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Abstract

Dynamic recrystallization (DRX) in inhomogeneous deformation zones, such as grain boundaries, shear bands, and deformation bands,
is critical for texture modification in magnesium alloys during deformation at elevated temperatures. This study investigates the DRX
mechanisms in AZWX3100 magnesium alloy under plane strain compression at 200 °C. Microstructural analysis revealed necklace-type
DRX accompanied by evidence of local grain boundary bulging. Additionally, ribbons of recrystallized grains were observed within fine
deformation bands, aligned with theoretical pyramidal I and II slip traces derived from the matrix. The distribution of local misorientation
within the deformed microstructure demonstrated a clear association between deformation bands and localized strain. Dislocation analysis
of lamellar specimens extracted from two pyramidal slip bands revealed <c + a> dislocations, indicating a connection between <c + a>
slip activation and the formation of deformation bands. Crystal plasticity simulations suggest that the orientation of deformation bands is
responsible for the unique recrystallization texture of the DRX grains within these bands. The texture characteristics imply a progressive,
glide-induced DRX mechanism. A fundamental understanding of the role of deformation bands in texture modification can facilitate future

alloy and process design.
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1. Introduction

The modern industry increasingly demands advanced ma-
terials that are specifically tailored to meet precise technical
requirements. As a result, extensive research is focused on
gaining a deep understanding of material microstructures. In
the manufacturing of sheet metal components, which are uti-
lized across nearly every industrial sector, fundamental pro-
cesses such as deformation and recrystallization play crucial
roles in determining the final microstructure and properties
of the materials. This is especially important for magnesium
alloys, which are preferred for weight reduction due to their
low density and high strength. However, these alloys present
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challenges due to their asymmetric yielding behavior and lim-
ited formability at room temperature, making it difficult to
produce high-performance, defect-free parts [1-3].

Various strategies have been employed to address these
challenges, with a primary focus on modifying the strong
basal-type texture that results from the preferred alignment
of basal planes parallel to the principal direction of material
flow during rolling or extrusion. In this context, static recrys-
tallization during annealing has proven effective in altering
the texture of magnesium alloys, particularly those contain-
ing dilute solute additions such as Zn and rare earth elements
or Zn and Ca [4-8]. During hot deformation at approximately
0.4T,, (where Ty, is the melting temperature in K), the ma-
terial often undergoes DRX. This process changes the grain
size and crystallographic orientation while reducing disloca-
tion density. The resulting softening effect decreases the flow

2213-9567/© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) Peer review under responsibility of Chongqing University


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jma.2025.02.013&domain=pdf
http://www.keaipublishing.com/en/journals/journal-of-magnesium-and-alloys/
https://doi.org/10.1016/j.jma.2025.02.013
http://www.elsevier.com/locate/jma
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:pei@imm.rwth-aachen.de
https://doi.org/10.1016/j.jma.2025.02.013
http://creativecommons.org/licenses/by-nc-nd/4.0/

R. Pei, F-Z. Mouhib, M. Seehaus et al./Journal of Magnesium and Alloys 13 (2025) 1088—1098 1089

stress and has the potential to promote strain localization in
the DRX fraction by varying the strength distribution within
the deformed volume.

DRX is typically influenced by various factors, including
deformation conditions, pre-strain, initial grain size, solute
concentration, and the presence of second phase precipitates
[9,10]. From an intrinsic perspective, the stacking fault en-
ergy (SFE) plays a significant role in DRX because it affects
how unit dislocations dissociate into partial dislocations. The
width of the stacking fault influences the degree of dynamic
recovery and ultimately determines the type of DRX that oc-
curs during hot deformation. In this context, DRX mecha-
nisms can be categorized into two main types: those involving
grain boundary migration or subgrain rotation [11,12]. DRX
via these mechanisms is termed discontinuous (DDRX) and
continuous dynamic recrystallization (CDRX), respectively.

DDRX typically begins at pre-existing high-angle bound-
aries, especially in materials with low SFE. In these cases,
new strain-free grains nucleate and grow at the expense of the
deformed microstructure [9,13]. Conversely, in materials with
high SFE, facilitated climb and cross-slip of perfect disloca-
tions enhance dynamic recovery. This process rearranges the
dislocation structure into lower-energy configurations, reduc-
ing the driving force for DDRX [9,13]. Consequently, new
DRX grains form via CDRX within the original deformed
grains. This mode involves minimal boundary migration as
subgrains gradually increase their sub-boundary misorienta-
tion until high-angle boundaries develop [9,13].

