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The effect of the passes of cyclic expansion-extrusion with an asymmetrical extrusion cavity (CEE-AEC) on the microstructure
and texture evolution of the Mg-13Gd-4Y-2Zn-0.5Zr (w/%) alloy was investigated in this research. The alloy was subjected to
(1, 2, 3 and 4) passes at (753, 733, 723 and 693) K, respectively. An optical microscope (OM), a scanning electron microscope
(SEM) and electron backscattered diffraction (EBSD) were used to study the microstructure and texture evolution. The
CEE-AEC process caused a significant grain refinement as the grain size decreased to 1.4 um from the initial value of 24 um
after three CEE-AEC passes, while it increased slightly, to 1.6 um, after an additional CEE-AEC pass. With the increasing of the
CEE-AEC passes, the number fraction (NF) of low-angle grain boundaries (LAGBs) tended to decrease, and the average
misorientation increased due to the enhancement of recrystallization. The basal texture was weakened after four CEE-AEC
passes, and the shear strain led to a rotation by 45°. The maximum intensity was reduced from 11.692 to 1.944.
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V ¢lanku avtorji opisujejo raziskavo vpliva posameznih prehodov skozi orodje pri postopku cikli¢ne ekspanzijske ekstruzije z
asimetricno ekstruzijsko votlino (CEE-AEC) na mikrostrukturo in razvoj teksture zlitine Mg-13Gd-4Y-2Zn-0,5Zr (v mas. %).
Zlitino so opazovali po prvem, drugem, tretjem in ¢etrtem prehodu pri temperaturah ekstruzije 753 K, 733 K, 723 K in 693 K. Z
opti¢nim (OM) in vrsti¢nim elektronskim mikroskopom (SEM) ter s tehniko sipanja povratnih elektronov (EBSD) so Studirali
mikrostrukturo in razvoj teksture. S postopkom cikli¢ne ekspanzijske ekstruzije z asimetricno ekstruzijsko votlino so dosegli
pomembno udrobljenje (zmanjSanje velikosti) kristalnih zrn z zacetnih 24 um na 1,4 um po treh prehodih, medtem ko je po
dodatnem cetrtem prehodu velikost kristalnih zrn narasla nazaj na 1,6 um. S povecevanjem Stevila prehodov CEE-AEC
postopka se je deleZ malokotnih kristalnih mej zmanjSeval in njihova povpre¢na dezorientacija se je povecala zaradi povecanja
obsega rekristalizacije. Osnovna tekstura je bila oslabljena po Stirih prehodih CEE-AEC postopka in zaradi strizne deformacije
je prislo do rotacije za 45°. Maksimalna intenziteta se je zmanjSala z 11,692 na 1,944.

Kljucne besede: Mg-Gd-Y-Zn-Zr zlitina, ciklicno-ekspanzijska ekstruzija z asimetri¢no ekstruzijsko votlino, mikrostruktura,
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1 INTRODUCTION

Magnesium alloy is the lightest structural metal and
it is the best material for lightweight transportation,
aerospace and weaponry due to the low density, high
specific strength, high specific stiffness along with
excellent machinability and damping capacity.! However,
the hexagonal close-packed (hcp) crystal structure of a
magnesium alloy results in poor ductility and formability
at room temperature (RT).? Severe plastic deformation
(SPD) is considered to be an effective way for achieving
grain refinement.>” Many investigations were carried out
to study a variety of SPD processes, such as cyclic ex-
pansion-extrusion (CEE),*° equal channel angular
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pressing (ECAP),!%!! large strain rolling (LSR)!? and
differential speed rolling (DSR)."

Cyclic expansion-extrusion (CEE), a new SPD tech-
nique, with which we can create a nano-scale-micro-
structure magnesium alloy, has been used to improve the
strength and ductility of magnesium alloys by refining
the grain size. CEE can accumulate strain and refine
grains through a dynamic recrystallization. With its
development and maturity, the CEE technology has been
gradually applied to the AZ91 magnesium alloys'* and
AA1050 aluminum alloys.'> CEE was developed by N.
Pardis et al.,® based on cyclic extrusion compression
(CEC) to study the microstructure and mechanical
properties of aluminum-alloy bars. A. Babaei et al.!
studied the effect of CEE on the microstructure and
properties of an AZ91 magnesium alloy tube. After two
deformation passes, the grain size reached about 1 um
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and the elongation increased from 1.6 % to 8.1 %.
N. Pardis et al.'’ studied the evolution of the microstruc-
ture and texture of the AA1050 aluminum alloy after the
CEE deformation. The results showed that the grain size
and texture of the sample reach a stable state after eight
passes of the CEE process. Y. Xue et al.’ investigated the
AZ80 alloy processed with CEE and the results showed
that the grain size refined from 190 pm to approximately
3 um. Furthermore, CEE is better than ECAP in terms of
grain refinement at the same accumulation of strain.

The present research is based on CEE, namely cyclic
expansion-extrusion with an asymmetrical extrusion
cavity at differential temperatures (CEE-AEC) and aims
to evaluate the effects of CEE-AEC on the microstruc-
ture and texture evolution of Mg-13Gd-4Y-2Zn-0.5Zr
alloys.

2 EXPERIMENTAL PART

In this study, the as-received Mg-13Gd-4Y-2Zn-0.5Zr
magnesium alloy with the chemical composition from
Table 1 was used. Rectangular billets of (250 (Iength) x
50 (width) x 100) mm (thickness) were machined from
extrusion bars for the CEE-AEC processing. A
CEE-AEC die was designed and manufactured from the
3Gr2Wa8YV tool steel, as shown in Figure 1. As the figure
shows, the die consists of three cavities (the upper cavity,
the lower cavity and the intermediate cavity). The size of
the upper cavity and lower cavity is 100x50 mm and the
middle cavity is 100x100 mm.

