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Microstructure and mechanical properties of Mg—Gd—Y—Zn—Zr alloy
plates with different initial textures after hot rolling
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Abstract: The effects of initial textures on the microstructures and mechanical properties of rolled Mg—4.7Gd-
3.4Y-1.2Zn—-0.5Zr (wt.%) plates were studied by optical microscope (OM), scanning electron microscope (SEM),
electron backscatter diffraction (EBSD), transmission electron microscope (TEM) and tensile test. In the plate with an
initial texture of (0001)//RD (rolling direction), relatively coarse grains and bimodal basal texture are developed.
However, in the plate with an initial texture of (0001)//TD (transverse direction), finer grain size and strong (0001)//ND
basal textures are obtained due to the higher degree of dynamic recrystallization during rolling. Additionally, the
irregular-shaped long-period stacking ordered (LPSO) phases are elongated along RD in both plates, which results in
anisotropic load-bearing strengthening behavior, and further leads to a certain degree of yield anisotropy. The analysis
of the strengthening mechanism shows that grain boundary strengthening is the most effective strengthening method in
the plates. Because of the finer grain size and the strengthening caused by the elongated irregular-shaped LPSO phases,

the rolled plate with an initial (0001)//TD texture achieves the highest yield strength along RD.
Key words: Mg—Gd—Y—Zn—Zr alloy; texture; LPSO phase; mechanical properties; strengthening mechanism

1 Introduction

As the lightweight structural materials,
magnesium (Mg) alloys have great application
potential in the fields of computer, communication,
consumer electronic (3C), aerospace, automotive,
and other industries [1-4]. Among many Mg alloys,
Mg—RE (rare earth elements)—Zn alloys containing
long-period stacking ordered (LPSO) phase have
been widely studied [5—7]. In 2001, KAWAMURA
et al [8] prepared Mgo7ZnY> alloy with a tensile
strength of ~600 MPa and elongation of ~5% by
rapidly solidified powder metallurgy, and they
attributed the remarkable properties to the existence
of nanocrystalline and LPSO phase in this alloy.
XU et al [9] fabricated an Mg—8.2Gd—3.8Y—
1.0Zn—0.4Zr (wt.%) alloy with a tensile strength of

505 MPa and a yield strength of 416 MPa by
vertical direct chill casting, extrusion, hot rolling
and peak-aging treatment. The significant increase
in strength is related to the fine f’ phase, grains with
strong basal texture, and the dispersed LPSO phases.
In brief, it is critical to further improve the
mechanical properties of Mg—RE—-Zn alloy by
tailoring the microstructure through appropriate
deformation.

The deformation modes activated during the
deformation significantly affect the microstructure
of Mg alloy. Generally speaking, basal (@) slip
and {1012} twinning are the most common
deformation modes, but for Mg alloys containing
the LPSO phase, they are inhibited to some
extent [10]. As reported by MATSUDA et al [11],
the critical resolved shear stress (CRSS) of basal
(a) slip could be increased by the presence of the
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intragranular lamellar LPSO phase. SHAO et al [12]
observed that the LPSO phase with a thickness
exceeding 12 nm could not be twinned. It must be
pointed out that the activations of basal (a) slip and
{1012} twinning are insufficient to meet the
requirement of Taylor’s criterion for continuous
deformation [13]. Therefore, non-basal slip, such as
prismatic {a) slip, is also an essential deformation
mode of Mg alloy [14—16]. Besides, as an unusual
deformation mode, kinking is also frequently
observed in Mg—RE—Zn alloys containing the
LPSO phases. According to the report of
HAGIHARA et al [17], in order to accommodate
the strain of c-axis, kinking is more likely to occur
when the basal (a) slip and {1012} twinning are
restrained.

