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Abstract: A suitable heat treatment in the Mg97Gd2Zn1 (at.%) alloy in the as-cast condition results,
after extrusion at high temperature, in a two-phase lamellar microstructure consisting of magnesium
grains with thin lamellar shape precipitates and long fibers of the 14H-Long-Period Stacking Ordered
(LPSO) phase elongated in the extrusion direction. The magnesium matrix is not fully recrystallized
and highly oriented coarse non-dynamically recrystallized (non-DRXed) grains (17% volume fraction)
elongated along the extrusion direction remain in the material. The deformation mechanisms of
the extruded alloy have been studied measuring the evolution of the internal strains during in
situ tension and compression tests using synchrotron diffraction radiation. The data demonstrate
that the macroscopic yield stress is governed by the activation of the basal slip system in the ran-
domly oriented equiaxed dynamic recrystallized (DRXed) grains. Non-DRXed grains, due to their
strong texture, are favored oriented for the activation of tensile twinning. However, the presence of
lamellar-shape precipitates strongly delays the propagation of lenticular thin twins through these
highly oriented grains and they have no effect on the onset of the plastic deformation. Therefore,
the tension–compression asymmetry is low since the plasticity mechanism is independent of the
stress mode.

Keywords: magnesium alloys; mechanical properties; synchrotron radiation diffraction; long-period
stacking ordered structures

1. Introduction

Mg-Rare earth (RE)-Zn alloys containing Long-Period Stacking Ordered (LPSO) phases
exhibit high mechanical strength with substantial ductility [1–4]. Two types of these alloys
can be distinguished depending on the presence or absence of the LPSO-phase in the
as-cast condition. According to the RE elements added, these alloys can be referred to as
Type I and Type II. Type I corresponds to Mg-(Y, Dy, Ho, Er, Tm)-Zn alloys in which the
LPSO-phase is formed during the casting process [5–10]. In the case of Mg- (Gd, Tb,. . .)–Zn
alloys, referred to as Type II, the LPSO-phase does not appear in the as-cast condition
and a subsequent high-temperature thermal treatment is required to develop it [11–18].
After a solution treatment, a hardness peak can be reached by ageing the material at low
temperatures. Yamasaki et al. [13] reported, in the Mg97Gd2Zn1 (at.%) alloy, the formation
during isothermal ageing of stacking faults and lamellar 14H phase at intermediate and high
temperatures (300–500 ◦C), while intermetallic β′ (orthor, Mg7Gd [19]), β1 (fcc, Mg5Gd)
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and β (fcc, Mg5Gd) phases formed at low temperatures (~200 ◦C). On the other hand,
Nie et al. [14] reported that the peak aged condition in Mg98.6Gd1Zn0.4 (at.%) is caused
by the formation of lamellar γ′′ (ordered hexagonal structure, P6 2m) and γ′ (disordered
hexagonal structure, P3m1). Since lamellar-shape precipitates are located parallel to the
basal plane, these precipitates are considered to be ineffective obstacles to the motion of
<a> dislocations along the basal plane. Nevertheless, a significantly low activity of the
basal slip system in the Mg matrix in between LPSO lamellae, when interlamellar space
is below 20 nm, has been also reported [20]. The high concentration of solute atoms near
LPSO lamellae provides a strong solute strengthening effect. On the other hand, tensile
twinning is also an important deformation system in magnesium alloys, especially in
those alloys with intense texture. Lamellar-shape precipitates offer little resistance to the
tensile twinning deformation mode [16], although they are effective in temporally delaying
the coalescence twinning step [16,18,21]. Thus, microcracks can be initially nucleated
along the (LPSO-phase/lamellar γ′ phase)/α-Mg matrix interfaces, and a significant stress
dissipation is induced by mutual interactions between the tensile twinning and the kinking
of the lamellar γ′ phase, leading to an increase in fracture toughness KIc [22]. At high
temperatures, the presence of lamellar γ′ phase is an important obstacle to non-basal slip
systems and it creates nucleation sites for extremely fine DRXed grains [23,24].

