Al alloys, the high SFE promotes the occurrence of
cross-slip and the climb of dislocations, thereby activating
DRV through dislocation annihilation and reorganization.
CDRX is seen as an “extended” form of DRV, involving pro-
gressive dislocation reorganization that transforms sub-grains
into grains during thermomechanical processes. CDRX has
been identified as not only the predominant DRX mechan-
ism at low strains [38] but also at very large strains [39] in the
hot deformation of Al alloys. GDRX, characterized by local
bulging of parent grain boundaries, represents a specific form
of CDRX and is recognized as the dominant DRX mechan-
ism in Al-Mg alloys with Mg content of <6wt% [12—13].
The inclusion of Mg into Al alloys significantly lowers the
SFE, impeding the processes of dislocation cross-slip and
climb. As a result, the principal DRX mechanism in Al-Mg
alloys with a higher Mg content (>8wt%) transitions to
DDRX [14].

4.1.1. DDRX occurrence at early strains (¢ < 2) before the
DRX acceleration

EBSD analysis of the Al-7Mg alloy, deformed at 400°C
and strain rate of 0.05 s as illustrated in Fig. 8(a)—(b), re-
veals IPF maps and corresponding grain boundary maps that
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IPF maps with corresponding grain boundary maps of hot-torsioned 400°C 0.05 s™' sample in Fig. 3: (a) ¢ = 0.5; (b) e = 1;

(c) misorientation profile along the white line in (b); (d) DRXed grain misorientation profile at ¢ = 1 for three different hot-torsion
conditions. Grain boundary maps in (a) and (b) consist of black lines (grain boundaries, > 15°) and red lines (sub-grain boundaries,
6<15°). As given in the green arrows in (d), it is unlikely for CDRX to have 8> 20° at ¢ = 1 [4647].
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highlight the presence of equiaxed grains at the boundaries of
elongated parent grains. These grains, exhibiting character-
istics of complete DRX as observed in Fig. 2, predominantly
form a “necklace” structure around the parent grains, a hall-
mark commonly associated with DDRX under hot deforma-
tion conditions [40]. DDRX typically begins at low strains
(e < 1), suggesting that the DRXed grains in Fig. 8(a)—(b) are
likely products of DDRX, a hypothesis further corroborated
by the misorientation profile in Fig. 8(c) where three out of
four DRXed grains exhibit & greater than 20° relative to the
parent grain. Fig. 8(d) confirms a significant proportion of
these high-misorientation DRXSs relative to the parent grain.

Previous research [41-42] suggests that DDRX is charac-
terized by higher 6 values compared to CDRX, with CDRX
relative to the parent grain typically showing 8 < 20°, partic-
ularly at smaller strains. Consequently, DRXed grains with
6 < 20° in Fig. 8(c) are likely indicative of CDRX. Although
the 20° threshold may not be universally applicable for dif-
ferentiating DDRX from CDRX across all materials and
thermomechanical conditions, it is generally accepted that
CDRX is characterized by low 8 values at small strains, sig-
nifying a gradual transformation from very low 8 sub-grains
(<2°) [6,40]. While GDRX might present a larger 6 than
CDRX, due to its evolution via the impingement of parent
grain boundaries, its presence at low strain levels is typically
not observed, aligning with the absence of “pinched-off” par-
ent grains in Fig. 3 for strains < 2.

In Fig. 8(d), the fraction of CDRX-dominant grains (those
with 6 <20°) is higher in the lower Z condition, aligning with
the general behavior of DRX in metals. However, even in
these lower Z conditions, the fraction of DDRX exceeds that
of CDRX, suggesting a dominance of DDRX formation at
this strain level (¢ = 1) for the lower Z condition. Considering
the observation that DDRX occurs more frequently at higher
Z conditions during the hot deformation of Al alloys [43], it is
determined that DDRX is the main DRX mechanism for the
higher Z conditions (which has total strains lower than 2)
presented in Fig. 1. Furthermore, Fig. 7 shows that there is no
remarkable increase in the volume fraction of DRX (XDRX)
between & = 0.5 and the onset of DRX acceleration (¢ < 2) in
all three conditions. Therefore, it is concluded that DDRX is
the primary DRX mechanism at low strains (¢ < 2) in the
Al-7Mg alloy during hot deformation.

