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Hot Compression Behavior and Microstructure
Evolution of an Mg–Gd–Y–Zn–Zr Alloy Containing
the 14H LPSO Phase with Different Morphologies

YUXIANG HAN, ZHIYONG CHEN, HAN CHEN, JINGYI HUANG,
and CHUMING LIU

In this paper, the microstructures with two different morphologies of intragranular lamellar 14H
long-period stacking-ordered (LPSO) phase were designed in Mg–4.7Gd–3.4Y–1.2Zn–0.5Zr (wt
pct) alloy, and their hot processing maps were established based on a series of hot compression
tests. The deformation behavior and microstructure evolution of the two alloys during hot
compression were investigated, the effect of 14H LPSO phase on dynamic recrystallization
(DRX), texture, and hot workability also discussed. The alloy annealed at 400 �C (400AT alloy)
with densely distributed 14H LPSO phase and the alloy annealed at 450 �C (450AT alloy) with
sparsely distributed 14H LPSO phase has the approximate peak stress and activation energy
values. However, the 400AT alloy offers a greater hot processing window than the 450AT alloy.
With the compressive temperature increasing or the strain rate decreasing, 14H LPSO phase
gradually changes from a metastable state to a stable state in 400AT alloys, while it gradually
dissolves in 450AT alloy. In addition, necklace-shaped discontinuous dynamic recrystallization
(DDRX) grains were mainly distributed around the original deformed grains, continuous
dynamic recrystallization (CDRX) grains were primarily located in the kink boundary,
triangular grain boundary and widely spaced LPSO phase lamella in both alloys. For the 450AT
alloy, more 14H LPSO phase kink boundary and lager space between LPSO phase lamellae
promotes to the formation of CDRX grains, while limit the texture weakening. The 400AT alloy
exhibits a weaker texture intensity and more randomly distributed grain orientation, which was
related to the existence of large amount of DDRX grains. The weaker basal texture was
beneficial to the hot workability and well corresponding to the larger appropriate hot processing
region of 400 AT alloy.
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I. INTRODUCTION

AS the lightest metal structural materials, Mg alloys
are widely used in aerospace, automotive, electronics,
and other fields due to their advantages such as low
density, high specific strength and stiffness, good ther-
mal conductivity, good shock absorption, and excellent
electromagnetic shielding.[1,2] However, the tensile
strength of commercially wrought Mg alloys currently

does not exceed 360 MP at room temperature, and the
service temperature is mostly below 200 �C, which
greatly limits their development and application.[3]

How to improve their room and elevated temperatures
mechanical properties have become a burning issue to be
solved.
Since 2001, the Mg97Zn1Y2 alloy-containing long-pe-

riod stacking-ordered (LPSO) phases with a tensile yield
strength of 600 MPa and elongation of 5 pct at room
temperature was produced by Kawamura et al. using
rapidly solidified powder metallurgy processing.[4] The
existence of LPSO phases is considered to be beneficial
for the strength, and the structure and strengthening
mechanism of LPSO phases have received great atten-
tion. In particular, over the past decade, the Mg–RE
(rare earth)–Zn series alloys containing LPSO phase
have attracted extensive attention due to their excellent
comprehensive mechanical properties. Therein, it is
found that the addition of Gd and Y can significantly
enhance the solid solution and aging strengthening
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effects.[5] Meanwhile, the addition of Zr can improve the
volume fraction of LPSO phase and refined grains.[6]

Some research has also reported that the
Mg–Gd–Y–Zn–Zr alloy with LPSO phase occupied an
ultra-high strength.[7,8] In this kind of alloy, LPSO phase
can effectively increase the slip resistance of basal slips,
thereby promoting the activation of non-basal slips.[9]

Ultimately, the strength and ductility of the
Mg–Gd–Y–Zn–Zr alloys are significantly improved at
the same time. Therefore, the Mg–Gd–Y–Zn–Zr alloys
have an exciting potential for practical applications.

Traditional elevated temperature plastic deforma-
tions, such as rolling, extrusion, or forging are still
often used to improve the mechanical properties of Mg
alloys in practical industrial applications.[10–12] On one
hand, the severe plastic deformation processes are
always limited by the laboratory platform and small-s-
cale production.[13] On the other hand, the conventional
plastic deformation could easily and effectively enhance
the strength of Mg alloys without diminishing ductility
to compared with the complexity of rapidly solidified
power metallurgy.[14] On this foundation, it is necessary
to obtain the processing regimes for Mg alloys and,
thus, achieving excellent mechanical properties. The hot
processing map, based on the theory of continuum
mechanics and irreversible mechanics, was widely used
to describe, and compare the hot workability of Mg
alloys.[15] However, for the Mg/LPSO alloy, many
vacancies still exist in the research on plastic forming,
and their deformation mechanism during plastic pro-
cessing is not sufficiently clear. Therefore, issues related
to the plastic deformation process of Mg/LPSO alloys
should be clarified.