The hexagonal close-packed lattice of magnesium, with a limited number of active
deformation systems, promotes the formation of a strong crystallographic texture when the
alloy is thermomechanically processed, inducing the tension–compression yield asymmetry
phenomenon. The mechanical asymmetry of magnesium alloys has been widely inves-
tigated, since it is an important factor limiting their industrial applications [25–29]. The
tension–compression asymmetry in magnesium alloys containing LPSO-phases depends
on the processing route and the microstructure [30]. Geng et al. [16] studied the influence
of lamellar-shape precipitates on the tension–compression asymmetry in an extruded Mg-
Gd-Zn alloy. Due to the weak texture generated during the full recrystallization process,
the alloy showed negligible yield stress asymmetry. Yang et al. [18] also reported negligible
yield stress asymmetry in a Mg97.3Gd2.1Zn0.6 alloy characterized by highly oriented non-
recrystallized grains with a high density of thin LPSO plates within the magnesium grains.
It is expected that lamellar-shape precipitates could enhance dynamic recrystallization,
minimizing the presence of non-DRXed grains. The study will be carried out through
the measurement of the internal strains obtained using synchrotron radiation diffraction
during in situ tensile and compressive tests.

2. Materials and Methods

Magnesium alloys with composition Mg97Gd2Zn1 (at.%) were cast using an Environ-
ment Conscious (ECO) process, with the addition of 0.3 wt.% of CaO. The cast billet was
thermally treated (TT condition) at 520 ◦C for 8 h while buried in MgO sand to minimize
alloy oxidation. The cooling of the billets was carried out inside the furnace at 10 ◦Cmin−1.
The billet was machined at a 41 mm diameter and then it was extruded at an extrusion
temperature of 350 ◦C, an extrusion rate of 0.5 mms−1 and an extrusion ratio of 18:1.

Microstructural characterization of the alloys was carried out by optical microscopy
(OM) and scanning and transmission electron microscopy (SEM (JEOL-JSM 6500F, JEOL-
JSM 6500F, JEOL, Tokyo, Japan and Hitachi S4800J, Hitachi High-Tech Corporation, Ibaraki,
Japan) and TEM (JEOL JEM 2010, JEOL, Tokyo, Japan), respectively). Samples for SEM
observation were prepared by mechanical polishing using colloidal silica. Samples were
analyzed at an operating voltage of 15 kV in both SEMs. Volume fractions of each alloy
constituent (LPSO phase, magnesium DRXed grains and magnesium non-DRXed grains)
were evaluated as follows. Firstly, the volume fraction of the LPSO phase was evaluated in
the polished sample using the Fiji Image J software 2.9.0 (LOCI, University of Wisconsin,
Madison, WI, USA) [31]. The backscattered SEM image clearly differentiates the LPSO
phase due to its higher gadolinium and zinc concentrations with respect to the magnesium
phase. The volume fractions of the DRXed and non-DRXed grains were evaluated in
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the extruded sample after etching using OM. In this condition, the LPSO-phase and non-
DRXed grains had similar aspects. Therefore, the volume fraction of DRXed grains was also
evaluated using again Fiji Image J software. The volume fraction of the non-DRXed grains
was balanced with the other two constituents. The grain size was measured by quantitative
image analysis.

TEM specimens of deformed samples were prepared by electrolytic polishing using a
reactive mixture of 5.3 g lithium chloride, 11.2 g magnesium perchlorate, 500 mL methanol
and 100 mL butoxy-ethanol at −50 ◦C and 50 V.

The crystallographic texture of the alloy was evaluated using the Electron Backscat-
tered Diffraction (EBSD) technique and the Rietveld analysis of the synchrotron diffraction
patterns. Specimens for EBSD measurements were finally etched using a solution of 7 mL
acetic acid, 3 mL nitric acid, 30 mL of ethanol and 10 mL of water. EBSD acquisition was car-
ried out in a direction perpendicular to the extrusion direction and the data were recorded
and analyzed using Channel 5 software (Oxford Instruments, Abingdon, Oxfordshire, UK).

