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The effect of microstructure and processing parameters on the mechanical
behavior of extruded Mg-Y2x-Znx alloys containing different volume fractions
of the long-period stacking order (LPSO) phase is evaluated using in situ
diffraction experiments. The Mg-LPSO extruded alloys exhibit a microstruc-
ture consisting of a mixture of fine dynamically recrystallized a-Mg grains,
highly oriented non-recrystallized coarse a-Mg grains with the basal plane
parallel to the extrusion direction, and particles of the LPSO phase elongated
in the extrusion direction. The volume fraction of dynamically recrystallized a-
Mg grain areas tends to increase as the volume fraction of the LPSO phase
and the processing stress increase. In situ diffraction experiments have al-
lowed the understanding of the elastic–plastic behavior of non-DRXed and
DRXed grains, and their individual contribution to the macroscopic defor-
mation of magnesium alloys containing LPSO phases and, consequently, the
reverse tension–compression asymmetry.

INTRODUCTION

Mg-Y2x-Znx alloys contain a long-period stacking
ordered (LPSO) phase. This phase provides the alloy
with mechanical properties superior to those of
commercial magnesium alloys, which makes them
very competitive for multiple applications, espe-
cially in the automotive, aeronautical, and elec-
tronic industries. The LPSO phase, independently
of its crystal structure (18R, 16H, 10H), shows
stacking and chemical ordering along the basal
plane.1–5

The as-cast Mg-LPSO alloys have a two-phase
microstructure consisting of Mg dendrites in which
the LPSO phase is located at inter-dendritic spaces.
After extrusion, the alloy acquires an intense crys-
tallographic texture. The LPSO phase elongates in

the extrusion direction, while the Mg matrix is
composed of areas with fine dynamically recrystal-
lized (DRXed) a-Mg grains and areas consisting of
very coarse non-recrystallized (non-DRXed) a-Mg
grains. The latter are sharply textured with their
basal plane parallel to the extrusion direction.6–8

The hexagonal close-packed lattice of Mg, with a
limited number of active deformation systems,
promotes the formation of a strong crystallographic
texture when the alloy is thermomechanically pro-
cessed, inducing the tension–compression yield
asymmetry phenomenon. The mechanical asymme-
try of Mg alloys has been widely investigated, since
is an important factor limiting their applications.9–13

In the case of extruded Mg alloys, this is reflected
by higher yield strength values under tensile loads
applied in the extrusion direction compared with
those under compressive loads. However, {1012}
tensile twinning can be active under compression(Received February 3, 2022; accepted April 26, 2022;
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along the extrusion direction, resulting in a
decrease in the compressive yield stress with
respect to the tensile yield stress.14

Different asymmetric yield behavior is observed,
however, in the case of Mg alloys with random
texture. Activation of the {10–12} twinning system,
which governs the initial stages of deformation, is
notably different under tension and compression,
resulting in a lower yield strength value and higher
strain-hardening under tension than under
compression.15

Yield anisotropy is still more complicated in Mg-
Y-Zn alloys containing the LPSO phase. This phase
has a coherent (0001) basal plane with a Mg matrix,
while their stacking sequence is modified along the
c-axis compared to that of Mg. The effect of LPSO
phase on yield asymmetry has been studied in as-
cast alloys. The alloy tensile tested showed low
ductility, observing that the LPSO phase fractured.
A study of samples after compression tests showed
kink bands in the LPSO phase, which form by the
cooperative initiation and/or synchronized slip, and
even rearrangement of basal dislocations. The kink
bands can cause refinement of large LPSO phase
particles, and transplant them into adjacent Mg
grains to form kink boundaries. Both, kink bands
and kink boundaries seem to be very effective in
refining the microstructure and improving the
strength of the alloy, resulting in a relatively high
compressive yield strength and evident yield
asymmetry.16