The DRX mode in magnesium is influenced by the
anisotropy of the SFE between different crystallographic
planes. The basal planes have a relatively low SFE, around 36
mJ/m? [14], while the prismatic and pyramidal planes exhibit
much higher SFE values, at 265 and 344 mJ/m?, respectively
[14]. The higher SFE associated with prismatic and pyrami-
dal planes facilitates CDRX. In contrast, the low SFE of basal
planes hinders dynamic recovery, leading to enhanced strain
hardening, which increases the driving force for DDRX, espe-
cially when solutes are present [15]. By adjusting deformation
temperature and strain rate, these two DRX modes can either
operate concurrently or sequentially [16—18]. The resulting
recrystallization texture is determined by the orientation of
newly formed grains and the competition between their nu-
cleation and growth rates. Whether the initial deformation tex-
ture is retained or eliminated during recrystallization depends
on whether substantial recovery and polygonization occur or
if newly oriented grains begin to dominate the process.

In this study, we investigate DRX in a complex
AZWX3110 magnesium alloy subjected to plane strain com-
pression at 200 °C. This alloy, derived from the commonly
used AZ31B, includes micro-additions of calcium (Ca) and
yttrium (Y) to tailor its microstructure and texture for en-
hanced strength and formability [19]. The presence of alu-
minum (Al) causes yttrium to be stripped from the solid
solution, forming fine ALY and AlgMn4Y precipitates that
enhance the alloy’s strength [19]. Additionally, calcium in-
fluences unique texture behavior during recrystallization by
co-segregating with zinc (Zn) and aluminum at grain bound-

Table 1

Chemical composition of the AZWX3310 alloy (wt.%).

Al Zn Mn Ca Y Mg
2.72 0.95 0.40 0.29 0.94 Bal.

aries [19]. Both second-phase precipitation and solute segre-
gation impede dislocation movement and high-angle boundary
mobility through drag effects. Consequently, they slow down
softening processes and increase the fraction of microstruc-
tural inhomogeneities such as deformation and shear bands.
These factors have significant implications for the type of
DRX nucleation mechanism that occurs. As revealed in our
results, microstructure characterization of deformed samples
up to large strains uncovered distinct bands of dynamically
recrystallized grains. Remarkably, even under an immense
strain of 100%, DRX remained incomplete. The resulting mi-
crostructure exhibited large areas of unrecrystallized grains,
contrary to what might be expected for such a high degree
of deformation. The focus of this work is on elucidating the
DRX behavior of the investigated alloy, with further discus-
sions on how deformation modes and dislocation structures
contribute to these observations.

2. Experimental procedure

The investigated AZWX3110 alloy was produced through
induction melting at 500 mbar under a protective gas at-
mosphere of Ar/CO,. Prior to casting, AZ31B alloy, Mg-
30Ca master alloy, and pure Y were melted together and
homogenized at 800 °C for a short period. Casting took
place at 750 °C into a preheated steel mold with dimensions
50 mm x 50 mm x 150 mm, which was coated with a thin
layer of BN/AI, O3 to facilitate release. Following casting, the
alloy underwent a homogenization treatment at 420 °C for 16
h under an argon atmosphere to ensure uniform distribution
of elements. This was followed by water quenching to freeze
in the microstructure achieved during homogenization. To de-
termine the actual chemical composition of the produced al-
loy, inductively coupled plasma optical emission spectroscopy
(ICP-OES) was employed. The detailed composition is pro-
vided in Table 1.

Deformation samples with dimensions of
12 mm x 10 mm x 6 mm were prepared from the
cast AZWX3110 material using electrical discharge machin-
ing for plane strain compression (PSC) tests. These tests
were conducted at 200 °C under a constant strain rate of
1073 s, reaching strain levels of 50% and 100%. The de-
formation was performed using a conventional screw-driven
testing machine (ZWICK). By the use of a channel-die,
deformation occurred only in the compression (CD) and
elongation directions (ED), while it was constrained in the
transverse direction (TD). The frictional resistance imposed
by the channel walls was reduced by the use of boron nitride
as a lubricant. Samples for electron backscatter diffraction
(EBSD) mappings were prepared by conventional grinding
and mechanical polishing with ethanol-based diamond paste,
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Fig. 1. Microstructure of the cast and homogenized AZWX3110 alloy char-
acterized by (a) optical microscopy and (b) inverse pole figure orientation
map with respect to the compression direction of the PSC tests. (c) Grain
size distribution. (d) True stress-strain curves during the PSC tests at 200 °C
and 1073 57! strain rate. The strains investigated were 50% and 100%.

as well as electropolishing in a Struers AC-2 reagent (at
20 V and —20 °C for 90 s). EBSD measurements were
carried out using an FEI Helios 600i dual-beam microscope
operated at 20 kV, with step sizes below 2 wm. The collected
EBSD data was analyzed using the MTEX toolbox [20] to
gain insights into the microstructural characteristics of the
deformed samples.