The crystal orientation plays a decisive
role in selecting the deformation mode during the
deformation [18—20]. Furthermore, significant
differences in the microstructure, particularly
deformation texture, could be caused by varying
the lattice rotations resulting from different
deformation modes. As pointed out by YI et al [21],
when the c-axis of grain lies nearly perpendicular to
the loading direction, high stress is needed for the
activation of basal (@) slip. Under the high-stress
state, non-basal (a) slip is also activated, and then
the activity of basal (a) slip decreases rapidly. On
the contrary, when the c-axis of grain is parallel to
the loading direction, {1012} twinning plays an
important role in deformation, and the activation of
{1012} twinning leads to rapid changes in texture.
To study the deformation mechanism and related
texture evolution of AZ31 Mg alloys, HU et al [22]
carried out uniaxial tension and visco-plastic self-
consistent (VPSC) analysis on extruded AZ31 alloy
with a rare non-basal texture. It is found that when
{1012} twinning serves as a carrier of
deformation, it mainly results in the formation of
basal texture. However, the role of {1012}
twinning is just to accommodate local strain, which
mainly brings about the formation of prismatic
texture.

In summary, the initial texture will affect the
deformation modes, the microstructures, and the
mechanical properties. There are few studies on the
microstructure and texture of the rolled plates with
different initial textures, especially Mg—Gd—Y—
Zn—Zr plates containing the LPSO phase. Therefore,
in this work, two Mg—4.7Gd—3.4Y—1.2Zn—0.5Zr

(wt.%) plates containing LPSO phase with different
initial textures were prepared and then subjected to
hot rolling. The microstructures and textures of
rolled plates are compared. The correlation between
microstructures and mechanical properties is
systematically investigated.

2 Experimental

2.1 Hot rolling

An extruded Mg—4.7Gd—3.4Y-1.2Zn—0.5Zr
(wt.%) alloy plate with a texture of (0001)//ED
(extrusion direction) was used as the starting
material in this work. For preparing plates with
different initial textures, two plates with a
dimension of 120 mm x 60 mm % 14 mm were cut
from the center of the extruded plate along the TD
(transverse direction, Sample T) and ED (Sample E),
respectively. The plates were preheated to 450 °C
for 1 h, and then rolled to a total reduction of 68%
by multi-pass hot rolling with a speed of 0.36 m/s.
Before each pass, the plates were returned to the
resistance furnace for 10 min to keep the rolling
temperature at 450 °C. After the final pass, water
quenching was performed on the plates immediately.
The directions of the rolled plate were abbreviated
as RD (rolling direction), TD (transverse direction),
and ND (normal direction).

2.2 Microstructure characterization and
mechanical property tests

Specimens for optical microscopy (OM)
observation were ground, polished, and finally
chemically etched in a solution of 2.1 g picric acid,
35 mL ethanol, 5 mL acetic acid, and 35 mL water.
Phase morphology detection was carried out on FEI
Sirion200 scanning electron microscopy (SEM).
Bright-field images and corresponding selected area
electron diffraction (SAED) patterns were obtained
using an FEI Tecnai G2 F20 transmission electron
microscopy (TEM). Crystal orientation was analyzed
using an electron backscatter diffraction (EBSD)
detector (Helios Nanolab 600i) and AztecCrystal
software. All the TEM and EBSD specimens were
polished by twin-jet electrolysis with a solution of
260 mL ethanol and 10 mL perchloric acid at
—30°C. The wvalues of irregular-shaped LPSO
phases were measured using Photoshop and Image-
Pro Plus 6.0 from low-magnification SEM images.
For the tensile tests, dog-bone-shaped specimens
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with gauge dimensions of 15 mm X 6 mm % 2 mm
were cut along the RD (hereafter denoted as RD
specimen) and TD (hereafter denoted as TD
specimen) of the rolled plates, respectively.
The mechanical properties were evaluated by
conducting tensile tests on an Instron 3369 tester at
a speed of 1 mm/min at ambient temperature, and
the strain rate of the tensile test is 1x103s™!. The
tensile yield strength (orys), ultimate tensile
strength (outs), and elongation to failure (&) were
obtained based on the average value of three tests.
The experimental processes are illustrated in Fig. 1.

Sample T B Tensile specimens
Sample E
=
zf _’\\/
1 ™ ED 1D Water
Initia Hot
extruded plate rolling quenching

Fig. 1 Experimental processes and sampling methods of
tensile specimens

3 Results

3.1 Initial microstructure
The microstructure and texture of the initial
extruded plate are shown in Fig. 2. Many second

phases with different morphologies can be observed.