Furthermore, it can be expected that microstruc-
tural constituents in an extruded Mg-LPSO alloy
have a different elastic–plastic behavior, while its
mechanical behavior will strongly depend strongly
on the volume fraction and texture of each of them.
For instance, the tension–compression asymmetry
in wrought Mg alloys, characterized by a tensile
yield stress higher than the compressive yield stress
when the load is applied in the extrusion direction,
is reversed when the volume fraction of the LPSO
phase is higher than 10%,17 attaining yield strength
values higher in compression than in tension. Using
synchrotron diffraction during in situ mechanical
tests, it has been proved that the beginning of the
plasticity (yield stress) under compression in an Mg-
Y-Zn alloy, with a LPSO volume fraction of

approximately 20 %, is related to the activation of
the basal slip system in DRXed grains which are
randomly oriented.18 However, highly oriented non-
DRXed grains yield at lower stresses than randomly
oriented DRXed grains, due to the activation of
tensile twinning in these grains.14

Since the volume fraction of DRXed grains is
much higher compared to non-DRXed grains, the
macroscopic yielding is controlled by ultrafine
equiaxed grains.19

Consequently, it can be expected that tension–
compression asymmetry will follow the ‘‘normal’’
behavior of extruded magnesium alloys, regardless
of the volume fraction of the LPSO phase, on the
assumption that the volume fraction of non- DRXed
grains was higher than that of DRXed grains.

This article is focused on elucidating this hypoth-
esis in Mg-Y2x-Znx alloys. For this purpose, alloys
with different Y and Zn contents have been pre-
pared and extruded with different extrusion ratios,
in order to obtain materials with different volume
fractions of the aforementioned microstructural
constituents. In situ synchrotron diffraction exper-
iments during tensile and compression tests were
conducted to identify the type of a-Mg grains
(DRXed or non-DRXed), and the deformation mech-
anism (dislocation slip or tensile twinning) macro-
scopically controlling the beginning of the plastic
deformation.

EXPERIMENTAL PROCEDURE

Three alloys, designated as Mg97Y1Zn0.5,
Mg97Y2Zn1, and Mg97Y3Zn1.5, were obtained by
melting and casting using an electric resistance
furnace. The composition of the alloys, determined
by wavelength-dispersive x-ray spectroscopy, are
given in wt.% in Table I.

Billets were extruded at 350�C at an extrusion
speed of 0.5 mms�1, with reduction ratios of 18:1,
10:1, and 4:1, and, therefore, the extrusion strains,
eT, were 2.9, 2.3, and 1.4, respectively.

The microstructure of the alloys was studied by
scanning electron microscopy. The samples were
prepared by mechanical polishing and etching with
a solution of 5 ml of acetic acid, 20 ml of water, and
25 ml of picric acid in methanol. Grain size and

Table I. Designation and composition in wt.% of the three alloys, and volume fractions of the LPSO phase,
recrystallized areas (DRXed), and non-recrystallized areas (non-DRXed) for each alloy composition in the
three extrusion strains

Designation Composition wt.% Vf (%) LPSO

DRXed areas, Vf (%) Non-DRXed areas, Vf (%)

eT = 1.4 eT = 2.3 eT = 2.9 eT = 1.4 eT = 2.3 eT = 2.9

MgY1Zn0.5 Mg-3.6Y-1.6Zn 7 35 45 46 58 48 47
MgY2Zn1 Mg-6.9Y-2.5Zn 19 38 51 57 43 30 24
MgY3Zn1.5 Mg-10Y-3.7Zn 32 28 57 60 40 11 8
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volume fraction of the DRXed and non-DRXed areas
were measured by quantitative image analysis
using Sigma Scan Pro software.

The crystallographic texture of the extruded
alloys was determined by means of x-ray diffraction,
using a Siemens TM Kristalloflex D5000 diffrac-
tometer with b-filtered Cu-Ka radiation. The orien-
tation distribution function was computed from the
experimental {1010}, {0002}, {1011}, {1012}, {1013},
and {1120} pole figures by the series expansion
method, considering the z-axis to be parallel to the
extrusion direction.

