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The evolution of the internal strains during in situ tension and compression tests has been
measured in an MgY2Zn1 alloy containing long-period stacking ordered (LPSO) phase using
neutron diffraction. The alloy was extruded at two different temperatures to study the influence
of the microstructure and texture of the magnesium and the LPSO phases on the deformation
mechanisms. The alloy extruded at 623 K (350 °C) exhibits a strong fiber texture with the basal
plane parallel to the extrusion direction due to the presence of areas of coarse non-recrystallised
grains. However, at 723 K (450 °C), the magnesium phase is fully recrystallised with grains
randomly oriented. On the other hand, at the two extrusion temperatures, the LPSO phase
orients their basal plane parallel to the extrusion direction. Yield stress is always slightly higher
in compression than in tension. Independently on the stress sign and the extrusion temperature,
the beginning of plasticity is controlled by the activation of the basal slip system in the dynamic
recrystallized grains. Therefore, the elongated fiber-shaped LPSO phase which behaves as the
reinforcement in a metal matrix composite is responsible for this tension–compression asym-
metry.
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I. INTRODUCTION

EXTRUDED Mg-Y-Zn alloys containing long-
period stacking ordered (LPSO) phases combine at
low density with high mechanical strength at room
temperature and good creep resistance at intermediate
temperatures.[1–6] The LPSO phase is a long-range
stacking of basal planes with periodic enrichment of
zinc and yttrium with a chemical order.[7,8] The
microstructure of extruded LPSO-containing alloys
and, therefore, their mechanical properties can be
tailored by varying extrusion parameters, i.e., extrusion
temperature, extrusion rate, and extrusion ratio.[9] High
mechanical strength (near 350 MPa) with appreciable
ductility can be achieved decreasing the extrusion
temperature up to 623 K (350 °C).[2] At this extrusion
temperature, the alloy exhibits a microstructure consist-
ing of a mixture of finely equiaxed and randomly
oriented recrystallised α-Mg grains (DRXed grains),
coarse-elongated non-DRXed α-Mg grains highly ori-
ented with the basal plane parallel to the extrusion
direction, and fiber-shaped LPSO phase elongated along

the extrusion direction also oriented with the basal plane
parallel to the extrusion direction.
The contribution of each phase to the global mechan-

ical behavior of the alloy is complex and depends on
their volume fractions and the deformation mode,
tension, or compression. DRXed fine magnesium grains
contribute to ductility improvement because their ran-
dom orientation favors the activation of the basal slip
system. Moreover, they increase the mechanical strength
of the alloy as the grain size is refined.[10,11] Yamasaki
et al.[2] proposed that non-DRXed α-Mg grains con-
tribute to the mechanical strength of the alloy in tension
since their orientation inhibited the activation of basal
slip system. However, it has been reported that under
compression they can easily deform plastically due to
the activation of the tensile h10�1�1if10�12g twinning
system.[12] The LPSO phase behaves as a reinforcement
in metal matrix composites and reinforces the magne-
sium matrix due to their higher Young modulus.[10,13–15]

Moreover, the strong texture built up during the
extrusion process inhibits the activation of basal slip
system during tensile or compressive testing. Under
compression along the extrusion axis, the LPSO phase
can deform by the activation of a kinking process.[16,17]

It has been reported that the extruded LPSO phase
exhibits a higher yield stress in compression than in
tension[17] this asymmetry being opposite to that
observed in magnesium and magnesium alloys.[18]

Therefore, the “multicomponent” microstructure of
LPSO-containing alloys will exhibit complex mechanical
behavior. These alloys show a tension–compression
asymmetry whose magnitude and sign depend on the
volume fraction of LPSO phase as well as of deformed
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and DRX grains.[19] Alloys with low volume fraction of
LPSO phase (<10 vol pct), with a high volume fraction
of non-DRXed grains, show the typical behavior of
extruded magnesium alloys where yield stress in tension
is higher than in compression. This effect is, however,
reversed as the volume fraction of the LPSO phase
increases.[19] Randomly oriented DRXed grains control
the beginning of plasticity due to the activation of the
basal slip system. Therefore, they have the same plastic
behavior under tension or compression and, then, the
tension–compression asymmetry of Mg-Y-Zn alloys
should be only controlled by the yield stress of the
LPSO phase which is higher in a uniaxial compression
test. This behavior should be independent on the crystal
texture of the magnesium phase provided that the
beginning of the plasticity is controlled by randomly
oriented DRXed grains. This paper examines in detail
this assumption using neutron diffraction during in situ
tension and compression experiments. The Mg97Y2Zn1
(at. pct) alloys with almost 20 vol pct volume fraction of
LPSO phase are extruded at two temperatures, 623 K
and 723 K (350 °C and 450 °C), to obtain two different
microstructures and crystallographic textures in the
magnesium matrix.

