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Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr alloy sheets containing long period stacking ordered (LPSO) phase were
prepared by hot rolling at 400°C with total reduction of 96%. Microstructure evolution of the sheets
during hot rolling was investigated, and its influence on mechanical properties was discussed. Twinning
occurred during the early stage of hot rolling, and disappeared after total reduction higher than 89%.
Average grain size was gradually refined, microstructure became much more homogeneous and volume
fraction of LPSO phase decreased with increasing rolling reduction. Furthermore, the type of LPSO phases

fggloerg:m alloy far from and near the block shaped phases were identified to be different. Basal texture was obtained
Hot rolling during rolling process, but the intensity declined with the further rolling, which is mainly due to the
Microstructure dynamic recrystallization and the addition of RE elements. The as-rolled sheet with 96% reduction shows
Texture excellent mechanical properties: yield strength of 318 MPa, ultimate tensile strength of 403 MPa and

Mechanical properties

elongation to failure of 13.7% at ambient temperature along the rolling direction.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, because of the low density, high specific
strength, high damping capacities and good casting properties,
magnesium and its alloys have been received much attention
as important structural materials, and they become the focus of
worldwide interest as a candidate for lightweight components in
automotive, electronic and space industries [1-4]. Among various
magnesium alloys, rare earth (RE) containing alloys are known to
show high strength, excellent creep resistance, good thermal stabil-
ity, hence, much effort has been devoted to improve the mechanical
properties of Mg-RE alloys [5-10].

It is reported that Mgg;Zn;Y alloy prepared by rapidly solid-
ified powder metallurgy (RS P/M) exhibits excellent properties,
which possesses yield strength of 610 MPa and an elongation of 5%
[11,12]. The improvement of the properties can be attributed to the
ultra fine grains with average grain size of 200 nm and 18R and 14H
type long period stacking ordered (LPSO) phases. In the MgggZn, Y~
alloy composed mostly of LPSO phases [13,14], Hagihara et al.
observed that (0001) (112 0) basal slip was the dominant opera-
tive deformation mode in LPSO phase and Schmid factor for basal
slip was negligible when the stress was loaded along or normal to
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the (000 1) plane. Thus, the LPSO phase exhibits strong mechanical
anisotropy. Furthermore, the type of LPSO phase had little influ-
ence on the operative deformation mode and the yield stress of the
LPSO phase at ambient temperature [15]. Thus, by controlling the
microstructure to achieve fine grain size and homogeneous disper-
sion of LPSO phase, the mechanical properties of the materials can
be significantly improved.

Hot extrusion is a very effective technique to refine the
microstructure and improve the mechanical properties of Mg alloys
[16]. Extraordinary high-strength Mg-1.8Gd-1.8Y-0.7Zn-0.2Zr
(at%) alloy exhibiting an ultimate tensile strength of 542 MPa, yield
strength of 473 MPa and elongation to failure of 8.0% has been
fabricated by indirect extrusion and subsequent ageing [17]. The
improvement of the mechanical properties is attributed to the fine
precipitates during ageing treatment and dynamic precipitation at
the grain boundaries. In addition to high performance Mg alloy
extrusion parts, high-strength Mg alloy sheets with good ductility
are needed to extend the practical use of Mg alloys. Severe rolling
(SR) process is an effective way to refine the microstructure and has
potential to produce large Mg alloy sheets with ultra-fine grain size
by industry due to the capacity of continuous production [18,19].
Due to the occurrence of significant grain refinement, the sheets are
greatly strengthened and remarkably ductile [19]. However, there
are few investigations on the preparation of Mg-Gd alloy sheets
by severe rolling process [20,21]. Wang et al. reported that the
Mg-12Gd-3Y-0.4Zr (wt%) alloy was hot rolled with total thickness
reduction of 92% and the as-rolled sheet got the ultimate tensile
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Table 1

Analyzed chemical composition of the ingot used in this study.
Element Gd Y Zn Zr Mg
Weight% 8.23 3.83 1.02 0.35 Bal.
Atomic% 1.42 1.17 0.42 0.10 Bal.