Synchrotron radiation diffraction was carried out
during in situ tension and compression tests at the
P07–HEMS beamline of PETRA III, at the
Deutsches Elektronen-Synchrotron. Samples for
the compression tests were cylinders of 5 mm in
diameter and 10 mm in length machined along the
extrusion direction. Samples for tensile tests have a
cylindrical shape with a gauge length of 10 mm and
a gauge diameter of 5 mm. Both kinds of test
samples are shown in Fig. 1. Tests were conducted
at a strain rate of 10�3 s�1 at room temperature in a
deformation dilatometer DIL 805A/D (TA Instru-
ments) modified for the synchrotron radiation.
Diffraction patterns were recorded using an expo-
sure time of 0.5 s by a Perkin-Elmer XRD 1622 flat-
panel detector with an array of 2048 9 2048 pixels
and an effective pixel size of 200 9 200 lm. The
beam energy was 100 keV, corresponding to a
wavelength of 0.0124 nm. LaB6 was used to

calibrate the acquired diffraction spectra. The
detector-to-sample distance was set to 1637 mm.
Debye–Scherrer rings gave the complete informa-
tion from the extrusion to radial directions.

Conventional line profiles were obtained by
azimuthal integration of the Debye–Scherrer rings,
as shown Fig. 2. The synchrotron radiation beam
was positioned at the center of the sample, with the
gauge volume defined approximately by the beam
section (1 9 1 mm) and the cylinder diameter. The
elastic strain for each orientation can be calculated
by the shift in the position of the diffraction peak,
as:

ehkl ¼
dhkl � d0;hkl

d0;hkl
ð1Þ

where dhkl and d0,hkl are the planar spacing of the
hkl plane in the stressed and stress-free crystals.
The lattice spacing and the diffraction angle h are
related through Bragg’s law.

RESULTS AND DISCUSSION

Microstructure

The micrographs in Fig. 3a–c show the
microstructure of the three alloys in the as-cast
state.

A dendritic microstructure consisting of magne-
sium dendrites (dark phase) and the LPSO phase
(bright phase) located at the inter-dendritic space
can be seen. The volume fraction of the LPSO phase,
measured in a previous paper, increases with the
increase in the yttrium and zinc content, with
values of 7, 19, and 32%, respectively.17

After the extrusion at 350�C, the LPSO phase
deforms plastically, developing an irregular fiber
shape oriented parallel to the extrusion direction,
while the Mg matrix is partially recrystallized. Fine
equiaxed DRXed a-Mg grains surround coarse
deformed a-Mg grains, which are elongated along
the extrusion direction (non-DRXed) as seen in
Fig. 3d–f. A detail at higher magnification of the
microstructural constituents, such as DRXed and

Fig. 1. Tensile and compressive samples used in the in situ
diffraction experiments.

Fig. 2. Schematic of the in situ diffraction system and the diffraction peak due to lattice contraction and extension effect.
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Fig. 3. Microstructure of the three Mg alloys in the as-cast state (a, b, c) and after extrusion at eT = 2.3 (d, e, f), and a detail at higher
magnifications showing the microstructural constituents (g).
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non DRXed a-Mg grains and elongated particles of
the LPSO phase, is presented in Fig. 3g.

The volume fraction of DRXed a-Mg grains
depends on both the extrusion ratio and the compo-
sition of the alloy. Thus, the volume fraction values
of the DRXed and non-DRXed a-Mg grains for the
three alloys extruded at the three extrusion ratios
are presented in Table I. In general, except in the
case of the MgY3Zn1.5 alloy extruded at eT = 1.4, it
can be concluded that, for each alloy, the volume
fraction of fine-grained DRXed areas increases with
the extrusion strain, and that the opposite occurs
for coarse-grained non-DRXed regions. These values
have been plotted as a function of the volume
fraction of LPSO phase in Fig. 4. In addition, a
dashed line representing the same volume fraction
of both types of grains, but subtracting the volume
fraction of the LPSO, is also plotted. From this
graph, it can be seen that the volume fraction of
fine-grained DRXed areas is in general higher when
the volume fraction of the LPSO phase and the
extrusion ratio are also higher, i.e., with an increase
in the total deformation strain. The values for the
alloys extruded at eT = 2.3 and 2.9, are similar,
while they are lower for the alloys extruded at an
extrusion strain of 1.4. The LPSO phase promotes
the recrystallization process in Mg-Y-Zn alloys.20

Therefore, if the volume fraction of the LPSO phase
increases, the volume fraction of the DRXed areas
also increases. In the same way, a higher extrusion
ratio causes a greater degree of deformation in the
material, which will promote a faster recrystalliza-
tion than that extruded to a lower extrusion ratio.

