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Anisotropic segregation-driven texture weakening in a dilute Mg-Al-Ca alloy

during isothermal annealing
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ABSTRACT

Tailoring recrystallization via particle-stimulated nucleation (PSN) and pinning effects from sec-
ondary phase particles effectively weakens textures, which is still challenging for low-alloyed rare
earth-free Mg alloys. Herein, the texture of a dilute cold-rolled Mg-2.2Al-0.33Ca (wt.%) alloy is found
to reduce with the appearance of transverse direction (TD) texture components during static recrys-
tallization. The texture transition is mainly attributed to the preferential growth of TD-oriented
recrystallized grains, resulting from the preferential segregation of Aland Ca atoms on basal-oriented
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grain boundaries with low misorientation angles. The findings provide an in-depth understanding

of texture modification in Mg alloys.
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The anisotropic co-segregation of Al and Ca on grain boundaries is responsible for the texture
weakening of a dilute Mg-Al-Ca alloy, which provides a strategy for texture modification in such

alloys.

For magnesium (Mg) alloys, strong basal textures tend
to form during rolling deformation, resulting in poor
formability at room temperature [1,2]. To improve
formability, weakening or tilting basal textures has been
shown to be strongly required [3-5]. In some cases, static
recrystallization (SRX) can effectively lead to non-basal
or weak basal textures of Mg alloys [6-8], which plays a

critical role in controlling the formability and mechanical
properties. For the discontinuous SRX process, opinions
differ on the specific effect from nucleation and growth
of grains on texture evolution. Generally, recrystallized
grain nuclei with random orientations can be induced
by twins [9-11], secondary phase particles [12,13], and
shear bands [14]. Meanwhile, recrystallized grain nuclei
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with a c-axis close to the rolling direction (RD) or trans-
verse direction (TD) have also been reported and are
related to the characteristics of the nucleation sites, such
as twin orientation and dislocation type [15]. Neverthe-
less, the underlying mechanisms are still controversial
[16,17]. Following nucleation, the uniform growth of
recrystallized grains can effectively retain the superiority
of randomized/oriented nucleation, resulting in weak-
ened textures [18-20]. However, the preferential growth
of basal-orientated grains tends to occur in certain cases,
due to the energy and size advantages of basal-orientated
grains [21,22]. The growth behavior of recrystallized
grains is related to grain boundary (GB) migration rates
[23,24], which are affected by complex factors, such as
GB segregation. If GB segregation can inhibit the growth
of basal-oriented grains more effectively than non-basal-
oriented grains, the preferential growth of non-basal
grains dominates and leads to weakened basal textures
[25,26]. Accordingly, the weakening and/or modification
of deformation textures during recrystallization, whether
through randomized/oriented nucleation or preferential
growth of recrystallized grains, are diverse for different
Mg alloys [21,27].

Recently, the Ca element has been found to be effec-
tive in weakening textures during the recrystallization
of rare earth-free Mg alloys [28-30]. It has been indi-
cated that the co-segregation of Zn and Ca atoms at
GBs is crucial to restrict the growth of basal-oriented
grains in Mg-Zn-Ca and Mg-Al-Zn-Ca alloys [31,32,26].
Notably, for Mg-Al-Ca based Mg alloys without Zn,
basal texture weakening during annealing is ascribed
to recrystallization induced by Al,Ca particles via the
particle-stimulated nucleation (PSN) mechanism [33].
However, the PSN mechanism can only work in high-
alloyed Mg-Al-based alloys containing large amounts of
secondary phases [34,12]. Recently, dilute or low alloyed
Mg alloys have attracted considerable attention for their
great potential in obtaining an excellent combination of
strength and ductility by avoiding the formation of coarse
eutectic phases and introducing the G.P. zone strengthen-
ing. Dilute Mg alloys also show high room-temperature
formability, which is suitable for fast extrution. The low
content of alloying elements and the fast extrusion pro-
cess render dilute Mg alloys low-cost. Nevertheless, the
texture evolution of dilute Mg-Al-Ca alloys has not been
fully explored [35,36]. The focus lies upon the following
aspects for dilute Mg- Al-Ca alloys: (1) whether non-basal
or weak basal textures could be induced by SRX? (2) If
this occurs, what is the underlying mechanism?