Synchrotron radiation diffraction was carried out during in situ tension and com-
pression tests at the P07B-HEMS beamline of PETRA III, at the DeutschesElektronen-
Synchrotron (DESY) (Hamburg, Germany). Cylindrical samples of diameter 5 mm and
length 25 mm and cylinders of diameter 5 mm and length 10 mm were used in tension
and compression, respectively. In both cases samples were machined along the extrusion
direction and tested at a strain rate of 10−4 s−1 at room temperature. Samples were de-
formed in tension and compression in a tensile rig at an initial strain rate of 10−4 s−1. The
diffraction patterns were recorded using an exposure time of 0.5 s by a Perkin-Elmer XRD
1622 flat-panel detector (Perkin-Elmer, Waltham, MA, USA) with an array of 20.482 pixels,
and an effective pixel size of 200 × 200 µm2. The beam energy was 87 keV, corresponding to
a wavelength of 0.014 nm. LaB6 was used as a reference to calibrate the acquired diffraction
spectra. The detector-to-sample distance was set to 1637 mm.

Conventional line profiles were obtained by azimuthal integration of the Debye–
Scherrer rings. The synchrotron radiation beam was positioned at the center of the sample,
with the gauge volume defined approximately by the beam section (0.8 × 0.8 mm2) and
the cylinder diameter. The elastic strain for each orientation can be calculated by the shift
in the position of the diffraction peak:

εhkl =
dhkl − d0,hkl

d0,hkl
(1)

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

The macroscopic texture was evaluated by Rietveld texture analysis using MAUD
software (Luca Lutterotti, University of Trento, Italy) [32,33]. The 2D detector image is
converted to a set of diffraction patterns using the Image J plugin in the software (LOCI,
University of Wisconsin, WI, USA) [34,35], fitting the α-Mg (P63/mmc) and LPSO-14H
(P63/mmc) [36]. The best fit to the experimental data was achieved using the E-WIMV
algorithm with 5◦ resolution. This procedure was repeated within the compression test,
obtaining the evolution of the texture as a function of the compressive strain. From the
(0002) pole figure, the volume fraction of twins can be calculated following the procedure
reported by Agnew et al. [37], given by

ftw =
∫ φ≈57◦

φ=0
[I(φ)− I0] sinφ dφ (2)

where φ is the angle of tilt between the (0002) poles and the compression axis and I(φ) is
the intensity at that tilt angle φ.
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3. Results

The microstructure of the alloy in the as-cast condition, shown in Figure 1a, is char-
acterized by the coexistence of the magnesium matrix (grey phase) with the intermetallic
Mg3Gd phase (white phase) [13]. The magnesium phase around the intermetallic phase
shows a contrast provoked by an increase of the gadolinium solid solution in the magne-
sium phase. After thermal treatment, the microstructure changes drastically (Figure 1b).
On one hand, the Mg3Gd phase transforms into the LPSO-phase with composition Mg-
29%Gd-10%Zn-0.2%Ca (wt.%). On the other hand, the precipitation of fine lamellae inside
the Mg grains takes place (Figure 1c). The volume fraction of the LPSO phase is 17%. After
extrusion at 350 ◦C, coarse LPSO-phase is deformed and elongated along the extrusion
direction (Figure 1d).
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Figure 1. (a) Microstructure of the cast ECO-Mg97Gd2Zn1 alloy. (b) Microstructure of the cast ECO-
Mg97Gd2Zn1 alloy after the thermal treatment, showing the lamellar structure in the magnesium
phase. (c) Bright field image of the magnesium phase at the zone axis B = [1120]. (d) Microstructure
of the extruded ECO-Mg97Gd2Zn1 alloy along the extrusion direction (ED).