The hot deformation behavior of Mg alloys general
includes the relationship between flow stress and defor-
mation condition, deformation mechanism, and
dynamic recrystallization (DRX) behavior, and usually
studied by the uniaxial hot compression test. Therein,
constitutive equations and hot processing map derived
from true stress–strain curves are used to describe the
relationship between flow stress and deformation con-
dition. For the deformation mechanism, what is differ-
ent from traditional Mg alloys is that the Mg–RE
alloy-containing LPSO phases seem to be more prone to
kink during deformation.[16,17] Oñorbe et al.[18] have
reported that the kinking of LPSO phase could effec-
tively release stress concentration and coordinate defor-
mation in the Mg–Y2x–Znx alloys during extrusion. In
another research, it is also found that the pyrami-
dal hc + ai slip and kink of LPSO phase could coordi-
nate deformation together at elevated temperatures and
high strain rates in Mg–2.5Zn–4Y alloy.[19]

In addition, DRX is a very vital mechanism to tailor
the microstructure and texture for Mg alloys during hot
deformation. In particular of the research in Mg/LPSO
alloy, DRX behavior is closely related to the LPSO
phase and has attracted more attention of investigators.
Previous studies have reported that the LPSO phase
often appears at the grain boundaries in the form of a
block-shaped or precipitates along the basal plane of the
matrix with a plate-like shape.[12,20] With the changing
of alloy elements and heat treatments, different volume

fractions and morphologies of the intragranular LPSO
phase are generally presented in the alloys.[21] In terms
of the common intergranular block LPSO phase and
intragranular lamellar LPSO phase, it has reported that
the block 18R LPSO phase with higher elastic modu-
lus[22] and micro-hardness[23] can promote DRX
through particle-stimulated nucleation (PSN) mecha-
nism. Some researchers found that the morphology of
the intragranular LPSO phase is identified as critical
factor in affecting the microstructure evolution, defor-
mation mechanism, as well as mechanical property of
the wrought Mg alloys.[18,24–26] Accordingly, it is a
potential way to optimize the microstructure and the
mechanical properties of Mg alloys by regulating the
morphology of intragranular LPSO phase. Notably, the
role of intragranular 14H LPSO phase relative DRX
mechanism is still controversial. In previous work, the
lamellar LPSO phases can hinder the motion of dislo-
cation and migration of GBs, and the dislocation
accumulation could not occur significantly, which was
against the nucleation and growth of DRX.[27] Some
research also found that the lamellar 14H LPSO phases
can delay the DRX behavior by forming kink bands and
coordinate strain.[28] However, in another research, it is
suggested that plate-shaped 14H LPSO phases could
stimulate DRX by PSN mechanism.[29] To sum up, the
morphology and distribution of intragranular 14H
LPSO phase are crucial for the DRX behavior.
At present, some research have been conducted on the

microstructure and mechanical properties of
Mg–Gd–Y–Zn–Zr alloy. However, studies on the hot
deformation behavior of the alloy are not comprehen-
sive enough. Specifically, there lacks detailed
microstructural evidence that correlates the intragranu-
lar lamellar LPSO phases with dislocations, and there-
after, with the DRX behavior. Meanwhile, the detailed
relationship between DRX mechanisms and texture
weakening is still ambiguous. A comprehensive under-
standing of the relationship among LPSO phase, DRX
evolution, and texture evolution is critical to the design
of hot-working processes. Therefore, based on previous
studies, initial microstructure with different distribution
and morphology of the intragranular lamellar LPSO
phase was designed by regulating heat treatment
regimes. The microstructure and hot deformation
behavior during hot compression under different defor-
mation conditions of the Mg–4.7Gd–3.4Y–1.2Zn–0.5Zr
alloy were investigated in this work. Furthermore, the
hot processing map is obtained by data analysis and
calculation of the activation energy, which provides
theoretical reference and experimental basis for under-
standing the relationship between microstructure and
thermal mechanical parameters.

II. EXPERIMENTAL PROCEDURES

The tested material in this work is an extruded
Mg–4.7Gd–3.4Y–1.2Zn–0.5Zr (wt pct) alloy sheet. For
investigate the effect of intragranular 14H LPSO phase
morphology on DRX and texture characteristics during
hot compression test, two plates with dimensions of
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120 mm 9 75 mm 9 12 mm along the extruded direc-
tion (ED) were cut from the sheet and homogenized at
510 �C for 16 hours. Subsequently, two kinds of
annealed treatments were performed to obtain alloys
containing obvious morphology differences of LPSO
phase based on our previous work.[30] One is annealed at
400 �C for 30 minutes named 400AT alloy, and the
other is annealed at 450 �C for 24 hours named 450AT
alloy.

Cylindrical samples were machined along the same
direction with a diameter of 10 mm and a height of
12 mm along the transverse direction (TD) from the two
as-annealed plates. The hot compression test was
performed on a Gleeble-3500 thermal simulator tester.
During compression, graphite sheets and lubricants
(synthetic anti-blocking lubricants of nickel and gra-
phite) were placed on both ends of the cylindrical sample
to reduce friction with the indenter, which could
optimize uneven deformation of the sample. The process
parameters selected in the experiment mainly include
deformation temperatures (350 �C, 400 �C, 450 �C,
500 �C) and strain rates (0.001 s�1, 0.01 s�1, 0.1 s�1,
1 s�1). During hot compression process, the sample was
heated to the test temperature at the heating rate of
5 �C/s and then compressed after being held for 3 min-
utes. All samples were compressed to the total true
strain of 0.5 and then immediately quenched in water to
retain the high-temperature deformation microstructure.
The experimental process is automatically controlled by

the computer, the parameters of pressure, true stress,
true strain, displacement, temperature, and time are
dynamically recorded.
The microstructure of the as-annealed and hot com-

pression specimens was examined by optical microscopy
(OM), scanning electron microscopy (SEM), electron
back-scattered diffraction (EBSD), and transmission
electron microscopy (TEM). OM and SEM samples
were etched with solution of 4.2 g picric acid, 10 mL
acetic acid, 10 mL distilled water, and 70 mL ethanol.
Specimens for EBSD and TEM measurements were
mechanical polished and then electropolished in a
solution of 96 pct ethyl alcohol and 4 pct perchloric
acid at � 35 �C. EBSD measurement was performed on
the plane of compression direction (CD) with step sizes
of 1.5 lm using HKL Technology Channel V acquisi-
tion system on a JSM-7900F SEM. FEI Titan G2 60-300
TEM operated at 300 kV was used to observe the LPSO
phase and diffraction spots.