strength of 382 MPa, tensile yield strength of 310 MPa and elon-
gation to failure of 4.4% [21]. And the alloy was extruded before
severe hot rolling process in order to improve the ductility and
avoid the occurrence of cracking during rolling deformation [21],
which increased the processing cost of the sheet. While the hot
rolling was conducted directly to the cast Mg-Gd series alloys and
usually the low-strain rolling process was adopted due to the low
deformability of the cast alloys [22-24]. For example, in the rolling
process of Mg-9Gd-4Y-0.4Zr (wt%) alloy [24], less than 10% reduc-
tion per pass and total reduction of 68% was introduced. Such a low
amount of deformation cannot effectively refine the microstruc-
ture, leading to poor mechanical properties of the rolling sheet.

In the present study, severe hot rolling process with per
pass reduction of 30-45% and total reduction of 96% was
introduced to as-homogenized Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr (wt%)
alloy. Microstructure evolution and its effect on the mechanical
properties of the alloy sheet were discussed.

2. Experimental

An ingot of Mg-Gd-Y-Zn-Zr alloy with 280 mm in diameter and 2940 mm in
length was produced by semi-continuous casting method, and its chemical compo-
sition tested by inductive coupled plasma emission spectrometry (ICP) is shown in
Table 1. Plates with the dimension of 150 mm x 100 mm x 30 mm were all cut from
the center of the ingot, the same position can guarantee the same composition of
eachinitial plates. The solution treatment was performed at 510 °C for 12 h, followed
by an immediate warm water quench with the temperature of ~60°C.

The solution treated plates were preheated at 400 °C for 30 min in the resis-
tance furnace to homogenize the temperature of samples, meanwhile the mill roll
was heated to 400 °C by the resistance heater. Then the hot rolling was performed
with the initial thickness reduction of 20% and subsequent thickness reductions of
30-45%, which resulted in a total reduction of 96%. After each passes, the rolling
samples were reheated at 400°C for 10 min.

For the analysis of the microstructure evolution during hot rolling, optical
microscope (OM) and JEOL JSM-7000F field-emission scanning electron microscope
(FE-SEM) were performed on the samples with the total reduction from 60% to 96%.
The samples were mechanical polished and then etched in the picric acid. The tex-
ture analysis was conducted by EDAX-TSLEBSD system operating at 25 kV, equipped
with OIM Analysis software. Transmission electron microscope (TEM) was carried

out in a FEI-TECNAI G2 F30 operating at 200 kV. Thin foils for TEM observation were
punched to discs of 3 mm in diameter, mechanically polished to ~50 wm and then
ion-milled using Gatan plasma ion polisher.

The tensile specimens have a gauge length of 15 mm and cross-sectional areas of
6 mm x 1-2 mm were cut from the sheets by electrical discharge machining. Three
directions were selected for tensile testing to examine the mechanical anisotropy
of the rolling sheets: parallel to the rolling direction, inclined at an angle of 45°
to the rolling direction and perpendicular to the rolling direction. The tensile tests
were conducted at ambient temperature on an Instron 5569 testing machine with
a cross-head speed of 1 mm/min.

3. Results and discussion
3.1. Microstructure evolution and texture examination

Fig. 1 shows the microstructure of the as-rolled sheets with dif-
ferent total reductions observed on the RD-ND plane. The average
grain size of as-rolled sheet with 60% total reduction was more
than 100 wm with the original Mg3(Gd,Y) eutectic phases around
the deformed grains, and many twins intersected to each other
were observed as shown in Fig. 1a. Meanwhile, because of the stress
concentration near the eutectic phases, a “necklace” structure con-
taining the fine dynamic recrystallization (DRX) grains was formed,
as shown in the image with high magnification inserted in Fig. 1a.
All of the deformed grains were mainly composed of plate-shaped
long period stacking ordered (LPSO) phase. However, no plate-
shaped LPSO phase was observed in the dynamic recrystallized
region near the original grain boundaries. The LPSO phase mainly
precipitated during the preheat treatment and the hot rolling pro-
cess at 400°C, because very few LPSO phase were observed in the
as-homogenized sample before hot rolling. In addition, isolated
block shaped phases were also observed inside some large grains.