Figure 5 shows the grain size distribution in
DRXed areas as a function of the alloy composition
(or volume fraction of the LPSO phase), and the
extrusion strain. From Fig. 5a it can be deduced

that the grain size is similar for the three extruded
alloys for the same extrusion strain. For a given
composition, however, the increase in the extrusion
strain slightly refines the grain (Fig. 5b), but always
in a range close to 1 lm.

The effects of the extrusion strain and the volume
fraction of the LPSO phase on the texture of the
alloys were also studied using x-ray diffraction with
Cu-Ka radiation. Figure 6 shows, as an example,
the {1010} and {0002} pole figures for the extruded
MgY1Zn0.5 at the lowest extrusion ratio. These
figures indicate that the Mg matrix has a strong
fiber texture with the basal plane parallel to the
extrusion direction. The maximum of the intensity
of the {1010} pole figure at h = 0� varies with the
alloy composition and the extrusion ratio, as shown
in Fig. 6c. This graph demonstrates that the texture
is stronger for the alloy with the lowest volume
fraction of the LPSO phase and higher extrusion
strains, as expected, although the highest intensity
was measured for an extrusion strain of 2.3.

The texture is directly related to the non-DRXed
a-Mg grains. Figure 7 shows the intensity of the
{1010} pole figure at h = 0� as a function of the
volume fraction of the DRXed and non-DRXed a-Mg
grains. It can be observed that the intensity of the
crystallographic texture decays in the same way as
the volume fraction of the non-DRXed a-Mg grains
decreases.

Mechanical Properties

The yield stress values obtained from the tensile
and compressive tests during in situ experiments of
the three extruded alloys at the three different
strains are presented in Table II and plotted in
Fig. 8a.

The yield stress increases as the volume fraction
of the LPSO phase becomes higher, regardless of the
stress sign, tension, or compression. A similar
tendency is found with an increase in the extrusion
strain. However, the evolution of the tension–com-
pression asymmetry depends on both parameters,
as deduced from Fig. 8a. Thus, the alloy with the
lowest volume fraction of the LPSO phase
(MgY1Zn0.5) always presents a yield stress higher
in tension than in compression, in agreement with
the asymmetric behavior usually described in
extruded Mg alloys, but the differences become
smaller as the extrusion strain becomes higher (see
Table II).

However, the MgY3Zn1.5 alloy, with the highest
volume fraction of the LPSO phase, always exhibits
abnormal yield stress asymmetry, since the value in
compression is always higher than in tension,
although both values are very close, independently
of the extrusion strain. In the case of the MgY2Zn1

alloy, however, the tension–compression asymmetry
depends on the processing strain, as observed in
Fig. 8b. The alloy shows the usual behavior for eTFig. 4. Volume fractions of DRXed and non-DRXed a-Mg grains

areas as a function of the extrusion strain for the three alloys.
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= 1.4 and an anomalous behavior for eT = 2.9, as
commented on the Introduction.

In Situ Diffraction Experiments

Figure 9 shows axial and radial diffraction pat-
terns in the MgY3Zn1.5 alloy for the extrusion strain
eT = 2.3. Similar patterns were obtained for the
MgY1Zn0.5, MgY2Zn1, and MgY3Zn1.5 alloys
extruded at the different reduction ratios. The
figure shows the intense fiber texture with the
basal plane parallel to the extrusion direction of the
magnesium matrix, in agreement with that shown
in Fig. 6.