To address these issues, the nucleation and growth of
recrystallized grains, as well as the corresponding tex-
ture evolution in a cold-rolled dilute Mg-2.2A1-0.33Ca
(wt.%) alloy during isothermal annealing (IA), have been

tracked systematically using the quasi in-situ electron
backscatter diffraction (EBSD) method. The underlying
mechanisms for the texture evolution associated with
recrystallization have been investigated.

The as-extruded Mg-2.2A1-0.33Ca (wt.%, AX20) alloy
was solution treated at 400 °C for 1h followed by water
quenching, after which nearly all intermetallic com-
pounds were dissolved into the Mg matrix (Figure S1).
Hence, the role of PSN mechanism on texture evolution
could be ignored in this study. The as-solutionized alloy
was subjected to one-pass cold rolling with a thickness
reduction of ~17% along the extrusion direction. To
track the texture evolution during static annealing, quasi
in situ EBSD characterization (scan step size: 0.6 pum)
was conducted on the same region the middle of the
RD-ND plane, using a ZEISS Sigma 500 scanning elec-
tron microscope (SEM) at 20kV. However, for better
describing the characteristic of basal textures, the pro-
jective plane for (0001) pole figures (PFs) is the RD-TD
plane. High-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) and energy
dispersive X-ray (EDX) spectroscopy were performed
using a JEM-2100F TEM (JEOL, Japan) at 200 kV.

Figure 1 shows quasi in-situ EBSD results for the cold-
rolled and the annealed AX20 alloys with three different
durations, i.e. 2578, 3178 and 4798 s. The cold-rolled
AX20 alloy shows the coexistence of twins and shear
bands (Figure 1(a) and (b)). Statistics indicate that the
main twin types are {1012} tensile twins (TTWs) and
{1011}-{1012} double twins (DTWs), with the area frac-
tions being ~12.7% and ~ 3.8%, respectively. It should
be mentioned that very few {1011} compression twins
(CTWs) have also formed (~ 1.4%). The highly strained
band-like regions, such as R1 and R2 (white dotted rect-
angles) in Figure 1(a) and (b), are considered to be
shear bands, which may have undergone {1011} twin-
ning followed by {1012} secondary twinning [37]. Addi-
tionally, as shown in Figure 1(c), the cold-rolled AX20
alloy exhibits a strong basal texture with a peak intensity
of ~12.8 mrd (multiple of a random distribution). The
position of peak intensity tilts away from ND by ~7°,
with large amounts of basal poles distributed in the circle
having an angle of ~ 30° to ND.

After annealing at 300 °C for 2578 s (Figure 1(d)
and (e)), some new fine recrystallized grains are read-
ily observed inside shear bands (such as R1 and R2)
with an area fraction of ~ 13.7%. Figure 1(f) indicates
that recrystallization results in a slight change of texture
components and the maximum intensity (~ 11.8 mrd).
With increasing the annealing time to 3178 s (Figure 1(g)
and (h)), a large number of recrystallized grains appear,
i.e. the number of recrystallized grains increass from
~527to ~ 641. As indicated by the white-solid rectangle
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Figure 1. Quasi in-situ EBSD results showing the microstructure and texture evolution of the cold-rolled AX20 alloy during IA at 300 °C.
(a, b, ¢) Cold-rolled, (d, e, f) 2578's, (g, h, i) 3178 s and (j, k, I) 4798 s. (a, d, g, j) inverse pole figure (IPF) maps, (b, €, h, k) kernel average
misorientation (KAM) maps, and (c, f, i, 1) (0001) pole figures (PFs). The white dotted rectangles and white solid rectangles highlight the

recrystallization induced by shear bands and GBs, respectively.