With the increment of reduction ratio, the amount of twins
diminished and disappeared after rolling with total reduction
of 81% (Fig. 1b and c). Furthermore, the deformed grains were
stretched along the rolling direction, especially near the shear
bands and were broken up by the more and more shear bands
formed with increasing reduction ratio, as shown in Fig. 1d-f.
The original eutectic phases were broken and dispersed uniformly,
and the volume fraction of DRX grains increased gradually with
increasing reduction ratio. The as-rolled sheet with reduction
ratio of 96% was almost fully recrystallized with average grain
size of about 3.6 wm. In addition, with increasing volume fraction
of recrystallized grains, the volume fraction of LPSO phase was

Fig. 1. Optical microstructures of the as-rolled sheet with different total reductions: (a) 60% (12 mm sheet), (b) 73% (8 mm sheet), (c) 81% (5.7 mm sheet), (d) 89% (3.3 mm

sheet), (e) 93% (2.0 mm sheet), (f) 96% (1.2 mm sheet).
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Fig. 2. EBSD orientation maps of sheets in the as-rolled condition with different total reduction: (a) 60% (12 mm sheet), (b) 73% (8 mm sheet), (c) 81% (5.7 mm sheet), (d) 89%

(3.3 mm sheet), (e) 93% (2.0 mm sheet), (f) 96% (1.2 mm sheet).

decreased, and LPSO phase were not observed in the recrystal-
lized grain. Similar phenomenon was reported by Chun et al. [25] in
Mg-6Gd-1Zn-0.6Zr alloy processed by hot rolling, the LPSO phase
were formed during hot rolling, while after annealing at 450 °C, the
recrystallized grains were free of these plate shape precipitates. The
LPSO phase were reorientated during hot rolling process to align
along the rolling direction, as shown in Fig. 1

Fig. 2 shows EBSD orientation maps of the as-rolled samples
with different reductions. It can be seen that a majority of the

deformed grains had the orientation with prismatic plane paral-
lel to the cross-sectional plane. For the deformed grains with c-axis
nearly parallel to the ND, the basal slip was difficult to be activated
due to the negligible Schmid factor when the stress was parallel to
the basal plane, and {1 01 2} tensile twinning with lower activa-
tion energy compared with non-basal slip systems easily occurred
[26]. Since twinning changed the orientation of the grains, the
dislocations could glide in the twins and DRX occurred in these
areas. Furthermore, the volume fraction of the recrystallized grains
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1.2mm(96%)

.

%

-

0001

Max=10.1

32.000
16.000
8.000

1010

4.000
2.000
1.000
0500

1120

RD

Fig. 3. Texture evolution of the as-rolled sheets with increasing total rolling reduction.
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increased with increasing rolling passes, and almost fully recrys-
tallized and homogeneous microstructure was obtained after final
rolling (Fig. 2e and f).

Fig. 3 shows the texture evolution of the rolling sheet after dif-
ferent reduction ratio. Basal texture with the (000 1) basal plane
of magnesium crystal parallel to the rolling plane was formed in
all the as-rolled sheets. The samples with reduction from 60% to
81% exhibit texture with basal poles spreading from normal direc-
tion toward rolling direction. In the present study, the intensity
of the basal texture decreased gradually with increasing rolling
reduction ratio. The peak of the basal pole intensity tilted slightly
from ND to TD and the basal poles in all samples texture showed a
broad distribution towards RD and TD especially in the sheet with
96% reduction. It is generally accepted that rare earth elements
can weaken the basal texture of Mg alloys [27-31]. Bohlen et al.
analyzed the influence of rare earth element on the texture and
anisotropy of the as-rolled Mg-Zn-RE sheets [27] and reported that
the addition of Y led to a weakening of the texture and made the
basal poles spread greater toward TD than RD. Al-Samman et al.
also investigated the effect of rare earth elements on the texture
modification in Mg-Zn-Zr-RE alloy sheets prepared by hot rolling
[29] and they suggested that Gd modified the rolling texture most
efficiently and showed a peak basal pole intensity of 4 multiples
of a random distribution located at ~40° from ND to TD, and sig-
nificant improvement in ambient temperature ductility and planar
anisotropy was obtained. However, there is still a debate regarding
the mechanism of texture weakening by addition of RE elements.
The main reasonable mechanisms were particle stimulated nucle-
ation (PSN) of recrystallization [30,31], shear band nucleation [28]
and solute drag effect [29]. The rare earth element content of the
alloy used in the present research was 8.2wt% Gd and 3.8 wt% Y,
which was much higher than those in the researches above men-
tioned [27-29].Thus the high rare earth content and mixed addition
resulted in the precipitation of large amount of the second phases
in the alloy and distributed both along the grain boundaries with
the block shape and inside the grains with plate shape. Such pre-
cipitates can hinder the movement of the dislocations so that the