III. RESULTS

A. Initial Microstructures with Different Morphologies
of LPSO Phase

Microstructure of the as-homogenized alloy consists
of approximately equiaxed grains and exhibits a weak
preferred orientation, as shown in Figure 1. In the
EBSD map, the misorientation angle of grain

Fig. 1—Microstructure of as-homogenized alloy. (a) EBSD map colored relative to normal direction (ND). (b) grain size distribution map. (c)
{0001} and {10�10} pole figures. (d) local misorientation distribution map (Color figure online).
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boundaries greater than 15 deg is represented by black
lines and defined as high-angle grain boundaries
(HAGBs), the misorientation angle in the range from
2 to 15 deg is represented by white lines and defined as
low-angle grain boundaries (LAGBs).[31] In fact, after
510 �C and 16 hours of solution treatment, the initial
extruded alloys undergo complete static recrystalliza-
tion, and it can be statistics from Figure 1(a) and (b)
that the average grain size of approximately equiaxed
grains encircled by HAGBs is 39 lm. From the pole
figures in Figure 1(c), the alloy has a weak preferred
orientation, and the maximum texture intensity is only
5.52. In Figure 1(d), the local misorientation distribu-
tion map reveals that there is almost no deformed
structure in the as-homogenized alloy. Therefore, the
study can eliminate the disturbance of initial deformed
microstructure.

The microstructure with two different annealing
regimes is shown in Figure 2. The precipitates in both
alloys mainly consist of the block-shaped LPSO phase
sporadically distributed on the grain boundaries and the
lamellar LPSO phase massively distributed in the grain
interior.[32] A main difference in LPSO phase

morphology between the two alloys is that the intra-
granular lamellar LPSO phase in the 450AT alloy is
coarser and more distributed more sparsely than that in
the 400AT alloy, as shown in the SEM images (a, c) and
STEM images (b, d), respectively. It is worth noting that
due to the short time of solution treatment, the number
of block-shaped precipitates is very small, and the size is
also small, so their effect on the microstructure and hot
deformation behavior can be ignored in the manuscript.
By careful observation, some LPSO phase-free zones are
frequently observed near the grain boundaries in the
450AT alloy. The formation of such zones is attributed
to the increased solid solubility of RE elements with the
increase of annealing temperature from 400 �C to
450 �C further shortening the length of lamellar LPSO
phase.[30] In addition, the mean grain size of 400AT
alloy and 450AT alloy is 41.3 and 43.6 lm measured by
mean linear intercept method, which is approximately
that of as-homogenized alloy. It has reported that the
dense and homogeneous intragranular 14H LPSO
phases can effectively hinder the migration of grain
boundary and restrict the lattice rotation of the a-Mg
grains.[12] Therefore, the difference in grain size between

Fig. 2—Microstructures of the as-annealed alloys: (a, b) 400AT alloy; (c, d) 450AT alloy.
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the two alloys is small and can be ignored in this study.
This also excludes the influence of grain size on
subsequent compression.

The morphological differences of LPSO phase in two
alloys are further investigated by the high-angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM), and the results are presented in
Figure 3. A specific type of LPSO phase is constituted
by fundamental ABCA building blocks and matrix
layers with a constant number.[33] The B and C layers of
ABCA building blocks show bright contrast due to the
enrichment of Zn/Gd/Y atoms, and the magnesium
matrix layers present dark contrast as observed by
HAADF-STEM. As shown in Figure 3(a) and (b),
lamellar LPSO phase with different thicknesses is
observed in 400AT alloy, the spacing of bright stripes
is not a constant value, which means that the phase is
metastable LPSO-building block clusters.[34] In addi-
tion, in the corresponding SAED pattern of Figure 3(c),
13 diffraction spots with some streaks parallel to the
(0002)a are detected between [0001]a and [0002]a spots,
indicating that the phase has a 14H LPSO structure. In
addition, these streaks in the SAED pattern indicate the
formation of SFs.[35] However, for the LPSO phase in
450AT alloy, the lamella thickness is more homoge-
neous, and the spacing of bright stripes becomes

identical, as shown in Figure 3(d). Based on the above
research,[30] it can be known that the metastable LPSO
phases are gradually transformed into the stable 14H
LPSO phase after long-time annealing. Figure 3(e) and
(f) shows the distribution results of HAADF-STEM and
layer spacing of different forms of LPSO phases in the
above two alloys, respectively. For the LPSO phase in
Figure 3(a), the spacing difference is large (as shown in
line 1), which means that the lamella has not formed a
regular LPSO phase-stacking structure. Therefore, the
lamellar phase in 400AT alloy is mainly composed of
metastable 14H LPSO phase and stacking faults. How-
ever, for the LPSO phase in Figure 3(d), the spacing of
most bright stripes is approximately the same and close
to 1.8 nm (as shown in line 2), and it can be considered
that the type of LPSO phase is stable 14H structure.[36]