Our previous study confirmed that the lamellar
intragranular phases (marked by red triangles) and
the irregular-shaped intergranular phases (marked
by yellow triangles) in this extruded plate are
14H-LPSO phases [23]. Since there is no LPSO
phase standard pattern in the EBSD database, the
diffraction pattern of LPSO phase cannot be
analyzed. Thus, the EBSD results in this study only
represent the crystal orientation of the a-Mg matrix.
The pole figures in Fig. 2(c) indicate that this
extruded plate has a strong texture of (0001)//ED,
which is an unusual extruded texture of Mg alloy.
Some researchers attribute the formation of this
unusual texture to the preferential growth of
recrystallized grains [24-27].

The plates before rolling are cut along the TD
and ED of the extruded plate, respectively (as
shown in Fig. 1). Naturally, from the coordinate
system of rolled plates, the initial textures of the
two plates are (0001)//TD (Sample T) and
(0001)//RD (Sample E), as shown in Figs. 3(a) and
(b), and they are exactly different initial textures.

1010 ED

ED S t
0001 1120 D

© o001}
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(1070}

Max=12.30

Fig. 2 Microstructures and texture of initial extruded
plate: (a) OM image; (b) EBSD map; (c) Pole figures

K
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‘

{0001} TD
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Fig. 3 Initial textures of rolled plates: (a) Sample T;
(b) Sample E

{0001} TD

(b)



https://www.sciencedirect.com/topics/engineering/lamellar-morphology

Han CHEN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1804—1816

3.2 Microstructure after rolling

Figure 4 shows the OM images observed from
the center of the ND—RD plane. After rolling,
irregular-shaped LPSO phases (marked by blue
triangles) and rod-shaped LPSO phases (marked by
green triangles) are found in the rolled plates. The
irregular-shaped LPSO phases are elongated along
the RD, and the rod-shaped LPSO phases were
broken from the irregular-shaped LPSO phase
due to the severe deformation and dynamic
recrystallization (DRX) during hot deformation [23].
However, the sizes of the rod-shaped LPSO phases
are small, and it is likely to have negligible effects
on the microstructures and mechanical properties of
the alloy. What’s more, a few lamellar LPSO phases
(marked by red dotted lines) are observed in
Sample T except for the irregular-shaped LPSO
phases and rod-shaped LPSO phases, as shown in
Figs. 4(a) and (b).

To better observe the morphology of the LPSO
phase, the SEM-BSE (backscatter electron mode of
SEM) detection was operated. Figure 5 shows the
SEM-BSE images observed from the center of the
ND-RD plane. Consistent with the OM images in
Fig. 4, the irregular-shaped LPSO phases (marked
by blue triangles) elongated along the RD, and
the rod-shaped LPSO phases (marked by green

1807

triangles) are found. Through careful observation,
some bending lamellar LPSO phases are also
characterized in Sample T (marked by red dotted
lines).

To further identify the stacking structure of the
LPSO phase, TEM observation was performed on
the rolled plates. Since the bright-filed images and
SAED patterns recorded from the areas containing
LPSO phase are quite similar, there is only one set
of images provided in Fig. 6. With the electron
beam (EB) parallel to [1120],, many streaks
parallel to (0001), appear in the bright field image,
presenting typical characteristics of the LPSO
phase. The corresponding SAED pattern of the
LPSO phase shows 13 equal spacing diffraction
spots between the (0000), and (0002), diffraction
spots, which means that the LPSO phase has a 14H
stacking structure.

Figure 7 shows the EBSD results observed
from the center of the ND—RD plane, and the grains
in the EBSD map are colored relative to the ND.
Owing to the c-axis of the red grain being parallel
to the ND, many red grains in the EBSD map
preliminarily suggest that a strong texture is formed
in the rolled plates. The high-angle grain boundaries
(HAGBs), with misorientation angles higher than
15°, are highlighted by black solid lines.