Figures 10 and 11 show the experimental results
obtained from in situ experiments in two cases
where the tension–compression asymmetry of the
yield stress exhibits a reverse behavior, as a func-
tion of the microstructure or processing parameters:
the extruded MgY2Zn1 alloy for the three processing
strains (Fig. 10) and the three alloys extruded at
processing strain of 2.3 (Fig. 11).

For each pair of conditions, the alloy composition,
i.e., the volume fraction of the LPSO phase and the
extrusion ratio, the evolution of the elastic strains of
the diffraction peaks {1010}, {0002}, {1011}, and
{1120} of the Mg phase in the axial direction, as a
function of the applied stress during the tensile and
compressive experiments, are shown. Tensile and
compressive curves, obtained during the in situ
experiments, are also plotted to correlate the stages
of the deformation (elastic and plastic regimes) with
the evolution of the elastic strains. Moreover, the
integrated intensity of the diffracted peaks in the
axial direction for the {1010} and {0002} diffraction

peaks are also plotted as a function of the applied
stress. The evolution of the intensity for these two
diffracted peaks gives valuable information about
the activation of the tensile {0112}<0111> twinning
system. The rotation of 86� of the basal plane with
respect to its original orientation results in a change
in the intensity of both diffraction peaks, i.e., the
intensity of the {0002} diffraction peak increases at
the expense of the {1010} diffraction peak.21,22

The information about the elastic–plastic behav-
ior of the non-DRXed and DRX a-Mg grains can be
studied separately following the {1010} and {1011}
diffraction peaks.10 On the other hand, due to the
strong fiber texture of the Mg matrix in which the
basal planes are parallel to the extrusion direction,
the intensity of the (0002) diffraction peak in the
axial direction is extremely low (see Fig. 9a). There-
fore, the evolution of the (0002) diffraction peak will
provide the elastic–plastic behavior of tensile twins.

Effect of the Extrusion Strain

The shape of the curves showing the evolution of
the elastic strains for the MgY2Zn1 alloy during
tensile or compressive tests is similar, indepen-
dently of the extrusion ratio. In the elastic regime,
in tension and compression, the evolution of the
elastic strains is equal for all the diffraction peaks,
due to the near-elastic isotropy behavior of Mg.23 In
tension, this linear behavior is broken at an applied
stress below the macroscopic yield stress. At this
point, the elastic strains of grains with {1011}
planes perpendicular to the tensile axis decrease
continuously with respect to the linear elastic slope.
In an opposite way, the elastic strains of grains with

(a) (b)

Fig. 5. Grain size distribution in DRXed areas as a function of the alloy composition, i.e., volume fractions of the LPSO phase, and extrusion
strain: (a) effect of the volume fraction of LPSO phase when the extrusion strain remains constant, (b) effect of extrusion strain for a constant
volume fraction of the LPSO phase.
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{1010} and {1120} planes perpendicular to the
tensile axis increase with respect to the linear
elastic slope. When the elastic strains in a phase or
in a family of grains are greater than the strain
defined by the elastic behavior, these ‘‘hard’’ phase
or family of grains are bearing a load higher than
the applied stress. The orientation of these grains
inhibits the activation of the basal slip system. This
additional stress is transferred from the {1011}
‘‘soft’’ grains, which are favorably oriented for the

(a)

(b)

(c)

Fig. 6. (a and b) {1010} and {0002} pole figures, respectively, for the
extruded MgY1Zn0.5 alloy at the processing strain of 1.4. (c)
Maximum intensity plot of the {1010} pole figure at h = 0º for the
three alloys extruded at the three extrusion strains (1.4, 2.3, and 2.9).

(a)

(b)

(c)

Fig. 7. Evolution of the volume fractions of DRXed and non-DRXed
a-Mg grains and the maximum intensity in the {1010} pole figure at h
= 0º, as a function of the volume fraction of the LPSO phase for the
different processing strains: (a) 1.4, (b) 2.3, and (c) 2.9.
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activation of the basal slip system.23 As the volume
fraction of the non-DRXed grains increases, the
reinforcing effect of these hard grains will increase.
It is important to point out that the relaxation of
grains with {1011} planes perpendicular to the
stress axis ends/stops at a strain close to 0.0004.