B. Hot Compressive Deformation Behavior

Figure 4 shows the flow stress–strain curves of the
400AT alloy (full line) and 450AT alloy (dotted line)
under different strain rates and deformation tempera-
tures during hot compression. The universal character-
istics of the stress–strain curves are similar at all
deformation conditions, and three distinct regions are
presented on the curves. These regions generally

Fig. 3—TEM observation for the morphology and structure of LPSO phase. (a) HAADF-STEM observation for the LPSO phase in 400AT
alloy. (b) HRTEM images of the LPSO phase in 400AT alloy. (c) SAED patterns of LPSO phase in 400AT alloy. (d) HAADF-STEM
observation for the LPSO phase in 450AT alloy. (e) and (f) The interlayer spacing of the LPSO-building block in 400AT and 450AT alloy,
respectively.
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represent three distinct stages, which are hardening
stage, transition stage, and softening stage. In the initial
stage, the flow stress increases with increasing strain,
which is due to the work hardening caused by the
increase in dislocation density. In the transition stage,
the softening effect introduced by DRX can eliminate
the work-hardening effect, and the stress gradually
increases to the peak value. The corresponding peak
stress value decreases with increasing temperature or
decreasing strain rate in the two alloys, as shown in the
histogram of Figure 5.

Notably, none of these curves in Figure 4 exhibit a
significant peak characteristic. Sun et al.[37] have
reported that dislocations in the grain hardly accumu-
late due to the sufficient dynamic recovery, which results
in an imperceptible peak stress in these curves. In other
words, the typical continuous DRX (CDRX) mecha-
nism may dominate the DRX process in the two alloys
during hot compression.

Additionally, it is worth noting that a serrated
stress–strain curve presented in the 400AT alloy com-
pressive at 400 �C and 0.1 s�1, while occurs in the

450AT alloy during 450 �C and 0.1 s�1 compression.
This phenomenon is like the Portevin–Le Chatelier
(PLC) effect in Al alloys,[38] and rarely found in the
Mg–RE–Zn alloys. For the 400AT alloy, the
metastable 14H LPSO phase gradually changes into a
stable state and is accompanied by the diffusion of
solute atoms (Gd/Y/Zn atoms) during 400 �C compres-
sions. When the diffusion speed of atoms cannot keep
up with the speed of movable dislocations with the
increases of strain, the dislocations are repeatedly
pinned and unlocked by solute atoms, thus, forms the
serrated curve. For the 450AT alloy, the 14H LPSO
phase can gradually be re-dissolved into the a-Mg
matrix during 450 �C compressions with PLC effects.
However, the fluctuation frequency is lower than that in
the 400AT alloy due to the relatively elevated temper-
ature stability of the LPSO phase.
Based on the above true stress–strain curve, deter-

mining an appropriate processing window is crucial for
the hot deformation of alloy. In this study, the hot
processing map at strain 0.4 consists of energy dissipa-
tion diagram (colorful map) and instability diagram

Fig. 4—True stress–strain curves of 400AT alloy and 450AT alloy during hot compression at different conditions: (a) 0.001 s�1, (b) 0.01 s�1, (c)
0.1 s�1, and (d) 1 s�1.
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(gray shadow map) is used to compare and explore the
proper deformation conditions of 400AT and 450AT
alloy, as shown in Figure 6. Therein, the gray region
represents the instability region, and the value of
contour line represents the energy dissipation rate.
Under the condition that stability is guaranteed, the
higher the energy dissipation rate, the more suitable the
material is for processing in this region.[39] In addition,
the activation energy (Q) is a crucial factor in the
process of drawing hot processing map. The Q is defined
as the threshold that must be overcome for nucleation
and growth of new DRX grains[30] and introduced to
judge the difficulty of hot deformation. According to
detailed calculation methods have been described in
many studies,[27,40] the obtained average Q value is
calculated as 254.2 kJ/mol for 400AT alloy and
257.7 kJ/mol for 450AT alloy, which is much lower
than that in other Mg/LPSO alloys.[30,41] Besides, the

approximate and relatively low Q value suggests that
both two alloys are relatively easier to deform at
elevated temperatures. It can be seen that the highest
energy dissipation rate region is located in the bottom
right corner of both alloys., However, the 400AT alloy
has a higher energy dissipation rate (0.39) than the
450AT alloy (0.25), and part of the instability region
overlaps with the highest energy dissipation rate region
in 450AT alloy, as shown in the bottom right corner of
Figure 6(b). This should be attributed to the growth of
DRX grains and variation of LPSO phase morphology.
The detailed analysis will be discussed in the latter
section.

Fig. 5—Peak stress of the two alloys deformed at different conditions: (a) 400AT alloy; (b) 450AT alloy.

Fig. 6—Hot-processing map at 0.4 strain: (a) 400AT alloy, (b) 450AT alloy (Color figure online).
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C. Microstructure Evolution Under Compression
at Different Temperatures