Site-specific lamellae for transmission electron microscopy
(TEM) analyses were extracted from selected positions iden-
tified in the EBSD maps. These lamellae were subsequently
thinned using focused ion beam (FIB) milling. The milling
procedure involved a stepwise reduction of the beam cur-
rent until the lamellae reached a final thickness of less than
100 nm. Transmission Kikuchi diffraction (TKD) mapping
was conducted on lamellae with a thickness of about 300 nm
under a voltage of 30 kV in the FIB machine. This map-
ping was used to reveal the orientation characteristics of both
recrystallized and deformed grains. TEM observations were
carried out using a JEOL JEM-F200 equipped with a double
tilt holder, operating at an acceleration voltage of 200 kV. For
dislocation analysis, different zone axes and various two-beam
diffraction conditions were employed. Burgers vector analy-
sis was performed using the g-b invisibility criterion, where
g is the diffraction vector and b is the Burgers vector, to gain
insights into dislocation structures within the material.

3. Results
3.1. Initial condition

The microstructure of the cast and homogenized material
prior to the PSC tests was characterized by optical and ori-
entation microscopy, as depicted in Fig. la and b. The data
reveal a coarse microstructure with random grain orientations,

Fig. 2. Optical (a, b) and scanning electron microscopy (SEM) micrographs
(c-g) of AZWX3110 deformed in PSC at 200 °C and 103 s to g, = — 0.5.
(c) Example of a deformed grain featuring grain boundary bulging, twins
(green) and DRX bands (red). These last two features are visible in the
magnified images (d and e) of the rectangle areas in (c). DRX at prior grain
boundaries forming a necklace-type structure is illustrated in (f) and (g). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

typical of the as-cast condition. The grain size distribution, de-
termined through the linear intercept method applied to mul-
tiple optical images, is shown in Fig. lc. Grain sizes ranged
from 20 to 600 pm, with an average size of approximately
100 wm. Fig. 1d illustrates the stress-strain response during
PSC at 200 °C and a strain rate of 10~ s!, up to logarithmic
(true) strains of 50% and 100%, defined by & = In(1 + ¢).
The two curves display representative flow behavior, charac-
terized by plastic yielding at approximately 80 MPa and work
hardening up to around 180 MPa. The subsequent rapid in-
crease in stress is attributed to significant frictional effects
that become prominent after strains of about 40%.

3.2. Microstructure evolution at ¢ = —0.5

Microstructure characterization of the deformed sample
up to &, = —0.5 revealed the presence of fine DRX grains
located at prior grain boundaries and within narrow deforma-
tion bands of less than 10 wm in width (Fig. 2a). This feature
is more clearly illustrated in Fig. 2b. Further examination
using SEM indicated the presence of deformation twinning in
some grains and serrated grain boundaries in unrecrystallized
grains, likely due to local migration of boundary segments.
An example is provided in Fig. 2c, where a coarse grain
has been selected, to demonstrate parallel bands of DRX
grains (highlighted in red), thin lenticular twins (highlighted
in green), and a serrated grain boundary with evidence of
bulging (outlined in blue). The unrecrystallized twins and the
DRX structure associated with the bands are more visible in
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Fig. 3. EBSD analysis of AZWX3110 deformed in PSC at 200 °C and
102 s to & = — 0.5. (a) CD-IPF orientation map, with a star marking
the average matrix orientation for slip traces in (c), and rectangles indicating
TEM lift-out positions shown in Figs. 7 and 8. (b) GOS map identifying
recrystallized material with GOS < 1°. (c) Theoretical slip traces of (0001),
{1010}, {1011} and {1122} planes from the average matrix orientation; ar-
rows indicate traces parallel to DRX bands used for TEM samples. (d) KAM
map showing local misorientation distribution as a qualitative strain metric.
(e-f) Scatter pole figures of DRX grains (GOS < 1°) and deformed matrix
orientations, color-coded by CD-IPF.

the magnified images of the outlined areas (black rectangles)
within the selected grain, as seen in Fig. 2d and e. By
observing the intersection between a twin and a DRX band
in Fig. 2e, it can be inferred that twins formed initially in the
coarse-grained microstructure, preceding both band formation
and recrystallization at higher strain. From Fig. 2f and g, it
is apparent that the bands filled with DRX grains originate
at the grain boundary and propagate within the grain interior,
traversing to the opposite side.

To investigate the development of grain orienta-
tions after deformation, representative EBSD measurements
(450 pm x 350 pm) were performed in the mid TD-ED-
section. Fig. 3 presents the resulting EBSD data, featuring an
IPF orientation map with respect to CD (Fig. 3a), grain orien-
tation spread (GOS) map (Fig. 3b) and a fourth-order kernel
average misorientation (KAM) map (Fig. 3d). The sampled

area displays multiple parallel bands aligned in two main di-
rections relative to the sample axes. The prominent red color
in the IPF map indicates the development of a basal texture
in the sample during PSC deformation, characterized by a no-
table alignment of the c-axes of deformed grains with the CD.
The discernible gradients in the color coding (red — orange —
purple) in the map signify a texture scatter of approximately
35° around the CD.