stress could concentrate easily near the precipitates, which pro-
moted the dynamicrecrystallization then weaken the basal texture.
The volume fraction of the DRX grains increased gradually with
increasing reduction ratio, this may led to the decrement of the
intensity of the basal texture. In addition, Gd and Y elements with
large atom radius had high solid solubility in Mg matrix [32,33],
because these solute atoms were prone to segregate at the grain
boundaries to decrease the free energy, they significantly affected
the grain boundary migration rate. This could also be a rational
factor for generating a random orientation [29].

Fig. 4a shows the bright-field TEM image of the eutectic phases
on the original grain boundaries in the as-rolled sheet with 89%
total reduction. Fig. 4b and c shows the selected area electron
diffraction (SAED) patterns taken from regions marked with B and
C in Fig. 4a, respectively. Fig. 4d supplies the data of EDX analy-
sis of the region marked with B to identify the phase. The results
demonstrate that the phases distributed along the original grain
boundaries had face-centered cubic structure and had an aver-
age composition of Mg-16.9Gd-8.8Y-3.0Zn (at%), so they should
be (Mg,Zn)3(Gd,Y) [34,35]. In the SAED patterns shown in Fig. 4c
obtained from plate-shaped phases marked C in Fig. 4a, the dis-
tance between the incident beam spot and (0002) matrix spot
was divided into 18 equal intervals, which indicated the LPSO
phase was 18R type. Meanwhile, five parallel weak streaks aligned
along [000 1] direction between incident beam spot and (112 0)
fundamental spot of the magnesium matrix with equal distance.
Similar phenomenon was reported in Mg-Zn-Y and Mg-Zn-Gd
alloys [36-38]. Zhu et al. reported that [38] 18R-type LPSO had
an ordered base-centered monoclinic structure and the stacking
sequence of the closely packed plane was ABABCACACABCBCB-
CABA. In such model of the 18R unit cell, two middle layers in each
ABCA-type block had an ordered arrangement of Y and Zn atoms,
which caused the diffraction patterns containing the streaks along
the [0001][38]. During heat treatment among the adjacent rolling
processes and during hot rolling processes at 400 °C, the solubil-
ity of the rare earth elements increased and the mobility of the
solute atoms was activated. Thus the rare earth atoms diffused from
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Fig. 4. (a) Bright-field image of the as-rolled sheet with 89% total reduction (3.3 mm), (b) and (c) SAED patterns of the regions marked B and C in (a), respectively, (d) EDS
data from the phase marked B in (a), (e) bright-field image of the LPSO phase in the sheet and its corresponded SAED patterns.
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the grain boundaries to the interior of the grains, which caused
the concentration of the eutectic phases declined and phases dis-
solved, then LPSO phase precipitated in these areas with relative
high concentration of RE elements.