The micromorphology of 400AT and 450AT alloy
with different temperatures at the strain rate of 0.001 s�1

is shown in Figure 7. As shown in Figure 7(a1), it can be
clearly observed that some cracks and voids appear in
the 400AT alloy with metastable 14H LPSO phase but
not in 450AT alloy under 350 �C compression. This is
attributed to the stable 14H LPSO phase itself can
effectively release stress concentration through kink
deformation (Figure 7(a2)), thereby accommodating
more strain. When the compression temperature reaches
400 �C, some kink bands are gradually revealed in the
400AT alloy (marked with yellow broken lines).
Notably, it has reported that the intragranular 14H
LPSO phase is always parallel to the [0001]a direction of
grain,[30] and the kink angle of the 14H LPSO phase is
significantly different from the common twin misorien-
tation angle of Mg alloys. Thus, in this case, the
deformation of 14H LPSO phase is performed by the
kink mechanism and not by twinning. In addition, on
the one hand, the increase in temperature promotes the
activation of more slip systems. On the other hand, the
metastable LPSO phase gradually evolved into
stable 14H LPSO phase, resulting in the occurrence of
kinking and consistent with the PLC phenomenon in
Figure 4(c). Notably, with the compression temperature
further increases, some DRX grains decorated the initial
deformed grain boundaries in 400AT alloy, exhibiting a
typical necklace structure (Figure 7(c1)). Liu et al.[15]

have demonstrated that the necklace structure is orig-
inate from the discontinuous dynamic recrystallization
(DDRX) mechanism in Mg–Zn–Yb–Zr alloy. There-
fore, in this situation, the stress concentration caused by

compression cannot be released through the kink of
stable 14H LPSO phase, thereby using DDRX mecha-
nism to form the necklace DRX grain structure around
the deformed grains. In contrast, the LPSO phase
lamellar spacing gradually increases with the tempera-
ture increases through re-dissolution mechanism in
450AT alloy (Figure 7(c2)), and some DRX grain
emerged between the lamella space. With further
increasing the compression temperature, the 14H LPSO
phase in both of alloys gradually shortens or even
dissolves accompanied by DRX grains growth, as shown
in Figures 7(d1) and (d2).
For further clarify the microstructure evolution of the

two alloys at different compression temperatures,
Figures 8 and 9 give the orientation maps, misorienta-
tion angle distribution maps, and kernel average misori-
entation (KAM) distribution maps of 400AT alloy and
450AT alloy compressive at 350 �C to 500 �C and
0.001 s�1, respectively. The EBSD maps are colored
relative to compression direction (CD). Obviously, both
alloys show a typical bimodal microstructure after
compression. With the compression temperature
increases, the initial deformed grains are gradually
consumed by growing DRX grains. Meanwhile, the
change tendency of KAM value is consistent with
LAGBs frequency in both of alloys. However, there is
still a difference in the DRX grains fraction between the
two alloys. The specific DRX fraction, average DRX
grain size, and geometrically necessary dislocation
density (qGND) tendency are shown in Figure 10.
Therein, the fraction of DRX grains is calculated based
on the grain orientation spread (GOS) range from 0 to
2 deg, and the qGND is calculated through KAM
values.[42,43] It is worth noting that the DRX fraction

Fig. 7—SEM images of the two alloys compressive at 0.001 s�1 and different temperatures: (a1) through (d1) 350 �C to 500 �C of 400AT alloy.
(a2) through (d2) 350 �C to 500 �C of 450AT alloy.
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and qGND in 400AT alloy are higher than those in
450AT alloy during the range of 450 �C to 500 �C
compression, which may relate to the different DRX
mechanism introduced by different LPSO morphology.

D. Microstructure Evolution Under Compression
at Different Strain Rates

Like deformation temperature, strain rate also plays a
significant role in regulating the DRX process and
refining microstructures of deformed alloys. Figure 11
shows the SEM microstructures of the two alloys
deformed at 500 �C and different strain rates. Under
the relatively high compression temperature of 500 �C,
the 14H LPSO phase gradually shortens or re-dissolves
as the strain rate decreases, and numerous DRX grains
are emerged in the microstructure in both of alloys.

Interestingly, unlike the 400AT alloy, kink deformation
of the LPSO phases can still be observed at strain rate of
1 s�1 in 450AT alloy, and some DRX grains are
nucleation at the kink boundary (Figure 11(a2)). At
the same time, some other DRX grains are distributed
between the lamellar space of LPSO phase at strain rate
of 0.01 s�1 in 450 AT alloy (Figure 11(c2)), which is
quite different from the 400AT alloy.
Figures 12 and 13 also reveal the orientation maps,

misorientation angle, and KAM value distribution of
400AT alloy and 450AT alloy deformed at 500 �C and
different strain rate, respectively. The orientation maps
are colored relative to compression direction. It can be
seen that with the compression strain rate decreases, the
fraction of DRX grains increased in the two alloys.
Also, the change tendency of KAM value is consistent
with LAGBs frequency in both alloys. Figure 14 gives

Fig. 8—Orientation maps, misorientation angle, and KAM value distribution of the 400AT alloy deformed at strain rate of 0.001 s�1 and
different temperatures: (a1) through (a3) 350 �C, (b1) through (b3) 400 �C, (c1) through (c3) 450 �C, (d1) through (d3) 500 �C (Color figure online).
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the trends of DRX fraction, average DRX grain size,
and qGND of the two alloys deformed at 500 �C and
different strain rates. By careful comparison, the qGND

of 400AT alloy is almost always higher than that of 450
AT alloy, while the average DRX grain size is almost
always lower than that of 450 AT alloy. This may relate
to the inhibition effect of 14H LPSO phase on DRX.[27]

However, the DRX fraction of 450AT alloy is higher
than that of 400AT alloy in 0.001 s�1, which can be
explained by the secondary deformation after DRX
grain growth.