®)

- i =’ ;,: * > g
)RD - o L RD

3 -

Fig. 4 OM images observed from ND—RD plane: (a, b) Sample T; (c) Sample E

Fig. 5 SEM-BSE images of rolled plates: (a) Sample T; (b) Sample E
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Fig. 7 EBSD maps (a, ¢) and grain boundary misorientation (b, d) of rolled plates: (a, b) Sample T; (c, d) Sample E

The low-angle grain boundaries (LAGBs), with
misorientation angles higher than 2° and lower than
15°, are highlighted by white solid lines. The rolled
microstructures of the two plates are composed of
abundant LAGBs, indicating a high degree of
rolling deformation. Further statistics shows that the
proportion of LAGBs in Sample T is 66%, while
the proportion of LAGBs in Sample E is 81%, and
the proportion of LAGBs in Sample T is fewer than
that in Sample E.

Grain orientation spread (GOS) can be used
to distinguish recrystallized grains. In this work,
grains with GOS less than 2° (represented by blue)
are considered dynamic recrystallized (DRXed)
grains [27,28]. As shown in Figs. 8(a) and (c), the

~ 5.(0000),
L]

EB//[1120]

D
(=

(b) 1 fiage—66%

o
(e}

Relative frequency/%
[3®]
S

=
3

Misoriention/(°)

(d) E Jiaces=81%

(=)
o

o
(e}

Relative frequency/%
[\
S

Misoriention/(°)

==2°-15°

= | 5°-100°

number of DRXed grains in Sample T is higher
than that in Sample E, and the volume fraction of
DRXed grains is 23.6% in Sample T while 8.4% in
Sample E. Combined with the results of EBSD, it
can be deduced that Sample T has experienced
more severe DRX than Sample E, resulting in finer
grains. As shown in Figs. 8(b) and (d), the average
grain size of Sample T is 8.1 pm, which is finer
than that of Sample E (12.5 pm).

The {0001} and {1010} pole figures of the
two rolled plates shown in Fig. 9 determine that
both rolled plates exhibit a basal texture. But there
are still some differences between them. For
Sample T, as shown in Fig. 9(a), the maximum
intensity of the {0001} pole figure is 8.3, and the
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Fig. 8 GOS distribution maps (a, c¢) and grain size (b, d) of rolled plates: (a, b) Sample T; (c, d) Sample E
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Fig.9 {0001} and {1010} pole figures and

distribution statistics of angular distance from ND in

{0001} pole figures: (a) Sample T; (b) Sample E

basal pole is concentrated in the ND. For Sample E,
as shown in Fig. 9(b), the maximum intensity of the
{0001} pole figure is 7.0, and the basal pole is
concentrated in two regions away from the ND,
forming a bimodal basal texture. The angular
distance from the ND in {0001} pole figures of the
two rolled plates was displayed, only the angle of
basal pole deviation from ND is calculated, and it is
not known in which direction the basal pole is
deflected. Nevertheless, combined with the {0001}

pole figures, it still can be found from the statistics
that Sample E obtains a bimodal basal texture of the
basal pole deviating from the ND of 10°—15°, while
in Sample T a strong basal texture of (0001)//ND is
formed.

3.3 Mechanical properties

The engineering stress—strain curves obtained
along the RD and TD of the rolled plates are shown
in Fig. 10(a). Within the same plate, the curves of
two different tensile specimens show an apparent
difference. The orys and ours along the RD are
always higher than those along the TD. Within the
same direction, the orys and ours of Sample T are
always higher than those of Sample E. A summary
of the mechanical properties shown in Fig. 10(b)
further highlights the distinction in the engineering
stress—strain curves, and the in-plane yield
anisotropy (YA, Ay) within the one plate is
described as follows [29]:
4, =TI IS 1009 (1)

Otys

For Sample T, orys along the RD is 16 MPa
higher than that along the TD, and the YA is 6.5%.
For Sample E, orys along the RD is 12 MPa higher
than that along the TD, and the YA is 5.3%. Both
two rolled plates have a certain degree of yield
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anisotropy. Besides, within the same loading
direction, orys along the TD of Sample T is 23 MPa
higher than that of Sample E, and the orys along the
RD of Sample T is 27 MPa higher than that of
Sample E. All the rolled specimens have good
ductility, and their &f ranges from 18% to 21%.
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stress—strain curves (a) and

mechanical property statistics (b) of rolled specimens

Fig. 10 Engineering

Figure 11 shows the typical fracture
morphologies of different tensile specimens. There
is no apparent difference between the two tensile
specimens. Many dimples with different sizes and a
few cleavage surfaces can be found, these cleavage
surfaces are very rough, and many fine streaks are
distributed on them. The fracture morphologies
indicate that the rolled plates have good ductility,
consistent with the results of mechanical properties
tests.