A similar behavior is found during the compres-
sion tests, although with small differences. In the

(a)

(b)

Fig. 8. Yield stress values from tension and compression tests: (a)
variation of yield stress value as a function of the volume fraction of
the LPSO phase for the three processing strains; the colored regions
refer to the two cases described in detail in the Results and
Discussion section; (b) variation of tensile and compressive yield
stress values in the MgY2Zn1 alloy as a function of the processing
strain.

Fig. 9. MgY3Zn1.5 alloy: (a) axial and (b) radial diffraction patterns for
the extrusion strain eT = 2.3.

Table II. Yield stress values, in MPa, obtained from in situ tensile and compression experiments for the three
extruded alloys

LPSO, Vv %

eT = 1.4 eT = 2.3 eT = 2.9

Tension Compression Tension Compression Tension Compression

7 319 252 324 278 322 282
19 321 301 353 353 333 381
32 346 352 360 383 374 387
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elastic regime, the strains are equal for all the
diffraction peaks, as found in the tension tests.
However, the linear behavior is lost upon reaching
the macroscopic yield point, which increases with

the processing strain. At the yield stress, the elastic
strains of grains with {1011} planes perpendicular to
the compression axis decrease continuously with
respect to the linear elastic slope. In contrast, the
elastic strains of grains with {1120} planes perpen-
dicular to the compressive axis increase with
respect to the linear elastic slope. Unlike the tensile

Fig. 10. Tensile and compressive behavior during in situ
experiments of the MgY2Zn1 alloy extruded at different strains: (a)
eT = 1.4, (b) eT = 2.3, and (c) eT = 2.9. From left to right: 1
macroscopic stress–strain curves, 2, 3 axial internal strains for the
{1010}, {0002}, {1011}, and {1120} diffraction peaks for the Mg phase
as a function of the applied stress, in tension and compression,
respectively, and 4, 5 evolution of the integrated intensity of the
{1010} and {0002} diffraction peaks in the axial direction during
tensile and compression tests.

Fig. 11. Tensile and compressive behavior during in situ
experiments of the (a) MgY1Zn0.5, (b) MgY2Zn1, and (c) MgY3Zn1.5
alloys at eT = 2.3. From left to right: 1 macroscopic stress–strain
curves, 2, 3 axial internal strains for the {1010}, {0002}, {1011}, and
{1120} diffraction peaks for the Mg phase as a function of the applied
stress, in tension and compression, respectively, and 4, 5 evolution
of the integrated intensity of the {1010} and {0002} diffraction peaks
in the axial direction of tensile and compression tests.
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tests, the elastic deformations of grains with {1010}
planes perpendicular to the compression axis have
the same linear elastic slope as in the elastic regime.
In the compression test, only grains with {1120}
planes perpendicular to the compression axis
behave as ‘‘hard’’ grains. Under compression, grains
oriented with the {1010} perpendicular to the com-
pressive axis yield due to the activation of tensile
twinning. The increase in the intensity of the {0002}
diffraction peak confirms this assumption. More-
over, it is possible to evaluate the evolution of the
elastic strain of this peak, due to the increase in the
volume fraction of twins. The evolution of the elastic
strain follows a linear behavior, as in the case of the
other diffraction peaks, up to an applied stress
around 275 MPa, similar for all the extrusion ratios
but below the macroscopic yield stress. Then, the
elastic strain decreases slightly in absolute values
up to the applied stress when the intensity of the
{0002} begins to increase due to twin growth. Above
this stress, the elastic strain decreases rapidly
again. Between these two stress limits (stress
corresponding to the limit of elastic linearity and
beginning of the increase in {0002} intensity), the
nucleation and propagation of twins has been
reported.24

Effect of the Alloy Composition (Volume Fraction
of LPSO Phase)