4.1.2. CDRX and GDRX mechanisms after the onset of
DRX acceleration (& > 2)

In Fig. 7, a notable increase in Xpgx is observed beyond
the DRX acceleration point. Although DDRX typically oc-
curs at grain boundaries during the incubation phase or be-
fore DRX acceleration, it is unlikely to account for the ab-
rupt rise in Xprx. If DDRX were the primary driver behind
Xorx €volution, a gradual rather than sudden increase in Xprx
would be anticipated. Hence, CDRX or GDRX is more likely
responsible for the notable increase in Xpgx at larger strains
(¢ > 2). This is supported by a previous study [44] that repor-
ted a shift in recrystallization mechanisms from DDRX to
CDRX at high strains, even in metals with lower SFE like
Mg alloys.
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CDRX and GDRX are conducive to smaller grain sizes,
resulting in lower dislocation densities for substructure form-
ation and a significant size ratio of sub-grains to the parent
grain [6,40]. A minimal grain diameter along a minor axis
suffices for initiating a fine-grained structure essential for
CDRX or GDRX; the median grain size is less crucial in this
context. Fig. 9(a) shows the variation in average grain width
with strain across three hot-torsion conditions. The correla-
tion between the Xprx plot in Fig. 7 and the abrupt reduction
in grain width in Fig. 9(a) suggests that decreasing grain
width is essential for DRX acceleration during hot torsion of
Al-7Mg. This observation leads to the speculation that
CDRX or GDRX significantly contributes to the increase in
Xorx beyond the steady Xprx region at lower strains (¢ < 2).

Further analysis into this speculation involves examining
substructure evolution within parent (or elongated) grains
during the Xppx jump phase. Fig. 9(b) reveals crystal orienta-
tion through IPF maps and sub-grain boundary distribution
via a grain boundary map from EBSD analysis. Grain A is
characterized by numerous sub-grains, giving it an almost
fragmented appearance, in contrast to Grain B, which lacks a
developed sub-grain structure. 6 profiles plotted along white
lines A and B in Fig. 9(b-iv), as depicted in Fig. 9(c), dis-
tinctly show that Grain A undergoes a more significant lat-
tice rotation along the shear direction compared to Grain B.
Heidarzadeh ef al. [45] attribute a smaller increase in § along
the shear direction to GDRX, as opposed to the traditional
CDRX mechanism, which involves a gradual increase in 6
from sub-grain boundaries to grain boundaries. The Taylor
factor map in Fig. 9(b-iv) corroborates the findings in Fig.
9(c), indicating a heterogeneous distribution of deformation
resistance in Grain A under simple shear, whereas Grain B
displays more uniform deformation resistance. Consequently,
the analysis in Fig. 9(b) leads to the conclusion that CDRX
predominantly occurs in the (121)[001]-oriented Grain A,
while GDRX develops in the (111)[110]-oriented Grain B.
Thus, both GDRX and CDRX are actively engaged during
the DRX acceleration phase in the hot-torsion processing of
Al-TMg.

According to Zhang and Wilson [46], subjecting a FCC
polycrystalline material to simple shear would lead to the
alignment of shear planes in the polycrystals, either parallel
or perpendicular to the main shear plane (111). This predic-
tion provides a plausible explanation for the observation that
grains A and B in Fig. 9(b) display shear planes of (121) and
(111), respectively, which are either perpendicular or parallel
to the main shear plane (111). Given that sub-grain boundar-
ies are oriented perpendicular to the shear direction, the [001]
orientation in grain A indicates the formation of (001)-type
sub-grain boundaries, as depicted in Fig. 9(b-ii). Similarly, it
can be inferred that grain B primarily forms (110)-type sub-
grain boundaries, aligning with the shear direction and pos-
sessing [110] orientation. These observations align with
Winther’s predictions [47], which state that the cross-slip-
ping of dislocations onto the second neighboring slip plane
leads to the formation of (001) sub-grain boundaries, while
cross-slipping onto the first neighboring slip plane results in
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Fig. 9. (a) Grain width variation charts for the three deformation conditions during hot-torsion, (b) EBSD analyses conducted for
the shaded area in Fig. 3 and ¢ = 3, including (i) IPF map displaying grain orientations corresponding to the shear direction, (ii) grain
boundary map decorated with black lines (6 > 15°) and red lines (6 < 15°), (iii) IPF map displaying grain orientations corresponding
to the shear plane, (iv) Taylor factor map calculated from a deformation gradient tensor for the torsion around the horizontal axis in
the image, (c) misorientation profile from the origin along the two white lines in Fig. 9(b-iv), and (d) TEM observation for a lattice ro-

tation occurrence area in the 400°C 0.05s™' £ =3 sample.