II. EXPERIMENTAL PROCEDURE

The material studied has a composition of
Mg97Y2Zn1 (at. pct) and was prepared by melting in
an electric furnace using high purity Mg and Zn
elements and Mg-Y master alloy. Ingots were cast into
a steel mold of diameter 42 mm and then extruded to
10 mm diameter bar (extrusion ratio 18:1) at 623 K and
723 K (350 °C and 450 °C). The extrusion pressure is
reduced from around 1800 to 900 MPa due to the
increase in the extrusion temperature.

Microstructural characterization of the alloys was
carried out by scanning electron microscopy (SEM).
Samples were prepared by mechanical polishing and
finishing with an etching solution of 5 ml acetic acid,
20 ml water, and 25 ml picric acid in methanol.
Quantitative image analysis was carried out to calculate
the average grain size of the magnesium matrix after
extrusion using the software Sigma Scan Pro. Further-
more, Orientation Image Maps were done by Electron
Backscattered Diffraction (EBSD) technique coupled to
a JEOL JSM 6500F. High-angle boundaries >10 deg
and low-angle boundaries >2 deg are represented by
black and white lines, respectively. Samples for EBSD
experiments required a very carefully metallographical
preparation because of the high reactivity of Mg. Thus
the specimens were ground with 320, 600, 1200, and
2000 grit SiC paper, polished with a solution of colloidal
silica in ethanol, and finally chemically etched with a
cooled solution of 10 ml HNO3, 30 ml acetic acid, 40 ml
H2O, and 120 ml ethanol.

The macroscopic texture of the magnesium phase was
measured using neutron diffraction in the as-extruded
state as well as after tension and compression deforma-
tion. Five complete pole figures were measured at
STRESS-SPEC beamline located at FRM II (Garching,

Germany) with a wavelength of 1.74 Å from Ge (311)
monochromator using the robot system.[20] The refer-
ence system was always selected with the Z axis parallel
to the extrusion direction. The microscopic texture was
also evaluated in the magnesium phase using EBSD. In
this case, the reference system was selected with the X
axis parallel to the extrusion direction. The texture of
the LPSO phase was measured using synchrotron
radiation diffraction at the P07—HEMS beamline of
PETRA III, at the Deutsches Elektronen-Synchrotron
(DESY). The main advantage of using synchrotron
radiation instead of X-ray is to avoid the peak overlap-
ping of magnesium and LPSO crystal structures that
occurs for diffraction angles of “laboratory” X-rays.
HEMS beamline allows reaching low diffraction angles
avoiding this problem. The diffraction patterns consist-
ing in Debye–Scherrer rings were recorded using an
exposure time of 1 second by a PerkinElmer XRD 1622
flat-panel detector with an array of 20482 pixel, with an
effective pixel size of 2009200 µm2. The beam energy
was 100 keV, corresponding to a wavelength of
0.0124 nm. LaB6 powders were used as a reference to
calibrate the acquired diffraction spectra. The detector-
to-sample distance was set to 1650 mm. Table I resumes
the samples and set-up parameters in diffraction exper-
iments.
The mechanical properties of the Mg97Y2Zn1 alloy

extruded at both temperatures, 623 K and 723 K (350 °C
and 450 °C), were evaluated by conventional tension
and compression tests as well as by in situ tension and
compression tests in the beamline ENGIN-X along the
extrusion direction.
In the first case, tests were carried out using an Instron

universal testing machine at a constant strain rate of
10−4 s−1. Cylindrical samples of diameter 3 mm and gage
length 10 were used for tensile tests and cylinders of
diameter 5 mm and high 10 mm for compression tests.
The in situ tensile and compressive tests were carried

out in the beamline ENGIN-X at the ISIS spallation
source.[21] ENGIN-X beamline is equipped with a
universal Instron loading frame with its loading axis
oriented at 45 deg to the incident neutron beam. Two
detector banks placed at ±90 deg to the incident beam
register the time-of-flight (TOF) neutron diffraction
patterns in the axial and radial direction with respect to
the loading direction simultaneously. The TOF diffrac-
tion patterns were collected upon step-wise loading in
the elastic regime and in step-wise straining in the plastic
regime. It is important to point out that a plastic
relaxation take places during the acquisition time in the
plastic regime. Each reflection of the diffraction pattern
is inherently associated with a subset of similarly
oriented grains and reflects the average behavior of the
particular subset of grains within the gage volume.
The cylindrical test specimens for tension (diame-

ter = 5 mm, l0 = 40 mm) and compression (diame-
ter = 10 mm, l0 = 20 mm) were machined from the as-
extruded bar in the extrusion direction. The strain during
tensile and compressive tests was measured using an
extensometer located in the tensile or compressive samples.
The collected diffraction patterns were analyzed by a

single-peak fitting routine using a pseudo-Voigt function
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convoluted with two back-to-back exponentials. The
elastic strain for each orientation can be calculated by
the shift on the position of each diffraction peak

ehkl ¼ dhkl � d0;hkl
d0;hkl

; ½1�

where d0,hkl is the lattice spacing of the stress-free value.