Theoretical slip traces on {0001}, {1010}, {1011}, and
{1122} planes relative to the matrix orientation (indicated
by a yellow star in Fig. 3a) reveal that the observed bands
are aligned parallel to pyramidal first ({1011}) and second
({1122}) order planes, respectively (Fig. 3c). In Fig. 3b, DRX
grains within these bands appear as regions with lower val-
ues of orientation spread (<1°), whereas the surrounding de-
formed matrix exhibits higher GOS values, reaching up to
10°. In this context, using GOS as a metric for intragranular
misorientation analysis is beneficial for visualizing recrystal-
lized domains within a deformed microstructure. [19,21,22].

The KAM map depicted in Fig. 3d illustrates the distri-
bution of local lattice distortion and stored energy within the
deformed microstructure, clearly highlighting the association
of deformation bands with localized strain. The non-indexed
narrow regions within these bands display the highest local
strain, while other areas in the matrix, such as grain interi-
ors, experience less strain and exhibit a notably higher degree
of homogeneous deformation. The orientation distributions of
the DRX grains and the deformed grains, based on their GOS
values, are represented in Fig. 3e and f in terms of (0001),
{1010} and {1120} EBSD pole figures with CD-IPF color-
ing. The deformed portion of the microstructure exhibits a
well-defined basal texture of the type (0001)//CD-{ 1120}//ED
(Fig. 3f). In contrast, the texture of the DRX grains appears
to consist partly of orientations inherited from the surround-
ing deformed matrix, along with new off-basal orientations
marked by a significant c-axis tilt from the CD. These new
orientations broaden the available orientation spectrum for the
microstructure undergoing PSC deformation, thereby weaken-
ing the strong basal texture characteristic of the matrix.

3.3. Microstructure evolution at &, = —1

As the deformation increased to 100%, there was a no-
table rise in the occurrences of twins and the DRX fraction.
Fig. 4a presents a representative optical micrograph of a sam-
ple compressed to 100% at 200 °C and 10 s'. A selected
region was examined at higher magnification to better visu-
alize deformation twins and recrystallized bands, which ap-
peared coarser compared to those observed at 50% deforma-
tion. In this context, either the DRX grain size within the
band interior increased (Fig. 4b), or the band itself consisted
of several ribbons of fine DRX grains (Fig. 4d). Similar to
lower deformation strains, new twins were observed originat-
ing from these recrystallized bands, as shown in Fig. 4b and
d. Interestingly, as illustrated in Fig. 4e, the primary nucleated
twin was evidently sheared by the DRXed band.



1092 R. Pei, E-Z. Mouhib, M. Seehaus et al./Journal of Magnesium and Alloys 13 (2025) 1088-1098

Fig. 4. Optical (a,b) and SEM (c-e) micrographs of AZWX3110 deformed in PSC at 200 °C and 1073 s’! to &= —1. The insets in (a) and (c) are reproduced
at higher magnifications to improve the visibility of DRX sites and their characteristics at this strain level; arrows in (a) indicate several examples of DRX

bands.
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Fig. 5. EBSD analysis of AZWX3110 deformed in PSC at 200 °C and
103 s to ¢ = — 1. (a) CD-IPF map with a star indicating the aver-
age matrix orientation for slip traces in (b) and (c). (b) GOS map identifying
recrystallized material with GOS < 1°. (c) Slip traces of {1011} and {1122}
planes from the average matrix orientation. (d) KAM map showing localized
strain distribution. (e-f) Magnified CD-IPF maps of areas in (a), highlighting
heterogeneous DRX nucleation sites linked to local stress concentrations and
lattice distortion in adjacent poorly-indexed regions.

The orientation analysis carried out by EBSD is presented
in Fig. 5, showing an increase in both the size and fraction
of recrystallized grains compared to the lower strain condi-
tion of 50%. The off-basal orientations of DRX grains are

not confined to specific nucleation sites, as both recrystal-
lized bands and grain boundaries display a wide range of
orientations. Notably, the visible { 1012} extension twins re-
main unrecrystallized, identifiable by their IPF color (blue)
relative to the matrix (red) (Fig. 5a). A clearer depiction of
the distribution of the DRX structure relative to the parent
matrix is presented in the GOS map, which highlights inter-
nal misorientations of less than 1°. Furthermore, the {1012}
extension twins exhibit low GOS values ranging from 1° to
3°, while their parent grains display internal misorientations
up to 9° (Fig. 5b). The dashed lines in the GOS map high-
light the alignment of visible DRX bands with {1011} and
{1122} pyramidal slip traces shown in Fig. 5c. These traces
are referenced to a point marked by a yellow star in the IPF
map, representing the average matrix orientation.