(110) sub-grain boundaries. The greater slip plane rotation
required (~109.4°) for the former cross-slip, compared to the
latter (=70.5°), implies more lattice rotation about the [110]
axis during CDRX formation in the (121)[001]-oriented
grain A. This hypothesis is partly supported by the TEM ob-
servation of a substructure in Fig. 9(d), showing clear evid-
ence of a 10° lattice rotation about the [110] axis. However,
this observation merely indicates the role of cross-slips in
grain rotation or substructure formation and does not con-
clusively prove that larger cross-slips occur in the
(121)[001]-oriented grain compared to the (111)[110]-ori-
ented grain. Thus, further research is required to elucidate the
impact of cross-slip magnitude on the evolution of parent
grain orientation during the hot deformation of FCC metals.

In other words, the data suggest that CDRX and GDRX
play pivotal roles in the increase of XDRX following DRX
acceleration. Grain A, with a (121)[001] orientation, pre-
dominantly undergoes CDRX, while grain B, with a
(111)[110] orientation, experiences GDRX during the micro-
structural evolution. The orientation of these parent grains
likely results from the gradual grain rotation induced by
simple shear, as suggested by [46—47]. Additionally, the vari-
ance in their cross-slip systems is thought to contribute to
these distinct grain orientations.

4.2. Texture index evolution during hot-torsion

Material anisotropy, quantified by the TI, is observed to

decrease during the hot torsion of Al-7Mg alloys within the
temperature range of 300 to 500°C, as depicted in Fig. 5. The
TI values peak at & = 0.5, mirroring the trend observed in the
TI evolution of cold-rolled Al-Mg alloys [48], where in-
creasing cold rolling reductions led to a gradual increase in
TI. However, the absolute TI values reported in previous
studies for rolling [48-49], equal channel angular pressing
[50], and high-pressure torsion [51] ranged between 2 and 10
at various strains, significantly lower than the TI values of
15 to 27 observed at ¢ = 0.5 in Fig. 5. The elevated TI values
at ¢ = 0.5 can be attributed to the hot extrusion process con-
ducted prior to the hot torsion tests, as a hot-extruded Al al-
loy exhibited a relatively high TI value of 30 [52].

A critical observation from Fig. 5 is that over 70% of the
TI reduction occurs up to a strain level of 2 within
300-500°C temperature range. This indicates that significant
grain rotation occurs to diminish material anisotropy.
However, as illustrated in Fig. 8, the increase in Xpry Vvaries
from 0.03 to 0.25, depending on the temperature, suggesting
that DRX is not the main contributor to the TI reduction.
Alongside the flow curves in Fig. 1, which show flow soften-
ing at small strains (<2), the evolution of lattice orientation
distribution depicted in Fig. 3 reveals a gradual development
of sub-grains within the larger parent grain frome=0.5to ¢ =
3. Moreover, the simple shear applied during hot torsion
leads to the formation of (121)[001]- and (111)[110]-ori-
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ented parent grains, as discussed in Section 4.1.2. This sug-
gests that the observed reduction in TI is not predominantly
due to the formation of mature DRX. Instead, the rotation of
parent grains and the emergence of sub-grains are notably in-
fluential in reducing material anisotropy.

5. Conclusions

In this study, we investigated the progressive dynamic re-
crystallization (DRX) and texture behaviors during hot de-
formation in the Al-7Mg alloy. Hot-torsion tests were con-
ducted at various temperatures (300, 400, and 500°C) and
strain rates (0.05, 0.5, and 5 s '), and microstructure observa-
tions were performed to analyze the DRX and texture charac-
teristics. The main conclusions drawn from the study are as
follows:

(1) The measured DRXed grain fraction (Xprx) plot sug-
gests that the DRX behavior of the Al-7Mg alloy can be di-
vided into two stages until the full DRX structure is achieved:
Stage 1 involves a moderate increase in Xpry (0.03—0.25) de-
pending on the hot-torsion conditions. This increase mainly
occurs at ¢ < 0.5 and remains relatively unchanged until the
onset of the DRX acceleration stage. Stage 2, defined as the
DRX acceleration stage, is characterized by a substantial in-
crease in Xpgx, reaching ~0.9. The calculated DRX kinetics
successfully predict the rate of DRX during this stage.

(2) In Stage 1, discontinuous DRX primarily dominates,
while in Stage 2, continuous and geometric DRXs (CDRX
and GDRX) are predominantly observed within (121)[001]-
and (111)[110]-oriented parent grains, respectively. Clear
sub-grain structure formation was observed in the CDRXed
(121)[001] grain, attributed to a larger rotation between slip
planes compared to the GDRXed (111)[110] grain during
hot-torsion.

(3) The overall improvement in texture randomness in the
Al-7Mg alloy does not closely correlate with the increase in
Xprx- Instead, changes in texture randomness are primarily
driven by the rotation of parent grains and the formation of
sub-grains.
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