III. RESULTS

Figures 1(a) and (b) show the backscattered electron
images of the as-extruded MgY2Zn1 alloy consisting of a
magnesium matrix (darker) and the LPSO phase
(brighter) elongated along the extrusion direction. The
volume fraction of LPSO has been calculated previously
with a value of 19 pct.[11] The Orientation Image
Mapping (OIM) of Figures 1(c) and (d) indicates that
during the extrusion process, a dynamic recrystallization
(DRX) process of the magnesium matrix takes place.
The grain structure in the alloy extruded at 623 K
(350 °C) showed zones of fine grains fully recrystallised
with a grain size of 0.9 µm and zones of coarse and
elongated grains with a volume fraction of 57 and
24 pct, respectively.[11] On the other hand, the magne-
sium phase is fully recrystallised in the alloy extruded at
723 K (450 °C) with a grain size of 15 µm.

Figures 2(a), (b), (d), and (e) show the f10�10g and
f0002g pole figures for the Mg97Y2Zn1 alloy extruded
at the two extruded temperatures. The alloy extruded
at 623 K (350 °C) shows an intense fiber texture with

the basal plane parallel to the extrusion direction. This
texture decreases for the extrusion temperature of
723 K (450 °C) showing a more random texture.
Figures 2(c) and (f) show the (0002) pole figures ob-
tained from EBSD images of Figures 1(c) and (d). The
(0002) pole figure in the alloy extruded at 623 K
(350 °C) shows that while the non-DRXed grains are
highly oriented with the basal plane oriented parallel to
the extrusion direction (see black circle in Figure 2(c)),
the DRXed grains are randomly oriented. On the other
hand, the (0002) pole figure in the alloy extruded at
723 K (450 °C) shows that grains of Figure 1(d) are
randomly oriented in agreement with macro-texture.
Figure 3 shows the Debye–Scherrer rings obtained for

the Mg97Y2Zn1 alloy extruded at 323 K and 723 K
(350 °C and 450 °C). The intensity of magnesium rings
for the alloy extruded at 723 K (450 °C) is more
homogenous as a function of the azimuthal angle due to
its weaker texture. The inner ring which corresponds to
the (0003) reflection of the 18R structure[22,23] reveals
that the LPSO phase in both extrusion temperatures is
oriented parallel to the extrusion direction, i.e., the
maximum is observed for 90 and 270 deg (see white
arrows). However, in the case of the alloy extruded at
623 K (350 °C) LPSO phase is more highly oriented than
in the alloy extruded at 723 K (450 °C) where intensity is
spread toward axial direction.
Figure 4 shows the tension and compression curves

for the Mg97Y2Zn1 alloy extruded at 623 K and 723 K
(350 °C and 450 °C). The mechanical strength of the
alloy extruded at 623 K (350 °C) is higher (almost the
double) compared to the alloy extruded at lower

Table I. Overview of Samples and Set-Up Parameters in Diffraction Experiments

Geometry and
Dimensions of Samples Technique and Characterization Source and Parameters

Cylinders
Diameter: 5 mm
Length = 10 mm

texture Mg (Z axis parallel to the
extrusion direction)
neutron diffraction:

STRESS-SPEC beamline (FRM II)
1.74 Å Ge-311 monochromator
pixel size 1.42
detector-to-sample 840 mm,
gage volume: coming beam size 15 mm, second
slit open
chi: 6 tilts (7.5-22.5-37.5-52.5-67.5-82.5 deg)
phi: 0 to 360 deg continuous rotation, 2D imaged
obtained at each 20 s (phi’s ∼2.5 deg)
output grid 5 deg 9 5 deg

Cylinders
Diameter : 5 mm
Length: 10 mm

synchrotron diffraction
texture LPSO (axial direction
parallel to the extrusion axis)

P07—HEMS beamline (PETRA III-DESY)
PerkinElmer XRD 1622 flat-panel detector 20482

pixel2

effective pixel size of 2009200 µm2

100 keV (λ = 0.0124 nm)
detector-to-sample 1650 mm
gage volume: 5 9 1 9 1 mm3

Acq. time 1 s
(a) Tensile
Cylinder
Diameter: 5 mm.
Length: 40 mm.

(a) Compressive
Cylinder
Diameter : 10 mm
Length: 40 mm

neutron diffraction (TOF):
in situ compression/tension
evolution of internal strains of
Mg and LPSO phase

ENGIN-X beamline (ISIS) dimension slits:
tensile : 4 9 7 mm2

compressive: 10 9 7 mm2
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temperature for tension and compression. Ductility,
however, follows the opposite behavior.