IV. DISCUSSIONS

A. Deformation Mechanism

It is widely known that introducing the LPSO phase
into the Mg alloys can change the stacking faults energy
of the Mg matrix, which result in the activation of
multiple slip systems, especially the non-basal slips. For
investigating the effect of LPSO phase morphologies on
deformation mechanism during compression, in-grain
misorientation axis (IGMA) analysis was adopted to
clarify the primary slip mode of deformed grains in the
two alloys. Chun et al.[44] refer that orientation changes
inside deformed grains are caused by slight lattice
rotation with the activation of slip systems. Therefore,
IGMA analysis is an experimental approach to identi-
fying the activated slip system by matching the in-grains
misorientation axis with the Taylor axis of a given slip
mode. In this study, the formation of grain boundaries

Fig. 9—Orientation maps, misorientation angle, and KAM value distribution of the 450AT alloy deformed at strain rate of 0.001 s�1 and
different temperatures: (a1) through (a3) 350 �C, (b1) through (b3) 400 �C, (c1) through (c3) 450 �C, (d1) through (d3) 500 �C (Color figure online).
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above 5 deg is usually accompanied by the formation of
deformation bands that is kink band of LPSO phase.[45]

Therefore, the misorientation axis between 2 and 5 deg
is plotted to investigate the slip mode, and a misorien-
tation angle between 5 and 15 deg is plotted to explore
the kink type.

The two alloys compressive at 400 �C and 0.001 s�1

were chosen to discuss the slip or kink mode due to the
obvious presence of kink bands and to minimize the
influence of DRX mechanism. The complete deformed
grains with significant color changes are selected from
the two alloys, as shown in Figures 15 and 16. In the
400AT alloy, it can be seen that the misorientation axis of
selected grains 1 to 7 is primarily distributed at huvt0i

axes (i.e., h�12�10i to h01�10i) and the maximum
intensity (MI) larger than 2.0 m.u.d., suggesting that
both basal slip and the pyramidal slip may be preferen-
tially activated in the deformed grains, as shown in
Figure 15(a). For the grains 8 to 15 with misorientation
angle between 5 and 15 deg shown in Figure 15(b), the
IGMA is also concentrated near at huvt0i axes, which
demonstrate that the primary kink mode is basal kink.
However, in Figure 16(a) of 450AT alloy, unlike the

400AT alloy, misorientation axis in some selected grains
(grain 3, 5, 6, 11, and 13) is concentrated near h0001i di-
rection, and the MI is also greater than 2.0 m.u.d.,
which matches the Taylor axis h0001i of the prismatic
slip {01�10}h�2110i. It meant that prismatic slip should

Fig. 10—The tendency of (a) DRX fraction and average DRX grain size, (b) GND density of the two alloys deformed at strain rate of 0.001 s�1

and different temperatures.

Fig. 11—SEM images of the two alloys compressive at 500 �C and different strain rates: (a1) through (c1) 1 s�1 through 0.01 s�1 of 400AT alloy.
(a2) through (c2) 1 s�1 through 0.01 s�1 of 450AT alloy.
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be coactivated with basal slip or pyramidal slip in the
alloy. In addition, the basal kink also plays a key role
during compression, as shown in Figure 16(b) and
grains 15 to 19. Shao et al.[46] believe that the formation
of basal kink originated from the basal slip or grain
rotation, and before that, the basal slip was in an
unfavorable orientation. It is also revealed that the
density distributed 14H LPSO phase prevent the move-
ment of non-basal slip to some extent, while the wide
space of 14H LPSO phase lamellae contributes to more
activation of prismatic or pyramidal slip.[47]

B. DRX Mechanism

According to the above results, it can be obtained that
the various microstructures with different morphologies
and distribution of 14H LPSO phases show significantly
distinct deformation behaviors, which is closely related
to the different DRX mechanisms during compression.
In order to better investigate the DRX mechanism
presented in this study, Figure 17 provides two enlarged
regions containing typical DRX grains formed at
different sites of 450AT alloy during compression.

At first, Figure 17(a) reveals the typical kink 14H
LPSO phase in 450AT alloy during 400 �C and
0.001 s�1 compression. By careful observation, a series
of fine DRX grains distributed at the kink boundary,
and deformed grains M1 and M2 on both sides of the
kink boundary activate the basal and prismatic slip
(Figure 17b), which is consistent with the slip mode in
Figure 16(b). It is worth mentioning that the angle
between the grain c-axis on both sides of the kink
boundary is significantly different from the twin misori-
entation angle; thus, the deformation mode of the 14H
LPSO phase is kink rather than twinning. Meanwhile,
the matrix near kink boundary shows some LAGBs
attributed to the dislocation accumulation (Figure 17c).
Zheng et al.[48] concluded that LPSO phase was difficult
to hinder the movement of basal slip due to its parallel
to (0001). However, after kink deformation, the emer-
gence of kink boundary can limit the basal slip, and
LPSO phase hinders the movement of non-basal slip.
Therefore, a higher strain distribution is exhibited near
the kink boundary. Combined with the misorientation
analysis of line AB (Figure 17i), the cumulative misori-
entation (point to origin) exhibits a larger orientation

Fig. 12—Orientation maps, misorientation angle, and KAM value distribution of the 400AT alloy deformed at 500 �C and different strain rate:
(a1) through (a3) 1 s�1, (b1) through (b3) 0.1 s�1400 �C, (c1) through (c3) 0.01 s�1 (Color figure online).
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gradient, which means the occurrence of sub-grains
rotation and formation of HABSs originate from
LAGBs. Therefore, the formation of fine DRX grains
located in the kink boundary is attributed to the CDRX
mechanism.[46] In addition, the {0001} scattered data of
CDRX grains in Figure 17(d) show that the orientation
of DRX grains (black dashed rectangular area) is
relatively concentrated near CD, as well as the deformed
grains M1 and M2, indicating its limited weakening
texture effect.