(R3) in Figure 1(g) and (h), recrystallized grains nucle-
ate at GBs can occasionally be observed. Compared to
the 2578 s, the tilt angle of peak intensity shows a neg-
ligible change with the peak intensity decreasing to 10.6
mrd, while more basal poles tend to move towards TD
(Figure 1(i)).

Subsequently, recrystallized grains show an obvious
growth behavior. The area fraction of recrystallized
grains in the alloy annealed for 4798 s (Figure 1(j, k))
further increases to ~ 80.8%, while the number of recrys-
tallized grains decreases to ~ 583. Meanwhile, the peak
texture intensity remarkably decreases to ~ 8.3 mrd, with
the tilt angle located at ~11° to ND (Figure 1(1)). It is
interesting that new discernible TD texture components
(orientations within 45° to TD) emerge, as highlighted by
red dotted circles in Figure 1(1). Accordingly, it is crucial
to understand the underlying mechanisms for the forma-
tion of TD texture components and texture weakening
during IA.

As aforementioned, TTWs, DTWs and CTWs have
formed in the cold-rolled AX20 alloy, which could serve
as recrystallization sites during IA. Figure 2(a) and
(b) show three parent grains P1, P2 and P3, contain-
ing TTWs, DTWs and CTWs, respectively. Although
CTWs in the grain P3 cannot be fully indexed due to
the accumulation of strains, they have been confirmed
by the orientation relationship between the indexed
band-like regions and parent grain matrix in Figure S2.
After annealing for 1978 s (Figure 2(d) and (e)), fine

recrystallized grains G1-G6 have formed at CTWs, with
non-basal orientations that are different from the ori-
entation of the parent grain P3. Another feature is that
recrystallization at DT'Ws can also be observed (such as
G7). However, recrystallized grains are rarely observed
at TTWs, which can be attributed to insufficient stored
energy [38]. After annealing for 2578 s (Figure 2(g)
and (h)), recrystallized grains (G1-G7) gradually grow
and consume part of the host twins and adjacent
grains.

With further increasing the annealing time to 3178 s
(Figure 2(j) and (k)), inhomogeneous grain growth
occurs. For example, the grain sizes of G6, G7 and G8 are
larger than G3, G4 and G5. It is worth mentioning that
some larger recrystallized grains are with TD orientations
(Figure 2(1)), implying the possible preferential growth of
TD-oriented grains. Nevertheless, after 4798 s of anneal-
ing, the area fraction of recrystallized grains originating
from DTWs and CTWs among total recrystallized grains
is determined to be ~ 10%, with a limited contribution to
the texture evolution.

In the present work, shear bands are the major nucle-
ation sites for recrystallization compared to twins and
GBs (Figure 1). Thus, the shear band R1 in Figure 1(a)
is enlarged in Figure 3 to investigate the nucleation
and growth of recrystallized grains. The comparison
between Figure 3(a) and (b) reveals the nucleation of fine
recrystallized grains (N1-N19) aggregating within shear
band R1, some of which even expand into the adjacent
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Cold-rolled TAed (1978 s)

Figure 2. Twin-induced recrystallization during IA. (a, d, g, j) IPF maps, (b, e, h, k) grain orientation spread (GOS) maps. The threshold of
GOS value for distinguishing deformed and recrystallized grains is 1.5°, with recrystallized grains marked in blue. (c, f, i, I) corresponding

(0001) PFs for grains G1-G9, P1-P3 and the TTW in (b, e, h, k).
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Figure 3. Shear band-induced recrystallization of AX20 alloys. (a-d) IPF maps of the (a) Cold-rolled, (b) annealed for 2578 s, (c) 3178 s
and (d) 4798 s. The recrystallized grains are highlighted in bright colors. The recrystallized grains that are consumed during grain growth
are indicated in the insets of IPFs. (€) (0001) PFs for grains N1-N19 in (b), and (f) (0001) PFs for grains N1-N19 in (d).