The shape of the tension and compression curves is
quite different, especially for the alloy extruded at the
lowest temperature. While in tension, the curve shows
the typical elasto-plastic behavior with a moderate work
hardening after the elastic regime, the compression
curve shows three zones of stress–strain behavior (see
curve of Mg97Y2Zn1 alloy extruded at 62 K (350 °C)).
At the beginning, the alloy shows an elastic regime up to
a yield stress of around 376 MPa, after which the alloy
flows exhibiting a steady stress plateau up to strain of
around 3 pct. Finally, the stress increases rapidly up to
the sample fracture stress. This shape of the stress–strain
curve is explained because of the plastic deformation is
controlled by twinning.[24] The stress plateau after
yielding disappears in the alloy extruded at 723 K
(450 °C). At both extrusion temperatures, yield stress in
compression is higher than in tension and these differ-

ences are similar for both extrusion temperatures,
around 20 to 30 MPa.
In order to study the deformation mechanism in

MgY2Zn1 alloy, the evolution of internal strains has been
evaluated during in situ tension and compression tests for
both extrusion temperatures. Figures 5(a) and (b) show
the axial and radial diffraction patterns before tension or
compression tests of the MgY2Zn1 alloy extruded at
623 K and 723 K (350 °C and 450 °C), respectively.
Diffraction peaks can be distinguished corresponding to
the f10�10g, {0002}, f10�11g, f10�12g, and f11�20g from
magnesium phase and f4�2�28g and f4�2�210g from the
LPSO phase. Although the intensity of diffraction peaks
corresponding to the LPSO phase is small compared to
those obtained from the magnesium phase, it is impor-
tant to point out that these peaks can be fitted reliably.
The axial diffraction pattern is obtained from the

planes close to perpendicular to the tension/compression
axis (extrusion direction) and the radial diffraction

Fig. 1—Microstructure of the MgY2Zn1 alloy extruded at (a) 623 K (350 °C) and (b) 723 K (450 °C). Color key triangle, EBSD results showing
orientation image mapping (OIM) in the plane of ED-TD of the MgY2Zn1 alloy extruded at (c) 623 K (350 °C) and (d) 723 K (450 °C).
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pattern is obtained from planes parallel to the ten-
sion/compression axis. It is for this reason, and the
strong fiber texture with the basal plane parallel to the
extrusion direction in the alloy extruded at 623 K
(350 °C), that the axial pattern shows a strong diffrac-
tion peak of the f10�10g planes in contrast to the radial
pattern, where the (0002) diffraction peak is the most
intense peak. In the alloy extruded at 723 K (450 °C),
where the magnesium phase is fully recrystallised and
the texture was almost random (Figure 2), the axial and
the radial patterns show that the strongest diffraction
peak corresponds to f10�11g.

Figure 6(a) through (d) shows the evolution of the
elastic strain (obtained from the change of interplanar
spacings as indicated in Eq. [1]) as a function of the
applied stress in the axial and radial direction for
f10�10g, {0002}, f10�11g , and f11�20g diffraction peaks in
the case of the magnesium phase and for f4�2�28g and
f4�2�210g diffraction peaks in the case of the LPSO phase
during the tension and compression tests for the
MgY2Zn1 extruded at 623 K and 723 K (350 °C and
450 °C). The tensile and compressive curves obtained
during in situ experiments are also plotted at the same
scale indicating the macroscopic yield stress of the alloy.
The analysis will concentrate on the axial stress–strain
measurements, for which the strains are larger than

those measured from the radial diffraction data,
although to a large extent the two are simply invertedly
related in a Poisson-like relationship.

A. Alloys Extruded at 623 K (350 °C) with Bimodal Grain
Structure

In the elastic regime in both tension and compression
tests (Figure 6), the evolution of internal strains as a
function of the applied stress of all diffracted peaks in
the magnesium phase is linear and its slope, which
represents the Young´s Modulus, has similar values
between 47 and 49 GPa. Magnesium alloys are known
to be elastically isotropic and no differences of elastic
strains between different orientations have been ob-
served in the elastic regime[25] with a Young’s modulus
of 45 GPa.[26] Internal elastic strains in the LPSO phase
also evolve linearly but with different linear slopes
depending on each diffraction peak. Tane et al.[15] have
demonstrated using resonant ultrasound spectroscopy
that 18R structure is elastically anisotropic and the
Young’s modulus of the LPSO phase along c direction
was clearly higher than that along a direction.
Since the alloy is formed by two highly plastic

anisotropic phases, the evolution of internal strains in
the plastic regime is difficult to explain together for both