The grain structure after extrusion is shown in the orientation image maps (OIMs) of
Figure 2a,b. The material is not completely recrystallized and the microstructure exhibits
dynamic recrystallized (DRXed) grains with an average grain size of 1 µm (Figure 3) and
non-dynamic recrystallized (non-DRXed) grains elongated along the extrusion direction,
with a longer dimension of 300–400 µm. The volume fractions of fine DRXed and coarse
elongated non-DRXed grains are 64 and 19%, respectively. DRXed grains are randomly
oriented but the elongated, non-DRXed grains are highly oriented, with their basal plane
parallel to the extrusion direction (grain A in Figure 2a), as observed in the (0002) pole
figure of Figure 2c.
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Figure 2. (a) Orientation image maps (OIMs) along the extrusion direction of the extruded ECO-
Mg97Gd2Zn1 alloy. (b) Detail of fine DRXed grains. (c) {0002} pole figure corresponding to EBSD map
of (a). Red-orange intense accumulation in the radial direction comes from the non-DRXed grains
(grain A). (d) IPF color key.
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The macroscopic texture was also evaluated using Rietveld texture analysis of the
diffraction pattern obtained from the Debye–Scherrer diffracted rings. Figure 4 shows
the Debye–Scherrer rings obtained before tension or compression tests for the extruded
Mg97Gd2Zn1 alloy (Figure 4a), as well as a detail of the innermost ring, corresponding to
the (0002) diffracted ring of the 14H-LPSO phase. The intensity of each diffraction ring
changes along the azimuthal angle due to the crystallographic texture of the magnesium
and LPSO phases. Figure 4b shows the axial and radial diffraction pattern obtained from
the integration of Figure 4a. In this plot, the different intensity of each diffraction peak
corroborates the development of a crystallographic texture during the extrusion process. It
is important to point out the presence of a strong diffraction peak in the radial direction
at 0.45◦, corresponding to the 0002-diffraction peak of the 14H-LPSO phase. In the axial
direction, the most intense diffraction peak due to the magnesium phase corresponds to
the (1010) plane, which is perpendicular to the extrusion direction.
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Figure 4. (a) Synchrotron radiation diffraction pattern recorded on the 2D flat-panel detector before
the tension and compression tests. Detail of the innermost ring corresponding to the (0002) diffracted
ring of the 14H-LPSO phase. (b) Axial and radial diffracted pattern integrated from (a).

Rietveld fitting of diffraction patterns in the axial, 45◦ between axial/radial direction
and radial direction has been performed for the alloy in the as-extruded condition, assuming
the presence of α-Mg and 14H-LPSO-phase (see Figure 5a–c). The pole figures obtained
from the Rietveld texture analysis are presented in Figure 5d–f for the magnesium phase
({1010} and (0002) pole figures) and LPSO-phase ((00014) pole figure).

Figure 6a–e show the microstructure using TEM of the non-DRXed grains, DRXed
grains and short fibers of LPSO-phase, respectively. Non-DRXed grains (Figure 6a) are
highly deformed due to the accumulation of a high dislocation density. Even more, sub-
grains limited by low angle grain boundaries are observed within these grains (see white
arrow in Figure 6a). Within these grains, a lamellar structure is still observed, as found for
the TT condition. However, the thin γ lamellar precipitates, about 10–20 nm in thickness,
become coarser than those seen in the TT alloy (Figure 6b). In any case, thin precipitates
of several nm are still placed in the basal plane. These precipitates are coherent with the
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magnesium matrix and generate diffuse streaks along the [0002] direction in the SAED
pattern of Figure 6c.
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and (f) {00014} pole figure from the 14H-LPSO phase.

Figure 6d shows a bright field image of DRXed grains. Thin basal precipitates are
equally observed within these grains. When thin precipitates are tilted, a Moiré structure
(white arrow in Figure 6d) reveals that they are planar defects, I2 stacking faults, generated
by the formation of Shockley partial dislocations. It is important to point out that this
structure is not homogeneous over the entire grain.

Finally, Figure 6e–g show bright field images of the LPSO-phase and its corresponding
SAED pattern at the zone axis B = [1120]. As found in the non-DRXed grains, the LPSO-
phase is highly deformed. The thickness of the LPSO-phase fiber is around 1 µm. Inside



Metals 2024, 14, 530 8 of 15

the LPSO-phase, a fringe structure with a spacing of about 1.8 nm along the c direction at
the zone axis B = [1120] is measured, corroborating the formation of the 14H structure [38].
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Figure 6. (a) Bright field image of a non-DRXed grain at the zone axis B = [1120]. (b) Detail of
(a) corresponding to the 14H-LPSO lamellar structure and SAED pattern of the non-DRXed grain
shown at the zone axis B = [1120]. (c) Bright field image of the DRXed grains. (d) Bright field image of
the LPSO phase at the zone axis B = [1120]. (e) Detail of the LPSO phase shown in (d) with g = (0002).
(f) SAED pattern of the LPSO phase at the zone axis B = [1120]. The image is rotated 90◦ with respect
to (e).