The spread of KAM values in the DRX and deformed re-
gions is depicted in Fig. 5d. The recrystallized grains exhibit
low KAM values (~0.2°), consistent with the typical angular
resolution of EBSD, confirming their nearly dislocation-free
nature. In contrast, the deformed areas display evident gradi-
ents in dislocation density and associated stored energy. Inter-
estingly, higher KAM values in the map correlate with (i) the
DRX bands, as demonstrated earlier in Fig. 3 (indicated by
red arrows in Fig. 5d), and (ii) other grain boundary regions
adjacent to DRX structures (highlighted by white arrows). In
these areas, many recrystallized grains develop protrusions to-
wards neighboring regions with high KAM values, promoting
DRX progression at the expense of local variations in dislo-
cation density.

The comparatively lower KAMs (< 0.5°) within some
deformed grain interiors are likely due to dynamic recovery
and a reduction in dislocation density. Closer observations
were made in two areas marked with rectangles in Fig. 5a,
with CD-IPF maps presented in Fig. 5e and f. Notably, small
recrystallized nuclei form along lines of low-angle grain
boundaries in Fig. 5Se. The grain near the intersection point
with twins is significantly larger than others, possibly due to



R. Pei, E-Z. Mouhib, M. Seehaus et al./Journal of Magnesium and Alloys 13 (2025) 1088-1098 1093

Band DRX /.

ED

(ROI) |

(c)

GB DRX
(ROI2)

\ ~Fiber along <11
\ oy

\ -
N

| {izio) |

oo |
— oty % i
e 5

=4
(1120)
_-TD ™.

it Fibet alon,
2. ~Fiber along <112>

(1120)
o TD
PP Rt

Fig. 6. EBSD mapping of DRX orientations in AZWX3110 deformed in PSC at 200 °C and 107 s™! to &, = — 1: (a) IPF map showing recrystallized grains
within a deformation band and along a grain boundary, with pyramidal plane slip traces indicated; (b) DRX associated with deformation bands (ROI 1); (c)
DRX related to grain boundaries (ROI 2). The color coding corresponds to CD-IPF.

dislocation pile-up on twin boundaries as deformation bands
propagate through them. These findings suggest that dynamic
recrystallization is initiated with the aid of a dislocation
density gradient.

A detailed analysis of the orientations of nuclei within the
recrystallized band revealed that specific texture components
originated from the band nucleation. Fig. 6a show CD-IPF
maps of a nuclei-rich recrystallized band intersecting twins.
The continuity of the recrystallization band through the inter-
sected twin, as well as significant shearing of the twin along
the band direction, is evident. Comparing the band direction
to theoretical traces of {1011} and {1122} pyramidal planes
relative to the matrix orientation in Fig. 6a shows clear align-
ment with the pyramidal first order plane {1011}. The unit
cells of the orientations in the matrix on both sides of the
recrystallized bands are included in Fig. 6a. The top part of
the grain aligns its c-axis to the right, while the bottom side
aligns it to the left, indicating different deformation and lat-
tice misfits within the grain and highlighting the necessity for
a deformation band. Additionally, according to the color key,
there is a distinct difference in orientation between recrystal-
lized grains, both inside and at grain boundaries (off-basal),
and those in the deformed matrix (basal).

The CD-IPF maps in Figs. 5 and 6 provide a view of the
developed DRX orientations at ;= —1. The microstructures
primarily highlight favorable recrystallization sites within
bands of refined grains (Fig. 6a), at intersection points with
{1012} twins, and near second phase particles within the grain
interior, where EBSD indexing was not possible (Fig. Se-
f). The impact of DRX on texture randomization is evident

through the diverse orientations emerging from the nucleation
and growth of recrystallized grains at these sites. In Fig. 6b
and ¢, EBSD scatter pole figures depict the orientations of
recrystallized grains associated with deformation band nucle-
ation (ROI 1) and grain boundary nucleation (ROI 2), respec-
tively. Unlike the distinct basal orientation in the matrix, ROI
1 exhibits two orientation fibers along <1120> and (0002).
The fiber along <1120> shows a good agreement with the
texture of the deformed matrix (see Fig. 3f), indicating that it
originates from the surrounding deformed matrix around the
recrystallized band. The second fiber arises from nuclei within
the recrystallized band introduced by deformation. In contrast
to this well-defined fiber texture, DRX at grain boundaries in
ROI 2 presents an almost random-type texture, as shown by
large basal pole scatter around CD in Fig. 6c¢.

4. Discussion

In the as-cast condition prior to PSC, the large average ini-
tial grain size (~100 pm) typically leads to fewer nucleation
sites due to a reduced grain boundary area. This is likely
responsible for the slow recrystallization kinetics, resulting
in a significant portion of the microstructure remaining un-
recrystallized even at a large strain of —1. Additionally, the
low density of nucleation sites may be compounded by so-
lute and/or Zener drag effects in the AZWX3110 alloy, as
discussed in [19], which can further impede boundary mi-
gration and potentially hinder complete recrystallization. The
drag effect from solute species or precipitates might intensify
if deformation becomes localized within the DRX fraction of
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the material, ultimately reducing the available stored energy
at larger strains.