Fig. 2—f10�10g and (0002) pole figures obtained using neutron diffraction and (0002) pole figure obtained from EBSD of the of the MgY2Zn1
alloy. (a) through (c) extruded 623 K (350 °C) and (d) through (f) extruded at 723 K (450 °C). (a) and (b) are obtained from Ref. [19]. The
extrusion direction is normal to the measured surface of the sample for neutron diffraction and parallel to the X axis for EBSD.
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phases at the same time. Therefore, its evolution will be
detailed separately, starting from the LPSO phase. As it
was commented before, it was possible to fit it reliably
throughout all tensile and compressive tests, although
diffraction peaks of the LPSO phase were weak.
However, it is important to mention that errors asso-
ciated to elastic strains in the LPSO-diffracted peaks are
one order of magnitude higher than those obtained in
the magnesium phase.
In the tensile test, the LPSO phase seems to behave

elastically to the macroscopic tensile yield stress,
325 MPa. At this point, elastic strains continued with
the same slope than in the elastic regime (see f4�2�210g
diffraction peak) or increased to high tensile values (see
f4�2�28g diffraction peaks). This behavior suggests that
after macroscopic yielding of the alloy, the LPSO phase
supports a higher stress than the average applied stress
confirming its reinforcing role.[13]

Fig. 3—Synchrotron diffraction pattern recorded on the 2D flat-panel detector after diffraction by the Mg97Y2Zn1 alloy extruded at (a) 623 K
(350 °C) and (b) 723 K (450 °C) before compression. Diffraction ring corresponding to the (0003) plane of the 18R phase: (c) 623 K (350 °C)
and (d) 723 K (450 °C).

Fig. 4—Tensile (right side) and compressive (left side) curves for the
MgY2Zn1 alloy extruded at 623 K and 723 K (350 °C and 450 °C).
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In the compression test, the LPSO phase also behaves
elastically to the macroscopic compressive yield stress,
350 MPa. At this stress, just as in case of the tensile test,
elastic strains increased to high compressive values.
However, this increase disappears at 400 MPa, where
the elastic strains for the two LPSO diffraction peaks are
constant. This fact would imply that LPSO phase is
plastically deformed. It is expected that LPSO phase
oriented with the basal plane parallel to the extrusion
direction is deformed by kinking process.[16,17]

Figures 7(a) and (b) show the evolution of the elastic
strain (equal of Figure 6) as a function of the applied
stress in the axial direction only for f10�10g, {0002},
f10�11gand f11�20gdiffraction peaks of the magnesium
phase for tensile and compressive tests. During tensile
test, in the elastic regime shown in Figure 7(a), at
stresses below about 325 MPa, the evolution of internal
strains of all the diffracted peaks in the magnesium
phase is linear with applied stress. Above 325 MPa,
f10�11g-oriented planes (grains) parallel to the stress/
extrusion direction lose their elastic linearity. This
stress corresponds closely to the yield stress (at 0.2 pct
plastic strain). These grains are well oriented for
deformation on the basal slip system,[25] and it is likely
that macroscopic yielding occurs by the operation of
this system. It is expected that elastic strains were
constant when deformation is mainly controlled by
plasticity. However, elastic strains corresponding to
f10�11g diffracted peaks decreased to lower tensile
values from +6000 µstrains at 325 MPa to

+3000 µstrains at 425 MPa. Grains oriented with the
{0002} planes perpendicular to the tensile direction
(extrusion direction) continued showing elastic behav-
ior above macroscopic yield up to around 375 MPa. At
this point, elastic strains decreased to lower tensile
values from +7000 µstrains to +5500 µstrains. Dif-
ferent to all the other planes, grains oriented with the
f10�10g and f11�20g planes perpendicular to the tensile
tests and related with the coarse-deformed grains show
only elastic behavior in the full stress range up to the
sample fracture. Grains with these orientations cannot
plastically deform by the activation of the basal slip
since Schmid factor is 0 under a stress along the
extrusion direction. Moreover, the tensile stress along
the extrusion direction induces a contraction of the c-
axis in these grains avoiding the activation of tensile
twinning.
Compared to the tensile behavior, the evolution of the

elastic strains of the f10�10g, {0002}, f10�11g; f10�12g,
and f11�20g in compression is more complex. Before the
stress plateau is reached, at a stress near 400 MPa
(Figure 6(b)), lower than the macroscopic yield stress,
the different magnesium diffraction peaks lose elastic
linearity at different applied stresses, see Figure 7(b).
First, grains with (0002) planes perpendicular to the

compression test (extrusion direction) exhibit a
microyielding at an applied stress near 300 MPa which
is considerably smaller than macroscopic yield stress at
room temperature (350 MPa). The Schmid factor for the
activation of basal slip in grains with this orientation is