Tensile and compressive curves obtained during the in situ experiments in the beam-
line for the extruded Mg97Gd2Zn1 alloy are shown in Figure 7. The beginnings of the
curves for both stress modes seem similar, at least until the point of 3% plastic strain. The
yield stress is around 300 MPa in both cases. In compression, the sample was deformed to
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the point of 10% plastic deformation. The curve exhibits a slightly sigmoidal or “S-type”
concave shape, indicative of {1012}<1011> extension twinning activation. In any case, it
was found that the material flows plastically at stresses slightly higher than those seen
under tensile loading.
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Figure 7. Tensile and compressive true stress–true strain curves for the extruded ECO-Mg97Gd2Zn1

alloy obtained during the in situ experiments in the beamline.

The evolution of the elastic strains obtained from Equation (1) corresponding to the
{1010}, {0002}, {1011}, {1012} and {1120} diffraction peaks for the magnesium phase and
{4226} diffraction peak for the 14H-LPSO are plotted in Figure 8 for tension and compression
tests, respectively. The tensile and compressive stress–strain curves obtained during the in
situ diffraction experiment are also plotted in Figure 8a,b in order to correlate the evolution
of the internal elastic strains and the macroscopic elasto-plastic behavior. The evolution of
internal strains in the axial and radial directions are complementary. Therefore, the result
described is focused on the internal strains in the axial direction due to their larger changes.
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Figure 8. (a) Tensile and (b) compressive macroscopic stress–strain curves of the ECO-Mg97Gd2Zn1

alloy obtained during the in situ experiments. Axial and radial internal strains as a function of
the applied stress during in situ (a) tension and (b) compression tests at room temperature. Evo-
lution of the integrated intensity of the {1010} and {0002} diffraction peaks during (a) tensile and
(b) compressive tests.
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In tension, the macroscopic yield stress, measured at 0.2% of the plastic deformation,
was around 292 MPa. Below this stress level, the evolution of the elastic strains for all
analyzed diffraction peaks of the magnesium phase as a function of the applied stress is
completely linear. Magnesium alloys are elastically isotropic and no differences in the
elastic strains for different orientations have been reported in the elastic regime [39]. The
slope of the elastic strains corresponding to the diffraction peak of the LPSO-phase evolves
in a similar way. The Young modulus of each family of grains was estimated through
the slope of the elastic strains in the elastic regime, resulting in a value of 43 GPa. Above
300 MPa, elastic strains of {1011} and {1012} planes perpendicular to the tensile axis deviate
from the straight line, decreasing the elastic internal strain from 6617 µ strains at 293 MPa
to 4584 µ strains and 3560 µ strains at 312 MPa, for {1011} and {1012} diffraction peaks,
respectively. After this stress was applied, the elastic strains were constant, which implies
that these grains deform plastically.

The decrease in the elastic strains of grains oriented with the {1011} and {1012} grains
perpendicular to the tensile axis is accompanied by an increase in the elastic strains for
the grains oriented with their prismatic {1010} planes perpendicular to the tensile axis and
for the 14H LPSO-phase. It is interesting to point out that elastic strain of the LPSO phase
increases faster (as a function of the applied stress) than the prismatic orientation.

The behavior of the elastic strains of grains oriented with their {1120} planes perpen-
dicular to the tensile axis is complex and presents three different stages. After yielding,
and up to 298 MPa, the elastic strain increases, following a behavior similar to that of the
elastic strains for the {1010} diffraction peak. Then, the elastic strain decreases following a
behavior similar to that of the elastic strains of {1011} and {1012} diffraction peaks, from
7170 µ strains at 298 MPa to 6359 µ strain at 312 MPa. Then, elastic strain remains almost
constant, which implies that grains oriented with {1120} planes perpendicular to the tensile
axis deform plastically. Finally, the {0002} diffraction peak cannot be accurately fitted in the
plastic regime because of its low intensity, as observed in Figure 8a.

In compression, the macroscopic yield stress was around 302 MPa. Below this level of
stress, the evolution of the elastic strains as a function of the applied stress exhibits a linear
elastic behavior, as found in tension tests. The slope is identical for all analyzed diffraction
peaks for the magnesium phase, with a Young modulus of 47 GPa.

After yielding at 300 MPa, a value equal to that for the tensile test, the elastic strain
of the {1011} and {1012} planes perpendicular to the compression axis deviate from the
straight line, decreasing (in absolute values) the elastic internal strain from 6620 µ strains at
302 MPa to 4913 µ strains and 4119 µ strains at 320 MPa, for {1011} and {1012} diffraction
peaks, respectively. After this applied stress, the elastic strains are again constant, which
implies that these grains deform plastically.