The bright-field TEM image of the LPSO phase inside the grain
was shown in Fig. 4e. The morphology of the LPSO phase inside the
grain was obviously different from that at the grain boundaries.
According to the SAED pattern with electron beam//[1120] cor-
responding to the LPSO phase in Fig. 4e, they were 14H-type LPSO
phase due to the distance from incident beam spot to the 0002
magnesium matrix spot was divided into 14 parts. Because the con-
centration of Zn and rare earth elements near the grain boundaries
was much higher than that inside the grains, the density of the LPSO
phase precipitated at the grain boundaries was higher than those
inside the grains. Furthermore, lots of dislocations were observed
to slide across the LPSO phase, where the LPSO phase were bended,
as shown in Fig. 4e, due to the stress concentration resulted from
the impedance of dislocation movement by the LPSO phase.

Fig. 5a reveals the bright-field TEM micrograph of the sheet
with 96% total reduction. It can be seen that the some ellipsoidal
submicron sized particles distributed at the grain boundaries. The
particle marked with C was identified to be equilibrium (3 phase
(Mgs(Gd,Y), face-centered cubic structure, F-43m, a=2.23 nm [39]).
The 3 phase heterogeneously precipitated at the grain boundaries
due to the dynamic precipitation during hot wrought process [40],
and the dynamic precipitation progress was significantly improved
by deformation [41]. In addition, fine precipitates were dispersed
densely inside the grains, as shown in Fig. 5a. The presence of
extra diffraction spots at 1/2(112 0),, in the SAED pattern (Fig. 5¢)
demonstrated that these precipitates were [3” phases with defi-
nite crystallographic orientation relationship with the matrix, that
is(112 0)g//(11 20), and [0001]g///[0001],. It is reported that
the precipitation of coherent 3” phase was not affected by disloca-
tion density introduced by deformation [42], thus the precipitates
were formed from interior of the supersaturated o-Mg matrix

during subsequent cooling process in the air after final rolling with
40% reduction.

Fig. 5d shows the bright-field TEM images of the LPSO phase
at the grain boundaries. As shown in the corresponding SAED pat-
terns of the LPSO phase, the presence of the extra diffraction spots
at 1/6(0001), positions and the tilt of (0110) plan of the LPSO
phase about 83° from c-axis of the hexagonal close-packed struc-
ture illustrated that the LPSO were 18R-type LPSO phases [38].
The morphology of these 18R-type LPSO phase was similar to that
formed in sheets with total reduction of 89%, and they may also
precipitate from the supersaturated solid solution due to the disso-
lution of (Mg,Zn)3(Gd,Y). Fig. 5f shows the bright-field TEM images
of the LPSO phase inside the grains. The corresponding SAED pat-
terns as shown in Fig. 5g indicates the LPSO phase was 14H LPSO.
It was reported that the composition of 18R-type and 14H-type
LPSO phase were Mg10YZn and Mgy, YZn, respectively, in Mg-Y-Zn
alloy [38]. It suggests that the type of LPSO phase may depend on
the concentration of Zn and rare earth elements, that is, 18R-type
precipitated densely at the grain boundaries rich in Zn and rare
earth atoms, while 14H-type precipitated inside the grains with
low concentration of solute atoms.

The 14H-type LPSO phase were bended as shown in Fig. 5f, same
phenomenon was also observed in the sheet with 89% reduction, as
shown in Fig. 4e. Because the operative deformation mode in LPSO
phase was basal slip, non-basal slip across the LPSO phase would
significantly be restricted and the stress concentration occurred
near the LPSO phase. The bend of these phases can accommodate
the local strain then improved the ductility and strength of the alloy
sheets [43].

3.2. Mechanical properties
The stress—strain curves along RD of the as-rolled sheets with

different total reductions at ambient temperatures were plotted in
Fig. 6, and the corresponding ultimate tensile strength (UTS), tensile
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Fig. 6. Tensile properties of the as-rolled sheets with different total reductions
tested along RD at ambient temperature.