Fig. 5—Axial and radial diffraction patterns as a function of d of the extruded MgY2Zn1 alloy extruded at (a) 623 K (350 °C) and (b) 723 K
(450 °C).
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zero (with the stress applied along c directions) and
tension h10�1�1if10�12g twinning cannot also be activated
since compression generates a contraction of the c-axis
in these grains. Recently, Garces et al.[12] have demon-
strated that the microyielding observed in grains ori-
ented with the basal plane perpendicular to the
compression tests is an “artifact” caused due to the
activation of tensile twining in the coarse-deformed
grains oriented with the basal plane parallel to the
extrusion direction. Before twinning, (0002) planes in
coarse-deformed grains are under elastic tension. Dur-

ing twining, the (0002) planes within twins rotate 86 deg
with respect to their initial orientation and are located
perpendicular to the compression direction contributing
to the (0002) diffraction peak in the axial direc-
tion.[25,27,28] These twins are surrounded by an elasto–
plastic matrix which required a certain time to relax the
tensile stress before going to compression stress. There-
fore, the (0002) diffracted peak have two contributions:
(i) the diffracted peak coming from DRXed grains that
are moving towards higher compression strain and (ii)
the diffracted peak of twins in the coarse-deformed
grains that are under tension. Until a compressive stress
state prevails in twins generated during compression,
which takes place at 400 MPa, the internal strains of
(0002) planes in the axial direction decrease their values.
At this moment, the internal strains of the (0002) planes
increase rapidly because twins can deform neither by
dislocation slip in the basal system nor by twinning in
the h10�1�1if10�12g tension system.
Figures 8(a) and (b) show the evolution of the

integrated intensity in logarithmic scale for f10�10g,
{0002}, f10�11g; f10�12g, and f11�20g diffracted peaks of
the magnesium phase and the f4�2�28g diffracted peaks of
LPSO phase during in situ tensile and compressive tests.
While in the tension test intensity of all diffracted peaks
are constant, in compression the intensity of the (0002)
peak increases slightly in the microyield region (from
about 300 to 400 MPa) and then increases rapidly above
400 MPa, corresponding to the stress plateau in the
compression curve. At the same time, in contrast, the
intensity of the f10�10g peaks decreases steadily. This
is in agreement with the f10�10g and {0002} pole
figures measured after the tensile and compressive test
using neutron diffraction (Figure 9). In tension, there is
no significant change compared with those obtained in
the as-extruded material (Figure 9(a)). However, after
uniaxial compression the crystal lattice rotate since the
maximum of the f10�10g and {0002} pole figures are
observed near θ = 90 and 0 deg, respectively (Figure 9
(c)).
At 350 MPa (below the stress plateau), the f10�11g-

oriented grains parallel to the stress/extrusion direction
lose their elastic linearity. This stress corresponds closely
to the macroscopic yield stress in compression (at 0.2 pct
plastic strain). These grains are well oriented for
deformation on the basal slip system,[25] and therefore
macroscopic yielding occurs by the operation of this
system in DRXed grains.[12] As compression takes the
overall stress level into the plateau regime, the internal
strains of the f10�10g-oriented planes (grains) parallel to
the stress/extrusion direction evolve strongly decreasing
from −7000 µstrains at 325 MPa to −4500 µstrains at
425 MPa. At this stress (400 MPa), the integrated
intensities of the f10�10g and (0002) diffraction peaks
change significantly and it appears that extensive twin-
ning continues. The internal strains of (0002) and
f10�10g planes increase rapidly, especially for the
(0002) plane which shows a (macroscopic) stress–strain
(internal) slope much lower than during the elastic
regime. Above 425 MPa, internal strains of f10�11g-
oriented grains remain constant.

Fig. 6—Axial and radial internal strains as a function of the applied
stress during in situ (a) and (c) tension and (b) and (d) compression
tests at room temperature of the Mg97Y2Zn1 alloy. Macroscopic
stress–strain curve is also plotted in the same scale. Open and solid
symbols correspond to the magnesium and LPSO phases, respec-
tively.
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Finally, the f11�20g planes and non-twinned areas of
f10�10g planes show only elastic behavior up to stress
levels above this yield stress since basal slip is more
difficult.

B. Alloys Extruded at 723 K (450 °C) with a Fully
Recrystallised Grain Structure

The evolution of internal strains in the alloy extruded
at 723 K (450 °C) in the elastic regime as a function of
the applied stress of all diffracted peaks in the magne-
sium phase is also linear and its slope is similar in both
tension and compression tests (Figures 6(c) and (d)).
The Young’s modulus calculated from the slope between
the stress and internal strains in the elastic regime has
values between 44 and 46 GPa.
As in the case of the alloy extruded at 623 K (350 °C),

the evolution of internal strain for the LPSO phase will
be described first. In the tensile test, the LPSO phase
seems to behave elastically to 150 MPa. Above this
stress, the slope of the elastic strains as a function of the
applied stress decreases. This means that the stress
required to reach a certain elastic strains is less than that
in the elastic zone. Therefore, since the yield stress in
tension of the extruded LPSO is reported to be around
400 MPa,[17] the LPSO phase is assuming an additional

Fig. 7—Axial internal strains as a function of the applied stress during in situ (a) and (c) tension and (b) and (d) compression tests at room tem-
perature of the Mg97Y2Zn1 alloy for the magnesium diffraction peaks. Macroscopic stress–strain curve is also plotted in the same scale.