deformed grains (such as DI, D2, and D3). Orienta-
tions of these recrystallized grains are collected in the
(0001) pole figure (PF) in Figure 3(e), which suggests
that some recrystallized grains show TD orientations

that are far away from ND. It is generally believed that
shear bands are narrow zones of intensive shear strains,
which could induce nucleation of recrystallization with a
wide spectrum of orientations during annealing [39,40].
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Figure 4. (a) The (0001) PF shows the definition of different texture components. (b) Number fractions, (c) average grain sizes of the
ND-oriented, RD-oriented and TD-oriented recrystallized grains according to (a) and (d) misorientation angle distributions of bound-
aries between recrystallized grains under various annealing times. Fractions of boundaries delineating ND-oriented, RD-oriented and

TD-oriented grains in alloys annealed for (e) 2578 s and (f) 4798 s.

However, the TD-oriented nucleation induced by shear
bands appears to be observed in this work. As the anneal-
ing time increases to 3178 s (Figure 3(c)), some small
recrystallized grains (such as N3, N17, and N19) are
consumed by adjacent larger recrystallized grains. After
annealing for 4798 s (Figure 3(d)), more grains are con-
sumed (as denoted in the inset) and the average size of
recrystallized grains increases. Particularly, the recrystal-
lized grains with near basal orientations (such as N6, N9
and N17) are more rapidly consumed by adjacent TD-
oriented recrystallized grains (such as N7, N10 and N16).
The recrystallized grains with their c-axes almost paral-
lel to ND remain relatively small (such as grains N5, N11
and N13). In contrast, the recrystallized grains with their
c-axes nearly parallel to TD grow preferentially. These
observations indicate that the preferential growth of TD-
oriented recrystallized grains occurs and agrees well with
the results in Figure 2(k).

To validate the correlation between the preferen-
tial growth of recrystallized grains and texture weaken-
ing, recrystallized grains are divided into three groups
roughly according to the feature of texture components
in the (0001) PF (Figure 4(a)), namely basal texture com-
ponent: tilting 0-20° from ND, TD texture component:
tilting 0-45° from TD, and RD texture component: tilt-
ing 0-45° from RD. Figure 4(b) and (c) illustrate the
number fractions and average grain sizes of recrystallized

grains belonging to various texture components. After
annealing for 2578 s, grains corresponding to the TD
texture component occupy the largest number fraction
(Figure 4(b)), implying the occurrence of TD-oriented
nucleation. Meanwhile, the average size of TD-oriented
grains is the smallest ( ~ 3.7 um) compared to the recrys-
tallized grains belonging to the ND or RD texture
components (Figure 4(c)). However, the growth rate of
TD-oriented grains is the highest (the average grain size
increases from ~ 3.7 to ~ 8.8 um). Furthermore, a com-
parison of the angles of basal poles tilting away from ND
after cold rolling and subsequent annealing indicates the
preferential growth of non-basal grains (Figure S3).
Moreover, the misorientation angle distributions of
boundaries between recrystallized grains are presented
in Figure 4(d). After annealing for 2578 s, the misori-
entation angle distributions exhibit a peak at ~30°. As
the annealing time increases, the frequency of bound-
aries with relatively low misorientation angles (< 45°)
decreases, indicating that boundaries with high misori-
entation angles are more mobile. Figure 4(e) and (f)
further display the misorientation angle distributions of
boundaries delineating recrystallized grains belonging to
various texture components. For the ND-oriented recrys-
tallized grains, misorientation angles are generally con-
centrated in the low angle range. In contrast, relatively
high misorientation angles for the RD- and TD-oriented
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Figure 5. 3D-APT and STEM results of the alloy annealed at 300 °C for 3178s. (a, b) 3D atom maps showing the distribution of Mg, Al and
Ca. () Bright-field (BF) images and (d) HAADF-STEM images of the boundaries highlighted by the blue dashed line in (c), (e) EDX results
displaying the distribution of Ca and Al solute atoms along GBs in (d), and (f) Transmission kikuchi diffraction (TKD)-IPF and (0001) PF of

the area highlighted by the yellow rectangle in (c).

grains show higher fractions, especially for TD-oriented
grains.