4 Discussion

4.1 Effect of initial texture on rolled micro-
structure
To explain the underlying effect of initial
texture on rolled microstructure, the Schmid factors
of basal (a) slip, prismatic (a) slip, and {1012}

Fig. 11 Typical fracture morphologies of rolled plate:
(a) Tension along RD; (b) Tension along TD

twinning under rolling stress were calculated and
projected on the {0001} pole figures, as shown in
Fig. 12, where the red dashed ellipses represent the
initial texture of Sample T in the {0001} pole figure,
and the black dashed ellipses represent the initial
texture of Sample E in the {0001} pole figure. By
matching the {0001} pole figure of Sample T and
the Schmid factor projection figures, it can be
quickly figured out that the Schmid factors of basal
(a)slipand {1012} twinning of Sample T are low,
and the Schmid factor of prismatic (a) slip is high.
Therefore, basal (a) slip and {1012} twinning are
restrained, and the prismatic (a) slip is easy to
activate at the early rolling stage. Moreover, for
Sample E, it can be found that the Schmid factors of
basal (a) slip and prismatic {(a) slip are low, the
Schmid factor of {1012} twinning is high, and
thus {1012} twinning will be widely activated at
the early rolling stage.

SHAO et al [30] have studied the rolling
process of Mg—Gd—Y—Zn alloy containing LPSO
phase, in which the kinking and {1012} twinning
in the early rolling stage have been investigated in
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Schmid factor

RD

{0001}

Fig. 12 Schmid factor projected on {0001} pole figures of selected deformation modes under rolling stress: (a) Basal

{a) slip; (b) Prismatic {a) slip; (c) {1012} twining

detail. Theoretically, in the Mg—RE—Zn alloys
containing LPSO phase, kinking will be activated
when the basal (@) slip and {1012} twinning are
restrained because prismatic (@) slip cannot
accommodate the strain of the c-axis [30,31].
Accordingly, kinking is activated in Sample T to
accommodate the c-axis strain during the early
rolling stage. The kink boundaries are formed by
dislocation accumulation [32], and as the strain
increases, massive dislocations pile up at the kink
boundaries, and then LAGBs are formed via
dislocation climbing and rearrangement. As the
deformation proceeds further, more dislocations are
absorbed by LAGBs, and the misorientation of the
o-Mg matrix on both sides of the kink boundaries is
raised. When the dislocation accumulates to a
certain extent, HAGBs and DRXed grains are
formed through the continuous dynamic
recrystallization (CDRX) mechanism. Therefore,
the finer grains in Sample T are presumably
ascribed to the more severe DRX promoted by
kinking. In fact, kinking is already activated in the
early rolling stage, and the kinked bands are
eliminated efficiently by the DRX process, so that
just a few lamellar LPSO phases with the
characteristic of kinking can be observed in the
SEM image of Sample T, as shown in Fig. 5(a).

For Sample E, almost no lamellar LPSO
phases and twins can be observed, which may be
related to the interaction between {1012} twins
and lamellar LPSO phases. At the early rolling
stage, the {1012} twining is well activated and
the semi-coherent BP interface (basal—prismatic
interface, the interface of lamellar LPSO phases’
basal plane and the twins’ prismatic plane) is

formed. The sliding of periodic misfit dislocations
at the BP interface during intermediate annealing
of multi-pass hot rolled plates leads to the
decomposition of the lamellar LPSO phases. The
decomposition of the lamellar LPSO phases is
beneficial to the relaxation of back stress and makes
twins grow into new grains easily [33,34].
Moreover, at the later rolling stage, the bimodal
basal texture of Sample E is not conducive to the
activation of {1012} twinning. It is worth noting
that this experiment recorded the EBSD data of the
last rolling pass, that is, the later rolling stage.
Therefore, the lamellar LPSO phases and twins are
difficult to be observed in Sample E.