During the compression test, the elastic strain of the grains oriented with {1010}
planes perpendicular to the compression axis follows the same linear slope observed in the
elastic regime. On the other hand, the decrease (in absolute value) in the elastic strains of
grains oriented with the {1011} and {1012} grains perpendicular to the compression axis is
accompanied by the increase (in absolute value) in the elastic strains of the 14H LPSO-phase,
as measured during the tensile test. However, above 320 MPa, it is not possible to fit this
diffraction peak because the substantial increase in the intensity of the {0002} peak overlaps
the 14H LPSO-phase peak.

The behavior of the elastic strains of grains oriented with their {1120} planes perpen-
dicular to the compression axis is similar to that seen in grains oriented with {1010} planes
perpendicular to the compression axis. After yielding, the evolution of the elastic strain
remains almost linear or asymptotic. The later will imply that these grains are deforming
plastically, as in the tension test.

Finally, the {0002} diffraction peak can be fitted, especially after yield, where its
intensity increases continuously (see Figure 8b). The increase in the {0002} diffraction peak
is caused by the activation of tensile twinning in non-DRXed grains. After yielding, the
elastic strain of twins decreases (in absolute value) from 6620 µ strains at 302 MPa to 5352 µ
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strains at 320 MPa. Above this applied stress, elastic strain of twins increases (in absolute
terms) much faster than seen in the elastic behavior up to 12,470 µ strains at 459 MPa.

Figure 9 shows the bright field images of the extruded samples tested in compression
(Figure 9a,b) and tension (Figure 9c) up to the level of 2% of plastic deformation in the zone
axis of B = [1120]. Under compression, it is possible to observe the presence of tensile twin
in highly oriented non-DRXed grains, which induces a rotation of almost 90◦ with respect to
the parent grain, as was reported in the in situ tests under compression. Twins are very thin,
and can pass among the lamellae presented in these grains. At the same time, twins are not
observed crossing across the complete grain diameter, since they are temporarily pinned
in thick γ precipitates. Twins are not observed in DRXed grains, where a high dislocation
density is generated. Under tension, no twins were observed in either non-DRX or DRXed
grains. A high dislocation density was observed in between the lamellar precipitates.
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Figure 9. (a) Bright field image of a non-DRXed grain at the zone axis B = [1120], deformed 2% from
plastic strain under compression. (b) Bright field image of a DRXed grain at the zone axis B = [1120]
deformed 2% from plastic strain under compression. (c) Bright field image of a non-DRXed grain at
the zone axis B = [1120] deformed 2% from plastic strain under tension.

4. Discussion

The microstructure of the extruded alloy exhibits a bimodal grain structure consisting
of randomly oriented fine DRXed grains and non-DRXed grains, highly oriented, with
their basal planes parallel to the extrusion direction. The volume fraction of non-DRXed
grains measured in the alloy is lower (around 30% of volume fraction [30], using the same
processing parameters) than that reported in Mg97Y2Zn1 with similar volume fraction,
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without the presence of the lamellar structure within the magnesium grains. It seems that
lamellar precipitates facilitate the nucleation of DRXed grains at their interfaces.

The relative crystal orientation of both types of grains controls the activation of the
different deformation systems of magnesium. The non-DRXed grains have their basal
planes parallel to the tensile or compressive axis. Therefore, the activation of the basal slip
system is inhibited in these grains. On the other hand, the activation of tensile twinning
is activated only under compression. The crystal lattice is reoriented within twins, where
the basal plane rotates 86◦ with the initial orientation. Therefore, the intensity of the (0002)
diffraction peak increases when tensile twinning begins. Under tension, these grains cannot
deform plastically and they behave in a purely elastic manner until the fracture. It would
be expected that the presence of highly oriented non-DRXed grains would induce a strong
tension–compression asymmetry in magnesium. However, the yield stress values are equal
in both cases, and the tensile and compressive curves are similar up to the point of 3%
plastic strain. Yang et al. [20] also reported, in an alloy with a similar composition but with
a grain structure characterized mainly by highly oriented non-DRXed grains, the same
tensile and compressive behavior at the beginning of the curve. They proposed that LPSO
plates generated at the basal plane effectively impede both the dislocation motion and the
twinning activity. It is interesting to note that in this study, the compression curve (from
yield stress to 3% of plastic deformation) is slightly higher, compared to the tensile curve.
The main microstructural difference, compared to the study of Yang et al., is the presence
of dense LPSO phase observed in this study. We have previously observed that LPSO fiber
induces a higher mechanical strength in the alloy, which increases with the increase in the
volume fraction of the LPSO phase.