Regarding the deformation behavior, it was observed that
materials with a large initial grain size tend to exhibit in-
creased strain localization and the formation of deformation
heterogeneities, such as deformation bands and intersecting
twins. Once pre-existing grain boundaries are fully decorated
with recrystallized grains in a necklace structure, nucleation
is exhausted, making deformation bands critical sites for in-
tragranular DRX nucleation. IPF orientation maps derived
from EBSD data revealed distinct texture differences between
the original large grains and the newly formed recrystallized
grains. Unlike the concentration of the c-axis of matrix grains
around the CD, DRX grains, particularly those within bands,
developed new orientations characterized by basal pole rota-
tions of 35°-55° towards the ED. Interestingly, examination
of the corresponding {1010} and {1120} pole figures revealed
that the DRX orientations form a basal fiber due to progres-
sive rotations of respective grains around their c-axes, sug-
gesting a continuous strain-induced process within the DRX
bands.

By utilizing GOS and KAM maps, we distinguished re-
crystallized material from surrounding deformed microstruc-
ture. The expansion of the recrystallization front at the ex-
pense of adjacent deformed neighbors appears to be driven by
local variations in stored dislocation density. This is evident
from protruding grain boundary segments migrating towards
regions with higher KAM values. Similar findings were re-
ported in a related quasi-in situ EBSD annealing study on de-
formed AZ31 magnesium alloy [23]. The authors of the study
also explored how local curvature influences grain boundary
migration kinetics during recrystallization but concluded that
dislocation stored energy is the primary driver for this process
rather than grain boundary energy.

Upon examining the theoretical slip traces within the ma-
trix, we observed that the recrystallized bands in the deformed
microstructures tend to align preferentially with the calcu-
lated slip traces of first and second-order pyramidal planes.
This suggests a potential relationship between slip system ac-
tivation and the formation of deformation bands. Due to the
initially large grain size at the onset of deformation, there
are local variations in the density of gliding basal disloca-
tions within grain interiors, leading to non-uniform operation
of primary basal slip. This deformation inhomogeneity can
result in different lattice rotations, which in turn cause local-
ized plastic bending of primary slip planes within individual
grains. As deformation progresses, the density of excess dis-
locations increases in regions with local lattice curvature. To
alleviate the long-range stress fields that arise, these disloca-
tions reorganize into geometrically necessary boundaries that
are perpendicular to the primary slip direction. This process
has been documented in the literature to describe the for-
mation of kink bands in fcc materials [24-26], where it has
been found that the number of bands increases with ongoing
deformation, thereby reducing the slip path of primary dislo-
cations. This reduction is believed to facilitate the activation
of secondary slip systems as an additional means of strain

accommodation. Stress concentrations caused by primary dis-
location pile-ups against the band walls gradually transform
these into high-angle boundaries [24,27,28].

In our study, the deformation bands exhibited a clear align-
ment parallel to the traces of {1011} and {1122} pyrami-
dal planes, suggesting a possible interaction between primary
basal slip and secondary pyramidal slip as a mechanism for
their formation. The presence of numerous {1012} twins in-
tersected by these deformation bands supports the notion that
twins likely formed first due to their low critical resolved
shear stress. The bands then emerged later after sufficient
accumulation of pyramidal slip at significantly higher local
stress levels. Moreover, the ability to intersect and shear pre-
existing twins provides further evidence linking deformation
bands to dislocation activity.

Further investigations were conducted using transmission
electron microscopy (TEM) on selected regions to elucidate
the relationship between slip activity, dislocation types, and
the formation of deformation bands. Fig. 7 presents a correl-
ative TKD and TEM analysis of a lamella extracted from a
recrystallized band parallel to the first-order pyramidal plane
{1011}. Fig. 7a shows a TKD-EBSD map revealing grain
orientations within the analyzed lamella. The corresponding
bright field (BF) image is shown in Fig. 7b, highlighting
part of a recrystallized band spanning several micrometers
in width, along with its surrounding matrix. To investigate
the dislocation characteristics within the recrystallized mate-
rial, several grains were analyzed under different two-beam
conditions. Specifically, dislocations with a <c> component
are visible under g = 0002 and g=hkil diffraction conditions
but remain invisible under g=hki0O. These are classified as
<c + a> type dislocations. Conversely, dislocations can be
identified as <a> type if they are visible under both g=hki0
and g=hkil diffraction conditions but not under g = 0002.

Fig. 7c and d show an example of an analyzed DRX grain
marked by a red star in Fig. 7b, where diffraction conditions
of g = 0002 and g = 0111 were applied, respectively. Both
<a> and <c + a> dislocations can be distinguished using
g-b analysis, where only dislocations with <c> components
are visible under g = 0002, while those with both <a> and
<c> components appear under g = O111. It is clear that
all visible dislocations within the recrystallized grain possess
Burgers vectors featuring both components, as indicated by
yellow and orange arrows. Straight-line dislocations align par-
allel to the (0001) traces, whereas curved dislocations lie on
non-basal planes.