yield strength (TYS) and elongation to failure were also summa-
rized in Table 2. The presented data clearly reveals that the UTS
and TYS were obviously improved with increasing rolling reduc-
tions and UTS of 403 MPa, TYS of 318 MPa and elongation of 13.7%
were obtained after total rolling reduction of 96%. The enhance-
ment of the strength should attribute to several factors. Firstly,
since the average grain sizes decreased gradually with the increas-
ing rolling reductions and refined to approximately 3.6 wm after
final rolling (Fig. 1f), according to Hall-Petch relationship such fine
grains may improve the proof strength. On the other hand, the com-
position of the alloy with high rare earth elements were selected
in the present research, which resulted in enrichment of solute
atoms in the grains and precipitation of numerous phases at the
grain boundaries. The phases at the grain boundaries became the
obstacles for the motion of the dislocations and then the stress
concentration occurred. Additionally, the stress concentration near
the phases promoted the dynamic recrystallization and refined the
microstructure. Furthermore, most of the LPSO phase observed in
the sheets aligned along the rolling direction suggesting that the
interfaces between the LPSO phase and the Mg matrix were inclined
to the tensile axis with negligible Schmid factor for (0001)(1120)
basal slip at room temperature. Thus, the shear deformation mainly
occurred through the LPSO phase with the plate shape when the
force loading along the RD and which acted as fiber reinforcement
for the alloy [43]. Because of the precipitation of fine and dense
[3” phases in the sheet with 96% total reduction (Fig. 5a), the proof
strength was further improved compared with other samples. The
elongation to failure of the sample after final rolling reached 13.7%
along the RD. The improvement of ductility was mainly due to the
much more homogeneous microstructure and the fine recrystal-
lized grains. The refined grain sizes obviously shorten the distance
of dislocations slip and then released the dislocation pile-up.

Table 2
Tensile properties of the Mg-8Gd-4Y-1Zn-0.4Zr alloy under different conditions.

Status Orientation UTS (MPa) YTS (MPa) Elongation (%)
23 RD 353 263 102
- mm 45 323 239 10.5
sheet ™ 312 233 6.0
- RD 370 305 94
" mm 45 347 257 8.1
sheet ™ 333 251 55
i RD 403 318 137
; mm 45 380 283 145
sheet ™ 371 270 135

The mechanical properties of the samples measured along three
tensile directions RD, 45° and TD were summarized in Table 2.
In the hot rolling process of common magnesium alloys without
rare earth elements, the highest proof strength was obtained in
the TD and lowest in the RD with basal poles tilted to the RD [44].
However, in the present study, the samples tested along the RD
exhibited superior yield and ultimate tensile strength than those
along the 45° and TD. Additionally, the difference between RD and
45° was much more pronounced than that between 45° and TD,
similar results were obtained in other RE containing magnesium
alloys [27]. This is resulted from the texture development in the
as-rolled sheets with broader distribution of basal poles towards
the TD than the RD. As a consequence, the grains with the c-axis
inclined from the ND to the TD were favorable for the basal slip
and tensile twinning with higher Schmid factor when the force
loaded along the TD. The anisotropy of the strength and elongation
was improved with increasing rolling reduction, and the distinc-
tion among the different tensile directions in the sample with 96%
reduction was less obvious. One possible reason was the weakened
texture with broader spread and lower peak intensity of the basal
poles. Furthermore the high volume fraction of the recrystallization
also contributed to the good elongation of the sample tested along
the TD.

4. Conclusions

The microstructure evolution and mechanical properties of
Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr alloy sheet were analyzed and the
results were summarized as follows:

1. The dynamic recrystallization was apt to occur near the phases at
the grain boundaries and the deformation twins because of the
stress concentration and. The twins disappeared after severer
rolling and the microstructure almost fully recrystallized after
rolling with 96% total reduction.

2. Although all the as-rolled sheets exhibited a typical basal texture
with the basal plane parallel to the rolling plane, the intensity
of the texture was significantly weakened by the addition of
rare earth elements and recrystallization. The spread of the basal
poles were greater toward the TD than the RD in all samples.

3. The LPSO phase at the grain boundaries and inside the grains
had different structure: 18R type LPSO phase located at the
grain boundaries and 14H type LPSO phase distributed inside
the grains.

4, The sheets after rolling with total reduction of 96% exhibited
excellent mechanical properties with UTS of 403 MPa, TYS of
318 MPa and elongation to failure of 13.7%, and anisotropy of the
strength and elongation was improved with increasing rolling
reduction.
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