The randomly oriented DRXed grains are favorably oriented for the activation of the
slip of <a> dislocation along the basal slip. Therefore, grains oriented with the {1011} and
{1012} planes perpendicular to the tensile or compressive axes lose their linearity only at
the point of macroscopic yield stress. Therefore, independently of the stress mode, the
beginning of plastic deformation is controlled by the DRXed grains. Since the beginning
of the macroscopic plastic deformation is controlled by the activation of the basal slip in
the DRXed sample, no differences would be expected between yield stress under tension
and compression at the beginning of the test. However, when twinning is activated in
non-DRXed grains, the applied stress and work-hardening in the compression tests increase
(around 3% of plastic strain). TEM observation demonstrated that twinning was active at
2% plastic deformation. At the same time, twins are extremely thin, due to the presence of
lamellar-shape precipitates that delay their coalescence and growth. Yang et al. [18] have
shown that LPSO plates plastically deform when they are engulfed by the twins, explaining
the delay of the process of the coalescence and growth of twins.

During the initial state of plastic deformation, DRXed grains oriented with the {1011}
and {1012} planes perpendicular to the loading direction undergo a strong relaxation once
the alloy yields. Since this strain difference, measured using Equation (1), is purely elastic,
the relaxation stress could be grossly estimated using the Young Modulus for the planes
obtained from the slope of the internal strain as a function of the applied stress in the
elastic zone (∆σ = E(hkil) × ∆εelas). The relaxation stresses in grains with {1011} and {1012}
planes perpendicular to the loading axis after yield stress are listed in Table 1. These
stresses should be borne by stiff phases, i.e., the LPSO phase, or other magnesium grains
whose crystallographic orientation inhibits the activation of dislocation slip or twinning
system (“hard grains” [39]). The LPSO phase exhibits a higher Young Modulus (around
55 MPa) compared to that of the magnesium phase [40,41]. The relaxed stresses are higher
in the tension test than in the compression, indicating that non-DRXed grains behave as a
reinforcing phase only in tension tests.

Finally, it is interesting to note that from the point of view of the design of these alloys,
both kinds of LPSO phases (LPSO lamellar-shape precipitates within magnesium grains
and LPSO fiber at grain boundaries) are contributing to the reinforcement of the magnesium
phase, although in two different ways. While the LPSO lamellar-shape precipitate show
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a high level of interaction with dislocations and twins within the magnesium grains, the
LPSO fibers assumed an additional stress transferred by the magnesium phase.

Table 1. Internal strains and relaxed stresses at the beginning of macroscopic yield stress in the tensile
and compression tests.

Plane Internal Strains
(µ Strains)

Stress
(MPa)

Internal Strains
(µ Strains)

Stress
(MPa)

Tension Compression{
1011

}
2033 87 1707 73{

1012
}

3057 131 2501 108

5. Conclusions

The evolution of the internal strains during in situ tension and compression tests
has been measured in the extruded Mg97Gd2Zn1 alloy containing Long-Period Stacking
Ordered (LPSO) phase and a lamellar structure within the magnesium phase, using syn-
chrotron diffraction radiation. The following conclusions can be drawn:

(1) The presence of the lamellar-shape precipitates within the Mg phase before the high
temperature extrusion process promotes the recrystallization process due to the nucle-
ation of fine equiaxed grains at the interface between the magnesium matrix and the
lamellar-shape precipitates.

(2) The macroscopic yielding is controlled by the activation of the basal slip systems in
the DRXed grains, leading to a low tension–compression asymmetry. During the
onset of the plastic regime, these grains can release a significant part of the assumed
stress, since they can transfer part of it towards hard phases.

(3) The elasto-plastic behavior of non-DRXed grains depends on the stress mode, tension
and compression. Thus, these grains act as a reinforcing phase during tensile testing.
Under compression, the activation of tensile twinning is activated. The presence of
lamellar-shape precipitates delays the propagation of lenticular thin twins through
the non-DRXed grains.
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