Fig. 8—Evolution of the integrated intensity of the f10�10g, {0002},
f10�11g, and f11�20g diffraction peaks corresponding to magnesium
phase and the f4�2�28g diffraction peak of the LPSO phase during
tension and compression tests of the MgY2Zn1 alloy extruded at (a)
and (c) 623 K (350 °C) and (b) and (d) 723 K (450 °C).
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load transferred by the magnesium matrix. In the
compression test, the elastic strains in the LPSO phase
also follow a similar behavior than in tension up to
250 MPa. At this stress, the elastic strains remain
constant which it can be related with its yielding,
probably by a kinking process.

Figures 7(c) and (d) show, separately, the evolution of
the elastic strain as a function of the applied stress only
in the axial direction the diffraction peaks of the
magnesium phase for tensile and compressive tests.
For the alloy extruded at 723 K (450 °C), this behavior
is much more similar for tension and compression.
Equal to the alloy extruded at 623 K (350 °C), in the
elastic regime shown in Figure 7(a), at stresses below
about 150 MPa, the evolution of internal strains of all
the diffracted peaks in the magnesium phase is linear
with applied stress. Above 150 MPa, f10�11g-oriented
planes (grains) parallel to the stress/extrusion direction
lose their elastic linearity. This stress corresponds closely
to the yield stress (at 0.2 pct plastic strain). These grains
are well oriented for plastic deformation on the basal
slip system, and it is probably that macroscopic yielding
occurs by the operation of this system which has the
lower critically resolved shear stress.

Grains oriented with the {0002} planes perpendicular
to the tensile direction (extrusion direction) continued
showing elastic behavior above macroscopic yield up to
around 200 MPa. At this point, in the tension test,
elastic strains decreased to lower tensile values from
+4000 µstrains to +3000 µstrains and remains con-
stant. The Schmid factor for the activation of basal slip
in these grains is zero. Therefore, the loss of linearity
should be related with other types of slip or twinning
systems. At this stress, the intensity of the {0002}
diffraction peak (Figure 8(c)) decreases accompanied by
the increase in the intensity of the f10�10g diffraction
peak. This exchange of intensity between f10�10g and
{0002} diffraction peaks is connected with the tensile
twinning. These grains are well oriented for the activa-
tion of the twinning system since tension along the
extrusion direction induces an elongation of the c-axis in
these grains.
On the other hand, in compression at around 200MPa,

the elastic strains corresponding to the {0002} diffraction
peak also lose their linearity and they are constant up to
around250MPa.Then, they decrease continuouslywith a
linear slope as in the alloy extruded at 623K (350 °C). The
intensity of the {0002} diffraction peak increases while the

Fig. 9—Pole figure of (a) through (d) f10�10g and (e) through (h) {0002} peaks in the extrusion condition and after tension and compression
tests. (a), (c), (e), and (g) are obtained from Ref. [19].

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 48A, NOVEMBER 2017—5341



intensity of the f10�10g diffraction peak decreases
(Figure 8(d)), similar to the behavior of the alloy extruded
at 623 K (350 °C) (Figure 8(b)). However, the intensity of
the {0002} diffraction peak after compression is higher
than the alloy extruded at 623K (350 °C) due to its higher
texture in the as-extruded condition.

Different to all the other planes, grains oriented with
the f10�10g planes perpendicular to the tensile or
compression tests show only elastic behavior in the full
stress range up to the sample fracture. As it was
commented previously, in the alloy extruded at 623 K
(350 °C), these are orientations for which both basal
slips are more difficult.

IV. DISCUSSION

The increase of the extrusion temperature favors the
complete recrystallization process in the magnesium
MgY2Zn1 alloy. However, compared to other magne-
sium alloys that exhibit a strong fiber texture with the
basal plane parallel to the extrusion direction, the
DRXed grains in MgY2Zn1 alloy extruded at 723 K
(450 °C) present a random texture. The recrystallization
process in the Mg-Y-Zn alloys containing LPSO is
controlled by a Particle Stimulated Nucleation process
(PSN).[14] This process, typical in metal matrix compos-
ite, tends to develop a random texture in the matrix
since grains nucleate around the particle where the
stored plastic strain energy is higher.[29]

The randomization ofmagnesium grains tends tomake
the tension–compression asymmetry disappear in mag-
nesium alloys because there are always grains appropri-
ately oriented for the activationof the basal slip system.[30]