Figure 17(e) is the enlarged region belonging to
450AT alloy compressive at 450 �C and 0.001 s�1. In
this region, it is obvious that the bent lamellar LPSO
phase of dense and sparse distributions coexist. By
combining the orientation map of Figure 17(f), a large
amount of DRX grains aggregate in the triangular grain
boundaries. These DRX grains are nucleated by the
stimulation of residual block phase at grain boundaries
with PSN mechanism. During compression, numerous
dislocations were piled up around the block phase,
resulting in dislocation cells formed in the vicinity of
block phase. With the strain increase, these cells
gradually absorb surrounding dislocations thereby

forming the DRX grains, which is well according to
the CDRX mechanisms. The typical CDRX grains
located in the triangular grain boundaries are also often
found in other Mg alloys.[49]

However, other fine DRX grains decorated the
deformed grain boundaries, exhibiting a typical necklace
structure (grains P1 through P14). According to the
KAM map of Figure 17(g), the local strain and
high-level concentration of dislocations around the
grain boundary bulges are indicated by red arrows.
Meanwhile, the misorientation analysis of line CD
(Figure 17(j)) and line EF (Figure 17(k)) also reveals
the cumulative misorientation (point to origin) exhibits
a small orientation gradient, and the point-to-point
misorientation values remain lower than 2 deg, which is
consistent with the DDRX characteristics. It means the
occurrence of sub-grains rotation and formation of
HABs originate from LAGBs. In this situation, high
local train near the grain boundary contributes to the
bulges and the DDRX grain nucleation is related to the
migration of HAGBs.[50] In addition, the {0001} scat-
tered data of necklace DDRX grains in Figure 17(h)
shows that the orientation of these grains is more

Fig. 13—Orientation maps, misorientation angle, and KAM value distribution of the 450AT alloy deformed at 500 �C and different strain rate:
(a1) through (a3) 1 s�1, (b1) through (b3) 0.1 s�1 400 �C, (c1) through (c3) 0.01 s�1 (Color figure online).
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randomly and not located near parent-deformed grains
M3 or M4, which is due to high local strains extremely
changing the lattice orientation, and thus, optimizing
the texture.

Besides, a small amount of DRX grain was only
found between LPSO phase lamella with relatively wide
spacing, and the formation mechanism is discussed by

the TEM results. Figure 18 shows the TEM images of
the dislocation walls and DRX grains between LPSO
phase lamella in the two alloys under two-beam bright
field observation. Dislocation walls and LPSO struc-
tures of 400AT alloy under 450 �C/0.001 s�1 compres-
sive are exhibited in Figure 18(a), and the electron beam
direction is parallel to[11–20] zone axis. According to

Fig. 14—The tendency of (a) DRX fraction and average DRX grain size, (b) GND density of the two alloys deformed at 500 �C and different
strain rates.

Fig. 15—IGMA analysis of grains in 400AT alloy during 400 �C and 0.001 s�1 compression: (a) IPF map of selected deformed grains 1 to 7
with a misorientation angle between 2 and 5 deg represents the slip mode; (b) IGMA distribution maps of grains 8 to 15 with a misorientation
angle between 5 and 15 deg represents the kink mode (Color figure online).
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gÆb = 0 invisibility criteria, the visible dislocation with
diffraction vector g = [0002] is [c] containing, which can
speculate that hc + ai dislocations activate under this
compression condition.[41] In fact, Kim et al.[51] have
demonstrated that the deformation mechanism of Mg/
LPSO phase is the basal hai slip and pyrami-
dal hc + ai slip, and the hc + ai pyramidal slip activ-
ity is promoted by the elastic modulus mismatch
between LPSO phase and a-Mg matrix. However, no
DRX grains are observed between the LPSO phase
lamella, which is related to the narrow spacing.
Figure 18(b) shows the DRX grains located at the kink
boundary of LPSO phase in 450AT alloy under 400 �C/
0.001 s�1 compression, which coincides with
Figure 17(a). In this case, the DRX grains still cannot
form between the LPSO phase lamella due to the
relatively narrow spacing.

Notably, both the DRX grain between widely spaced
LPSO phase lamellae and hc + ai dislocation exists in
the 450AT alloy under 450 �C/0.001 s�1 compression, as
shown in Figure 18(c). According to the above results
(Figure 7(c2)), LPSO phase lamellar spacing gradually
increases with the increase of compressive temperature,
and enough space provides a favorable condition for the
growth of DRX grains. Specifically, when
the hc + ai dislocations glide on the pyramidal planes,
the dense lamellar 14H LPSO phase can effectively
hinder their movement, without no DRX grains forma-
tion. In contrast, the wide LPSO lamellae space imposes
a much weaker constraint on the hc + ai dislocations.

The basal hai dislocation that moves parallel to LPSO
phase lamellae can entangle with the non-basal disloca-
tions, thereby forming the dislocation walls, and grad-
ually evolving into DRX grains.[52] Meanwhile, the
growth of DRX grains was limited in the space between
lamellar 14H LPSO phases, as shown in Figure 18(d).