The evolution of the elastic strains for the three
alloys extruded at an extrusion ratio of eT = 2.3 also
shows a similar shape (Fig. 11) to the case described
above. In the elastic regime, the evolution of the
elastic strains is also equal for all the diffraction
peaks. The behavior is linear at a stress below the
macroscopic yield stress, although this stress
increases with the volume fraction of the LPSO
phase. The elastic strains of grains with {1011}
planes perpendicular to the tensile axis decrease
continuously with respect to the linear elastic slope,
while the elastic strains of grains with {1010} and
{1120} planes perpendicular to the tensile axis
increase with respect to the linear elastic slope.
However, the reinforcing effect of hard grains
increases as the volume fraction of the LPSO phase
decreases and the volume fraction of non-recrystal-
lized grains increases.

In the compression tests, the behavior of elastic
strains of grains oriented with the {1010}, {1011},
and {1120} planes perpendicular to the tensile axis
is similar to that due to the effect of the extrusion
rate. Deviation of elastic linearity by the internal
strains also takes place at the macroscopic yield
stress. This stress limit increases with the increase
in the volume fraction of the LPSO phase and the
decrease in the volume fraction of the non-DRXed
grains. The stress for the activation of tensile
twinning also increases with the increase in the
volume fraction of the LPSO, and with the decrease

in the volume fraction of the non-DRXed grains. It
must be remembered that the LPSO phase has a
higher Young’s modulus and yield stress than those
of the Mg matrix.25 In addition, it exhibits a
tension–compression asymmetry inverse to that of
Mg. since its yield stress in compression is higher
than in tension.26

Therefore, all these microstructural parameters
control the mechanical strength of Mg alloys con-
taining LPSO phases, in such a way that these
alloys can be considered as a composite, as previ-
ously discussed in detail.17,27 Accordingly, the yield
stress, r0.2, can be roughly estimated using the rule
of mixtures with the following expression:

r0:2 ¼ f LPSOrLPSO þ fDRXed r0 þ rHP þ r
0

T

� �
rDRXed

þ fNon�DRXed r0 þ rHP þ rTð ÞrNon�DRXed

ð2Þ

where fLPSO is the volume fraction of the LPSO
phase, fDRXed is the volume fraction of a-Mg areas
with DRXed grains, fNon-DRXed is the volume fraction
of coarse-grained non-DRXed regions, and rLPSO is
the yield stress of the LPSO phase which depends
on the deformation mode (tension or compression).
For both kinds of a-Mg grains areas, DRXed and
non-DRXed, two contributions have been taken into
account: the grain size given by the Hall–Petch
equation and the capacity to deform given by their
crystal orientation or texture. r

0

T is negligible for
DRXed grains due to random orientations that
easily activate the basal slip system. rHP in non-
DRXed grains also has a minor influence because of
their coarse grain size, especially in the extrusion
direction (several hundred times more than the size
of DRXed grains). Therefore, Eq. 2 can be simplified
into:

r0:2 ¼ f LPSOrLPSO þ fDRXed r0 þ rHPð ÞrDRXed

þ fNon�DRXed r0 þ rTð ÞrNon�DRXed ð3Þ

The contribution of the LPSO phase was deter-
mined from reference.17 Values of r0 and rHP were
achieved from,28 using r0 = 49 MPa and kHP = 188
MPa lm�1/2. Using the average grain size of DRXed
grains, DDRXed, obtained from Fig. 5, together with
the recrystallized volume fractions areas, fDRXed, the
contributions to the yield stress from the fine-
grained DRXed a-Mg grains can be calculated.
Comparison of the experimental yield stress with
the strengthening contributions of the LPSO phase
and the DRXed grains finally allows the determi-
nation of the texture contribution due to non-DRXed
a-Mg grains. Figure 12 shows the contributions to
the yield stress of the LPSO phase and the non-
DRXed and DRXed areas of the Mg matrix as a
function of the volume fraction of the LPSO phase
for the three extrusion strains. In all cases, the
contribution of the LPSO phase is greater in
compression than in tension, and differences grow
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with the volume fraction of the LPSO phase. The
contribution of the DRXed grains, according to the
Hall–Petch equation, is the same for tension and
compression. The refinement of the DRXed grains is
the main contribution for the increase in the
mechanical strength of these alloys. The increase
in the extrusion strain continuously increases this
contribution, especially for the alloy with the higher
volume fraction of the LPSO phase, since it pro-
motes the increase in the DRXed Mg areas.