The different volume fractions of DRXed and
unDRXed grains further affect the textures of rolled
plates. The inverse pole figures of the whole region,
DRXed grains, and unDRXed grains are shown in
Fig. 13. No matter in Sample T or in Sample E, a
strong (0001)//ND texture in the DRXed grains is
formed, and the texture intensity of the DRXed
grains is the highest. It should be pointed out that
the recrystallization process can be divided into
grain nucleation and grain growth. For some Mg
alloys containing Gd and Y, although their grain
nucleation is randomly oriented, there is a
preferential phenomenon in grain growth, and
grains with specific orientations are easier to grow
and a recrystallization texture could be formed. The
Mg—4.7Gd—3.4Y—1.2Zn—0.5Zr (wt.%) alloy used
in this experiment does have the preferential growth
of DRXed grains during the hot deformation. For
example, an unusual (0001)//ED texture is formed
in the initial extruded plate, which differs from the
texture of commonly extruded Mg alloy.
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The recrystallization texture caused by the
preferred growth of DRXed grains has been
reported widely. The researchers pointed out
that it may be related to the preferred growth
caused by the drag effect of Gd/Y atoms during
recrystallization [24—27]. In addition, this unusual
texture may be also related to the lattice rotation
caused by the activation of non-basal slip under
high-temperature deformation [35]. Consequently,
it is reasonable to speculate that the preferential
growth of DRXed grains may still occur during the
hot rolling. In this work, some DRXed grains
recorded in the EBSD data may undergo the grain
growth. Therefore, the intensity of the basal texture
of the DRXed grains could be higher than that of
the unDRXed grains. Based on the above analysis,
it is deduced that the DRXed grains are intimately
related to the basal texture of (0001)//ND, while the
unDRXed grains tend to weaken and scatter the
basal texture. Due to the increased volume fraction
of unDRXed grains in Sample E, a bimodal basal
texture of the basal pole deviating from the ND is
developed.

4.2 Effects of different strengthening mechanisms
on mechanical properties

Based on the materials strengthening theory,
the orys of rolled plates can be expressed as
follows:
OTYS=0 bt OssTOlpsotOdis 2)
where o, means the grain boundary strengthening,
oss means the solid-solution strengthening, oipso
means the load-bearing strengthening contributed
by directionally arranged irregular-shaped LPSO
phase, and o4is means the dislocation strengthening.

For the g5, KWAK and KIM [36] deduced the
modified Hall-Petch relationship of Mg alloy rolled
plates with strong texture:

Max=10.9 '

Max=12.2 '

Fig. 13 Inverse pole figures of whole region, DRXed grains, and unDRXed grains: (a, b, ¢) Sample T; (d, e, f) Sample E
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d—l/z 3
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04 =0, ~I—kPHa’_”2 =
where oy is the intrinsic strength of single crystal
that represents the resistance of the lattice to
dislocation motion, kpy is the strengthening
coefficient (H-P slope), Fs means the average
Schmid factor of basal (@) slip, which is shown in
Fig. 14, d means the average grain size of the two
rolled plates (8.1 and 12.5 um respectively, as
shown in Fig. 8). Consequently, For Sample T, the
calculated g, is 159 MPa along RD and 165 MPa
along TD. For Sample E, the calculated oy is
154 MPa along RD and 150 MPa along TD. From
Eq. (3), the lower the d and the Fs, the higher the
0. The Fs is closely related to the crystal
orientation and load direction. In other words, when
loading in a specific direction, the Fs is closely
related to the type and intensity of texture. However,
as shown in Fig. 14, although the texture intensity
of Sample T is higher than that of Sample E, the Fs
is the same along the RD, which is 0.26. In a word,
when tension along RD, the o, of Sample T and
Sample E is only affected by the average grain size,
but not the texture.

The o can be calculated by the following
equation [37]:

0 =(KdiCoq +KV"Cy )" (4)

where K and C are the strengthening constant and
the concentration of Gd and Y, respectively.
Generally, n is equal to 2/3. Since the strengthening
constants, Kgqs and Ky, are very close
(1168 MPa-at.% ?* for Gd and 1249 MPa-at.% **
for Y), the o can be inferred to be proportional
to C?3, and C can be simplified as the atomic
fraction of Gd+Y [37]. The atomic fractions of Gd,
Y, and Zn in this experiment are 0.8%, 1.0%, and
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Fig. 14 Schmid factors of basal (@) slip of two rolled
plates: (a) Sample T; (b) Sample E

0.5%, respectively. Due to the atomic ratio of Zn to
RE in the LPSO phase being 1:1, by assuming that
all Zn atoms participate in the formation of LPSO
phase, the atomic fraction of Gd+Y participating in
solid-solution strengthening is 1.3%. According to
Ref. [38], when the atomic fraction of Gd+Y is
0.6%, the oy is 38 MPa. Therefore, the calculated
oss in the current two rolled plates are 64 MPa.