In both cases, in situ diffraction experiments have demon-
strated that the beginning of plasticity is always con-
trolled by the activation of the basal slip system in random
DRX grains. This can explain the low tension/compres-
sion ratio in both cases (near 0.9). Moreover, it is possible
to estimate the increase in the yield stress of the alloy due
to the refinement of the grains size given by theHall–Petch
relationship, σHP = kHPDDRX

−1/2 . Using a slope vale
kHP = 188 MPa µm−1/2 calculated by Hagihara et al.[10]

in a similar alloy, the increment of stress is 150 MPa,
which is in good agreement with the experimental values
(Figure 4). However, the activation of the basal slip does
not explain the tension–compression asymmetry ob-
served in both extrusion temperatures because it is
independent of the stress sign.

It has been observed that the LPSO phase is highly
deformed and oriented with the basal plane parallel to
the extrusion direction for both extrusion temperatures.
Plasticity in the 18R is controlled by the activation of the
basal slip system with a CRSS of 10 MPa.[16] However,
this slip system is inhibited under tension or compression
along a direction parallel to the basal plane, which is the
case of this study. Under this stress, non-basal slip or
kinking at higher stresses has been reported.[16] This
strong texture results in a tension–compression asym-
metry in the LPSO phase. The yield stress is higher in
compression than in tension. Garces et al.[19] have
estimated an increment of around 11 MPa between

compression and tension with a 19 pct of volume fraction
of LPSO which is slightly lower of the experimental
values observed in Figure 4 (25 MPa). Therefore, the
reinforcement contribution of the LPSO is underesti-
mated. The evolution of the internal strains in the LPSO
demonstrated that it bears an additional load transferred
by the magnesium matrix especially from the alloy yield
stress until the LPSO phase starts to deform plastically.
Although plasticity inMgY2Zn1 alloy is initiated by the

activation of the basal slip system, in compression the
plastic deformation is controlled by the h10�1�1if10�12g
tensile twinning, particularly in the alloy extruded at 623K
(350 °C). This is supported by the change in the crystal-
lographic texture that intensifies the diffraction peak
corresponding to the basal plane (see Figures 8 and 9).
In the alloy extruded at 623 K (350 °C), twinning begins
before the macroscopic yield stress in the non-DRXed
grains. These grains are highly oriented with the basal
plane parallel to the extrusion direction and yield at
300 MPa. In the alloy extruded at 723 K (450 °C), the
beginning of the activation of tensile twinning occurs after
the activation of basal slip system (200 MPa against
150 MPa, respectively). It is interesting to point out that
twinning has been observed also in tension in the alloy
extruded at 723K (450 °C). DRXedmagnesium grains are
randomly oriented and, therefore, there are grains oriented
with the basal plane perpendicular to the tensile axis which
favors the activation of the h10�1�1if10�12gtensile twinning.
The alloy extruded at 623 K (350 °C) does not show the
activation of twinning under tension along the extrusion
direction. Barnett et al.[24] have shown that the stress
required for twinning increases with decreasing grain size
more rapidly than stress required to activate slip. There-
fore, the activation of deformation slip modes would be
easier than twinning inDRXed grains in the alloy extruded
at 623 K (350 °C) due to its fine grain size (0.9 mm).

V. CONCLUSION

The influence of the extrusion temperature on the
tension–compression asymmetry has been studied in an
MgY2Zn1 alloy containing 19 pct of LPSO phase using
neutron diffraction experiment during in situ tension and
compression tests. The following conclusion can be drawn:

1. The texture of the alloy depends strongly on the
extrusion temperature. At the lowest extrusion tem-
perature, the recrystallization process is not com-
pleted and coarse areas of non-DRXed Mg grains,
highly oriented with the basal plane parallel to the
extrusion direction, are present. The DRXed Mg
grains in the alloy are randomly oriented regardless
of extrusion temperature. The LPSO phase, how-
ever, orients their basal plane parallel to the extru-
sion direction, at the two extrusion temperatures.

2. Independent of the stress sign and the extrusion
temperature, the beginning of plasticity in the alloy
is controlled by the activation of the basal slip sys-
tem in the DRXed magnesium grains. The finer
grain size in the alloy extruded at 623 K (350 °C)
leads to a higher yield stress value.
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3. Tensile twinning also takes place especially in com-
pression, orienting the basal plane perpendicular to
the compression axis. Tensile twinning occurs be-
fore macroscopic yield stress in the alloy extruded
at 623 K (350 °C) and after macroscopic yield stress
in the alloy extruded at 723 K (450 °C).

4. The tension–compression asymmetry presented in this
alloy, where yield stress is higher in compression than
in tension, is caused by the texture of the elongated
LPSO phase. The basal plane is parallel to the extru-
sion direction which inhibits the activation of the ba-
sal slip system that is its main deformation system.
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