The contribution of coarse non-DRXed a-Mg
grains to the mechanical strength of these alloys,
due to their crystallographic texture, depends on
the deformation mode. These grains exhibit an
elastic behavior during tensile tests, but they yield
by the activation of tensile twinning during com-
pression tests. In situ experiments confirmed such
behavior (Figs. 10 and 11). Therefore, this contri-
bution is completely different, depending on both
kinds of mechanical tests. At processing strain of eT
= 1.4, the strengthening effect of the coarse grains
in tension is higher (around 100 MPa) than in
compression. On the other hand, at the processing
strain of eT = 2.9, the strengthening contribution in
both tension and compression is similar.

Also, the deformation of these alloys is the sum of
the separate deformation of each kind of a-Mg
grains: recrystallized and non-recrystallized.
DRXed grains deform by the activation of the basal
slip system, independently of the deformation mode
and the volume fraction of the LPSO phase. How-
ever, the elastic–plastic behavior of coarse non-
DRXed grains depends on the deformation mode.
On the one hand, under tension, non-DRXed grains
deform almost elastically, and bear an additional
load transferred by the DRXed grains. In order to
accommodate the macroscopic strain of the DRXed
grains, a non-basal slip system has been reported.29

On the other hand, under compression, these grains

deform by the activation of tensile twinning. There-
fore, when the volume fraction of highly textured
non-DRXed grains is higher than the recrystallized
areas, the alloy is stronger in tension than in
compression (normal tension–compression asymme-
try). However, when the volume fraction of the
DRXed grains is higher than the non-recrystallized
areas, the macroscopic strain is controlled by basal
slip in the DRXed grains, and the alloy is stronger in
compression than in tension because the LPSO
phase controls this behavior.

CONCLUSION

The mechanical response in tension and compres-
sion, as well as the sign of tension–compression
asymmetry, has been studied in Mg-Y2x-Znx alloys
as a function of the extrusion strain and volume
fraction of the LPSO phase. Synchrotron diffraction
experiments have been carried out during in situ
mechanical tests to understand the deformation
mode of the different constituents of the microstruc-
ture. The following conclusions can be drawn:

1. The microstructure of as-cast alloys consists of
magnesium dendrites and the LPSO phase
located in the inter-dendritic space. The volume
fraction of the LPSO phase increases as the
yttrium and zinc contents increase.

2. After extrusion at 350�C, the LPSO phase
elongates along the extrusion direction and the
magnesium matrix is partially recrystallized,
showing areas of DRXed and non-DRXed grains.

3. A complete variety of microstructures can be
obtained for the alloys containing different
volume fractions of the LPSO phase by varying
the extrusion strain.

4. The volume fraction of the DRXed grains grows
with the increase in the volume fraction of the
LPSO phase and the processing strain.

Fig. 12. The strengthening contributions, in both tension and compression, due to the different microstructural parameters for the three extruded
alloys.
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5. Through in situ diffraction experiments, it has
been possible to learn the individual elastic–
plastic behavior of non-DRXed and DRXed a-Mg
grains, their contribution to the macroscopic
deformation, and the tension–compression
asymmetry in these alloys.

6. The tension–compression asymmetry in Mg-
LPSO alloys with a low volume fraction of the
LPSO phase is similar to that of classical
extruded magnesium alloys when the volume
fraction of non-DRXed highly oriented grains is
much larger than that of DRXed grains. Under
tension, non-DRXed grains favor the increase of
the yield stress with respect to compression,
since they behave as an elastic reinforcement.
Under compression, they are easily deformed by
twinning.

7. In those alloys with a high volume fraction of
the LPSO phase or processed at a high extrusion
ratio, the tension–compression asymmetry is
inverted, since DRXed grains control the onset
of plasticity by activating basal slip.
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