In the present work, the preferential growth is inde-
pendent of the grain size advantage [41], since the size
of TD oriented grains is smaller in comparison to grains
with other orientations during the early stage of recrys-
tallization (Figure 4(c)). To understand the relationship
between the preferential growth of TD-oriented grains
with high boundary misorientation angles and solute
atoms, 3D atom probe tomography (3D-APT) and STEM
are performed on the alloy annealed at 300 °C for 3178 s
(Figure 5). It can be seen that Al and Ca solute atoms
uniformly distributed in the bulk with a concentra-
tion of 1.59 and 0.05 wt.%, respectively (Figure 5(a)
and (b)), which are lower than the measured values

for the Mg-2.2A1-0.33Ca (wt.%) alloy. As presented in
Figure 5(c)-(e), GBs 1 and 3 exhibit relatively higher
localized enrichments of Al and Ca atoms, while GBs 2
and 4 are without obvious solute segregation. Particu-
larly, the local concentrations of Al and Ca atoms at GB
3 are up to 2.5 and 0.5 wt.%, respectively. In compari-
son to the individual segregation of Al or Ca atoms, such
a co-segregation of Al or Ca atoms is expected to result
in a greater reduction of boundary energy and a larger
dragging effect, making the GB much less mobile [26].
Further, the TKD-IPF map and (0001) PF shown in
Figure 5(f) suggest that the orientations of grains A, B,
and D are close to basal orientations, with the boundaries
(GBs 1 and 3) between them having low misorienta-
tion angles of 32° and 26°, respectively. By contrast,



grains C and E belong to the non-basal orientations, with
higher misorientation angles (41° and 68°). It is evident
that boundaries with relatively low misorientation angles
tend to exhibit higher solute concentrations (Figure S4).
In other words, the boundary segments between basal-
oriented grains are more susceptible to inducing solute
segregation. i.e. anisotropic segregation has occurred.
The segregation depends on the boundary energy and the
corresponding grain boundary excess volume [42,43].
According to G. Gottstein and L. Shvindlerman [44],
the segregation at grain boundaries is determined by the
structure of the grain boundary, i.e. different GB struc-
tures show distinct sensitivity to GB segregation due to
their different energies. Zeng et al. [26] proposed that
segregation strongly tends to occur at the high-energy
boundaries of recrystallized grains with the basal ori-
entation that would otherwise grow preferentially. Fur-
thermore, the non-basal grains gain a growth advantage
by tailoring the type and level of co-segregation, thereby
achieving annealing texture weakening [43]. Accord-
ingly, it can be deduced that the co-segregation of Al and
Ca atoms suppresses the growth of basal-oriented grains
delineated by boundaries with relatively low misorien-
tation angles. However, the underlying mechanisim for
the preferential co-segregation of Al and Ca atoms to
boundaries of basal-oriented grains needs further inves-
tigation. In contrast, the TD-oriented grains with high
misorientation angles grow faster relatively, i.e. showing
a preferential growth behavior, which contributes to the
formation of ‘“TD’ texture components.

In summary, texture weakening together with the
formation of TD texture components is triggered in a
dilute cold-rolled AX20 alloy during post-rolling IA,
which is mainly attributed to the preferential growth
of TD-oriented recrystallized grains following the TD-
oriented nucleation within shear bands. Specifically, the
co-segregation of Al and Ca atoms at boundaries delin-
eating basal-oriented grains with low misorientation
angles restricts the growth of basal-oriented grains and
effectively facilitates the preferential growth advantage
for TD-oriented grains. The findings provide an in depth
understanding of texture transition in dilute Mg-Al-Ca
alloys, which is potentially useful in controlling textures
of dilute Mg alloys.
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