The dislocation density in the matrix was generally too
high to allow for a detailed Burgers vector analysis. How-
ever, this analysis was feasible in areas directly adjacent to the
DRX bands. Fig. 7e and f, obtained from the deformed region
marked by a green star, display numerous <c + a> disloca-
tions indicated by orange arrows, captured under a diffraction
vector close to g = 0002. Fig. 8 presents another combined
TKD-TEM investigation of a second lamella extracted from
a {1122} DRX band. Within the recrystallized grains of ap-
proximately 1 pwm shown in Fig. 8a and b, the presence of
nano-sized particles supports the previously discussed concept
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Deformed

Deformed
Matrix

Fig. 7. TEM analysis of the TEM2 lamella from a {1011} DRX band and matrix: (a) TKD-EBSD map showing grain orientations with CD-IPF coloring; (b)
BF image of the lamella under zone axis [2110], showing the deformed matrix (green star) and DRX band (red star); (c, d) recrystallized grain (red star in
b) imaged under g = 0002 and g = 0111 two-beam conditions, showing <c + a> dislocations (orange arrows) visible in both, and <a> dislocations (yellow
arrows) visible only in g=0111; (e, f) deformed region near DRX band (green star), imaged under g = 0002 condition.

(1100

——(1011) ——'\(1122)

Mg!

- particle

Fig. 8. TEM analysis of TEM1 lamella from a {1122} DRX band and matrix. (a) TKD-EBSD map showing orientations of deformed and DRX regions with
CD-IPF coloring. (b) BF image of the lamella. (c) Magnified view highlighting nano-sized precipitates (<100 nm) in the recrystallized region. (d) SAD pattern

displaying diffraction spots of both the Mg phase and particles.

of drag effects. These particles likely constrain the growth of
recrystallized grains, thereby contributing to the stability of
DRX bands under higher strain conditions.

The presence of retained <c + a> dislocations within
the recrystallized bands and adjacent matrix supports the idea
that deformation band formation, prior to recrystallization,

is closely linked to <c¢ + a> slip activity on {1011} and
{1122} pyramidal planes under high stress. This involve-
ment suggests a slip transition mechanism between these
planes [27,28]. This is particularly notable given reports in-
dicating that solute-enhanced magnesium alloys exhibit in-
creased rates of <c + a> cross-slip [15]. This effect posi-
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Fig. 9. VPSC crystal plasticity simulation results showing the relative activity of different deformation modes (a) and the resulting texture evolution (b) up to

a deformation strain of 0.5.

tively influences their deformation behavior and texture evo-
lution by accommodating strain outside the basal plane. Ad-
ditionally, enhanced <c + a> cross-slip can help form stable
three-dimensional networks of deformation-induced low an-
gle boundaries, crucial for driving CDRX within deformation
bands [17].

Previous investigations of the AZWX3110 alloy revealed
that Y atoms tend to combine with Al atoms, forming stable
ALY precipitates. This is supported by 3D atom probe to-
mography (APT) findings showing no Y atoms in the matrix
or along grain boundaries [19], consistent with other studies
[29,30]. In this study, it is thus likely that solute-enhanced
<c + a> slip is due to solute Ca rather than Y atoms within
the matrix and at grain boundaries. Non-basal slip during
PSC deformation facilitates grain rotation towards soft ori-
entations, countering basal texture induced by predominant
basal slip and {1012} twinning. The off-basal texture compo-
nent of DRX grains filling {1011} and {1122} deformation
bands likely originate from <c + a> dislocations gliding
on these planes. To explore this, simplified crystal plastic-
ity simulations using the viscoplastic self-consistent (VPSC)
code [31,32] were conducted to examine whether pyramidal
<c + a> slip modes produce similar trends in experimen-
tal texture development under deformation and simultaneous
DRX (cf. Fig. 6a). The starting texture for the simulations was
derived from EBSD data shown in Fig. 6a, excluding the DRX
texture component and retaining only the basal orientation of
the deformed matrix. Both pyramidal I and II <c + a> slip
modes were considered alongside basal slip due to its low crit-
ical resolved shear stress (CRSS). Stress-strain data fitting was
not performed, and latent hardening (set to 1) along with Voce
hardening (set as 0) were not considered during VPSC sim-
ulation since the focus was on specific slip system activation
and related texture evolution rather than macroscale harden-
ing effects. Based on the PSC strain path, the velocity gradi-
ent for simulation was set to v33 = —0.001 and vy, = 0.001,
with all other components set to zero.

Fig. 9a illustrates the relative activity of slip modes during
PSC deformation. Both pyramidal slip modes contribute to
plastic deformation from the start, though at different rates.