The load-bearing strengthening induced by
the elongated irregular-shaped LPSO phase (0ipso) is
given as follows [39]:

sVp

leso —TO'm (5)
where s is the aspect ratio of the average length to
average diameter of the elongated irregular-shaped
LPSO phases, Vp is the volume fraction of
elongated irregular-shaped LPSO phases, and om is
the strength of the a-Mg matrix (210 MPa). The Vp,
s and the calculated oy are listed in Table 1. The s
values of all TD specimens are too small to affect
the load-bearing strengthening (for example, the s
of T specimen along TD is 1/8.82 and calculated
Olpso 18 only 0.27 MPa), and thus the calculated oipso
of all TD specimens is negligible.

The ogis 1s related to the average density of
geometry necessary dislocation (pgnp). The panp
varies significantly by using different calculated
methods, so the penp and ogis are not calculated in
this experiment. However, what no one doubts is
that the contribution of ouis to the orys exists.
According to previous studies [40—42], the ponp of
wrought Mg ranges from 103 to 10" m™2, and the
odis 1S dozens of MPa. Therefore, it is believed that
the ag;s in the rolled plates are the average orys of
two tensile directions minus oy, 0ss and oipso, Which
is 21 MPa in Sample T and 16 MPa in Sample E,
respectively.

Figure 15 shows the calculated oy, Oss, Gipso,
odgis and orys of all the tensile specimens. In brief,
the difference in yield strength between the two
rolled plates can be well explained by grain
boundary, dislocation, solid-solution, and LPSO
phase load-bearing strengthening mechanisms.
Grain boundary strengthening is the most effective
strengthening method for the current rolled plates.
According to the calculation, the og, 05 and ogis
within the same rolled plate along two directions
are almost the same. Thus, the yield anisotropy

Table 1 Vp, s and calculated oips, 0Of all tensile specimens

Specimen  Vp/% s opso/MPa  Adipss/ MPa
T (RD) 2.03 8.82 19 o
T (TD) 2.03 0.11 -
E (RD) 1.70  7.33 13 3

E(TD) 170 0.14 -

The defined length of elongated irregular-shaped LPSO phase is
parallel to RD; irregular-shaped LPSO phases are selected and
highlighted in low-magnification SEM images, and then /' and s
of highlighted area are calculated

350
O 3o
300 3 o4is O Olpso
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o AN NN RN
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Fig. 15 Calculated ogb, s, Oipso, 0ais and orys of rolled
samples
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must derive from other aspects. The irregular-
shaped LPSO phase in the rolled plates is elongated,
and the calculated Aoipso is numerically close to the
difference in yield strength along two directions
within a rolled plate. Therefore, it can be concluded
that the anisotropic load-bearing strengthening
behavior induced by the elongated irregular-
shaped LPSO phase plays a critical role in yield
anisotropy.

5 Conclusions

(1) After rolling, the plate with an initial
texture of (0001)/RD obtains relatively coarse
grains and a bimodal basal texture of basal pole
deviating from the ND of 10°—15°. However, due to
the higher degree of dynamic recrystallization
during rolling, the plate with an initial texture of
(0001)//TD obtains finer grains and a strong basal
texture of (0001)//ND.

(2) The irregular-shaped LPSO phases are
elongated along RD in both plates, which results in
anisotropic strengthening behavior, and further
leads to a certain degree of yield anisotropy.

(3) Grain boundary strengthening is the most
effective strengthening method in the plates.
Because of the relatively finer grain size and the
load-bearing strengthening caused by the elongated
irregular-shaped LPSO phases, the rolled plate with
an initial (0001)//TD texture achieves the highest
yield strength along RD.
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