C. Texture Characteristic

According to the above results and discussion, the
{0001} and {10 � 10} pole figures of the two alloys
compressive at 450 �C and 0.001 s�1 were selected to
discuss the formation of the texture, as shown in
Figure 19. It can be clearly seen that there is a significant
difference in the texture between the two alloys. The
400AT alloy possesses a lower texture intensity and
random grain orientation (Figures 19(a1) and (a2)). On
the contrary, for the 450AT alloy (Figures 19(b1) and
(b2)), the position of pole density peak is approximately
perpendicular to CD, which means that the alloy after
compression maintains the similar texture to the as-an-
nealed alloy. Based on the DRX mechanism analysis in
Figure 17, a large amount of necklace DDRX grains
with more random grain orientation is distributed in the
400AT alloy, thereby effectively weakening the texture.
However, in the 450AT alloy, on one hand, the
stable 14H LPSO phase can release stress concentration
by kink deformation and promote the rotation of grain
c-axis to the CD. On the other hand, a part of stress is
consumed through the formation of CDRX grain

Fig. 16—IGMA analysis of grains in 450AT alloy during 400 �C and 0.001 s�1 compression: (a) IPF map of selected deformed grains 1 to 11
with a misorientation angle between 2 and 5 deg represents the slip mode; (b) IGMA distribution maps of grains 12 to 16 with a misorientation
angle between 5 and 15 deg represents the kink mode (Color figure online).
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between the wide space of LPSO phase lamellae, which
leads to less formation of necklace DDRX grains. Li
et al. also concluded that the CDRX grains between
LPSO phase lamellae have an obvious heritability of
orientations, that is to say, the orientations of the DRX
grains spread around the orientation of parent-de-
formed grains.[53] Here, the effect of CDRX distributed
in triangular grain boundaries in both alloys is almost
identical in the two alloys, which is due to the PSN
mechanism introduced by remaining insoluble block
phases during heat treatments. Therefore, the DRX
grains formed in 450AT alloy have a limited weakening
effect on texture. In addition, as the compression
temperature further increases, the degree of re-dissolved
LPSO phase in 450AT alloy is higher than that in
400AT alloy. The lamellar 14H LPSO phase gradually
transforms into the rod-shaped LPSO phase, which
hinders the movement of dislocations and leads to
decreases in alloy plasticity. This also corresponds to the
plastic destabilization area appearing in the hot pro-
cessing map of the 450AT alloy (bottom right corner of
Figure 6(b)).

V. CONCLUSIONS

In this paper, the hot deformation behavior,
microstructure evolution, and DRX mechanism of
Mg–4.7Gd–3.4Y–1.2Zn–0.5Zr (wt pct) alloy-containing
14H LPSO phase during hot compression were studied.
Two initial microstructures with varied morphology and
distribution of LPSO phase were designed by different
annealing treatments, which are 400 �C annealed alloy
(400AT alloy) and 450 �C annealed alloy (450AT alloy).
The main conclusions are drawn as follows:

(1) The 450AT alloy has sparsely dispersed
stable 14H LPSO phases in contrast to the densely
distributed metastable 14H LPSO phases in the
400AT alloy. With the compressive temperature
increasing or the strain rate decreasing, the 14H
LPSO phase morphology in the two alloys pro-
duces a quite different change after compressive.
In the 400AT alloy, 14H LPSO phase gradually
transitions from a metastable state to a
stable state accompanied by coarsening and
extending. However, in the 450AT alloy, the

Fig. 17—SEM micrograph, orientation map, KAM map, and {0001} scattered data pole figure of DRX grains: (a) through (d) 450AT alloy
during 400 �C/0.001 s�1 compression, (e) through (h) 450AT alloy during 450 �C/0.001 s�1 compression. (i) through (k) misorientation profiles
along the vector AB, CD, and EF shown in (b) and (f), respectively.
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14H LPSO phase gradually re-dissolved along
with coarsening and shortening.

(2) The peak stress and activation energy Q value of
the 400AT alloy (254.2 kJ/mol) is approximates
that of the 450AT alloy (257.7 kJ/mol), and the
400AT alloy has a broader suitable hot processing
window than the 450AT alloy. The Portevin–Le
Chatelier phenomenon presented in the 400AT
alloy compressive at 400 �C and 0.1 s�1, while it
occurred in the 450AT alloy during 450 �C and
0.1 s�1 compression. This is attributed to the
interaction between the movable dislocations and

solute atoms produced by the variation of 14H
LPSO phase morphology.

(3) The discontinuous dynamic recrystallization
(DDRX) and continuous dynamic recrystalliza-
tion (CDRX) were existed simultaneously in both
alloys during hot compression. The neck-
lace-shaped DDRX grain was mainly distributed
around the original deformed grains, while
CDRX grain was primarily located in the kink
boundary, triangular grain boundary, and widely
spaced LPSO phase lamella. In the 450AT alloy,
CDRX grains form in more 14H LPSO phase

Fig. 18—TEM images of dislocation and DRX grains between LPSO phase lamellae under two-beam bright field observation of (a) 400AT alloy
during 450 �C/0.001 s�1 compression, (b) 450AT alloy during 400 �C/0.001 s�1 compression, (c) and (d) 450AT alloy during 450 �C/0.001 s�1

compression.

4822—VOLUME 54A, DECEMBER 2023 METALLURGICAL AND MATERIALS TRANSACTIONS A



kink boundary and between the wide space of
LPSO phase lamellae, which have a limited
weakening effect of texture. The 400AT alloy
has a weaker texture intensity and more randomly
distributed grain orientation compared with the
450AT alloy, which was related to the large
amount of DDRX grains. The weak basal texture
effectively improves the hot workability of the
alloy and fits well with the wider hot processing
window of 400 AT alloy.
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