Basal slip increases rapidly with strain, especially as the basal
orientation rotates towards the ED (as shown in Fig. 9b), but
its contribution remains lower than that of pyramidal I slip.
Despite a CRSS ratio of 1 between pyramidal I and II slips,
pyramidal II activity is less significant due to its low Schmid
factor. The CRSS ratio between basal slip and either pyra-
midal mode is 1.5. Theoretical studies utilizing molecular
dynamics and ab-initio methods often indicate a preference
for glide in the pyramidal I plane over the II plane in mag-
nesium, consistent with computed energy barriers and local
minima along the slip path [27,33-35]. However, experimen-
tal observations of slip traces and TEM dislocation analyses
show that both pyramidal I and II <c + a> slips can domi-
nate during c-axis compression of Mg single crystals [36—38]
and Mg alloys [35,39-42].

Tang and El-Awady proposed that during c-axis compres-
sion, <c + a> dislocations initially nucleate on {1011} pyra-
midal I plane and then cross-slip to {1122} pyramidal II
planes at higher strain levels [27,35]. Thus, both types co-
exist with most gliding on {1122} planes [27]. Texture sim-
ulation results in Fig. 9b indicate a texture transition induced
by <c + a> slip as strain increases. The peak position of
maximum basal pole density shifts from CD towards ED,
leading to the unique <0001> fiber texture component in re-
crystallized grains within the pyramidal slip bands shown in
Fig. 6b.

For a more comprehensive analysis of the ROI 1 texture
in Fig. 6, the EBSD scatter data of individual recrystallized
orientations within the deformation band was reprocessed into
smooth pole figures (Fig. 10a). This enhanced the visual-
ization of texture characteristics. The two prominent texture
components of the DRX band were then plotted separately as
simulated texture components in Fig. 10b and c. The off-basal
component (Fig. 10c) originates from pyramidal <c + a>
slip, as previously mentioned. As evident from the prismatic
pole figures in Fig. 10c, grains from Mode 1 exhibit a basal
fiber, indicating rotational symmetry of {1010} and {1120}
planes along the c-axis (fiber axis). In contrast, another com-
ponent shares a basal orientation similar to that of the ma-
trix but with noticeable rotation along <1120>, as simulated



R. Pei, F-Z. Mouhib, M. Sechaus et al./Journal of Magnesium and Alloys 13 (2025) 1088-1098

1097

(a) (0002) (1070) (1120)
Max: D . Max: » Max: D .
200 |I° e |. o8 "
10 10
Matrix 3 ‘ ) l,
ED ’ » ED 7 ED 7
6 6
Band DRX 10 ‘ : :

(b) (0002) (1070) (1120)
Max: TD " Max: »  Max: T 12
29.0 ' 12.0 | 12.0 - I
ED ° * EDI ‘ ED ’
(c) (0002) (1070) ' (1120) '
Max: D s Max: TD z  Max: TD 2
46.0 ““ 54 ln 5.4 'n

m
w]
m
O

Fig. 10. Texture analysis of the recrystallized grains in the deformation band (ROI 1 in Fig. 6a) of AZWX3110 deformed in PSC at 200 °C and 103 s to
& = — 1. (a) Measured texture from EBSD map; (b) simulated texture rotated along <1120> from an initial orientation of (185°,43°, 171°); (c) simulated
texture rotated along (0002) from an initial orientation of (85°,165°, 197°). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.).

in Fig. 10b. These grains share low-angle grain boundaries
(LAGB) with the matrix and are located on the edge of the
deformation band, as depicted in Fig. 6a and d. This may be
related to a sub-grain rotation DRX mechanism [43,44].

5. Conclusions

In this study, as-cast AZWX3100 magnesium alloy with
micro-additions of Y and Ca and a large initial grain size
was deformed in plane strain compression at 200 °C to ex-
plore DRX mechanisms using EBSD and TEM characteriza-
tion. The conclusions are as follows:

(1) Microstructure analysis revealed necklace-type DRX at ser-
rated grain boundaries and intragranular DRX within fine
deformation bands, originating at grain and twin bound-
aries, aligned with pyramidal I and II slip planes.

(2) EBSD intragranular misorientation analysis showed a link
between deformation bands and localized strain, making
them favorable DRX sites. Recrystallization progressed
with dislocation density variations, forming grains that pro-
trude towards high KAM regions.

(3) TEM dislocation analysis identified abundant <c + a>
dislocations in the recrystallized bands and adjacent matrix,
underscoring the importance of <c¢ + a> slip in these
bands.

(4) Recrystallized grains in the deformation bands exhibited
new orientations with basal pole rotations towards the sam-
ple’s elongation direction. This texture includes a basal
fiber component linked to gradual c-axis rotations induced
by strain in DRX grains.

(5) Crystal plasticity simulations focusing on predominant
pyramidal I and II <c + a> slip confirmed that the unique
recrystallization texture of pyramidal slip bands stems from
the orientation of deformation bands, suggesting a progres-
sive glide-induced DRX mechanism.
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