Table 1: Chemical composition of a Mg-Gd-Y-Zn-Zr billet (w/%)

Gd Y
12.8 | 4.0

7Zn Zr
1.8 | 0.42

Fe Ni
=0.001] =0.002

Element
Content

Mg
Bal.

The alloy was subjected to (1, 2, 3 and 4) passes at
(753, 733, 723 and 693) K, respectively. Graphite was
used as the lubricant to reduce the friction between the
die and the specimen. For all the passes of the CEE-AEC
tests, the constant ram speed was set to 1 mm/s. Each

Lower bottom die

e

specimen was extruded from the die by pressing the next
specimen and this was followed by air quenching.

After CEE-AEC, the samples were cut in the cross-
sectional plane perpendicular to the pressing direction.
Metallographic samples were etched with a solution of
4.2 g of picric acid, 10 mL of acetic acid, 10 mL of dist-
illed H,O and 70 mL of ethanol. Then the microstructure
of the samples was characterized with an Axio Observer
A2m Carl Zeiss optical microscope. The phase morphol-
ogy and texture evolution were investigated with Hitachi
SU5000 electron back-scattered diffraction (EBSD).

3 RESULTS AND DISCUSSION

3.1 Microstructural characterization

Figure 2 presents the optical micrograph of the
as-received Mg-13Gd-4Y-2Zn-0.5Zr alloy. It was found
that the as-received alloy whose microstructure and
phase distribution were heterogeneous, consisted of
coarse deformed grains, intragranular fine-lamellar
LPSO phases, interdendritic block-shaped LPSO phases
and a minimal amount of RE-rich phases.!®!” In general,
the microstructure and phase distribution were hetero-
geneous, and the average grain size was calculated, with
the linear intercept method, to be 24 um.

OM micrographs of the Mg-13Gd-4Y-2Zn-0.5Zr
alloy after (1, 2, 3 and 4) passes are presented in Fig-
ure 3. After 1 CEE-AEC pass at 753 K, the grain
orientation becomes ordered and the grains are refined
(Figure 3a). The original coarse grains are deformed and
elongated along the extrusion direction. Many fine grains
are formed along the grain boundaries of coarse grains
resulting in a ‘necklace’ structure due to DRX. Many
fine-lamellar LPSO phases appear in the interior of the
original coarse grains, and some net-like LPSO phases
and fiber-like LPSO phases are distributed around the
grains.'® The discovery of the typical bimodal distri-
bution of the microstructure and the nucleation of fine
grains at the original coarse grain boundaries indicate
that DRX occurred after 1| CEE-AEC pass.

Upper bottom die

Billet 2

ez

N\

2-pass CEE-AEC start.

I
&

End of 1-pass CEE-AEC.

Initial
billet

Figure 1: Schematic diagram of the CEE-AEC die and the forming principle used in the study
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Figure 2: OM micrograph and BSE image of the as-received Mg-13Gd-4Y-2Zn-0.5Zr alloy

With the increase of the CEE-AEC process, the
grains are continuously refined, and the microstructure
becomes more homogeneous. Moreover, only a small
number of the original coarse grains existed after 3
passes, and the grains are finer, equiaxed and uniformly
distributed. Meanwhile, the degree of grain refinement
continues to increase. The average grain size after (1, 2,
3 and 4) passes is (17.8, 8.3, 1.4 and 1.6) um, respect-

ively. The thermal deformation promotes the precipi-
tation of the fine-lamellar LPSO phase in the grain. This
phase is deformed due to the rotation of the grains. With
the increasing number of the CEE-AEC passes, the DRX
region gradually expands, the size of the precipitated
phase becomes smaller and its shape is more regular. In
some grains, kink bands are generated due to the
lamination of the LPSO phase. The intragranular LPSO

Figure 3: Optical-micrograph images of the alloys after different processing passes: a) 1 pass, b) 2 passes, ¢) 3 passes, d) 4 passes
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phases in different grains show different alignment
directions, which generally show the tendency to align
with the extrusion direction at 45 degrees. Moreover, the
block-shaped phase is continuously sheared and broken
into small pieces, and the initial ¢-Mg grains are
simultaneously broken during the CEE-AEC processes.
In addition, after four passes of deformation, some fine,
short, rod-like precipitates are found in the grains of the
alloy (see the oval area in Figure 4d). These precipitates
are shorter and thinner than the broken flakes and may
form during the CEE-AEC process; they are similar to
metastable LPSO phases or stacking faults.!?

At the same time, due to the rotation of the grains
during the deformation, DRX occurs, and the LPSO
phase in the grains dissolves into the matrix. Due to the
gradual increase of the dynamically recrystallized grains
and the kink band of the block LPSO phase, a large
number of Mgs (Gd, Y, Zn) phases are dynamical
precipitated.'® The fine-particle-phase precipitation may
occur due to the precipitation of a supersaturated solid-
solution rare-earth element along with the LPSO phase
and the matrix during the deformation process. With the
increase in the CEE-AEC passes, the accumulated strain
increases gradually and the loading direction changes
alternately between the axial direction and radial
direction. The bulk LPSO phase is locally deformed and
the kink deformation zone is gradually increased. In the
block-shaped LPSO phase, it is shredded into a large

number of short rods of about 2-5 um and these short
rods are distributed, in the stripe shape, in the block-
shaped LPSO phase.

The white lines represent the grain boundaries with
misorientation angles of 2—15°. These grain boundaries
are described as low-angle grain boundaries (LAGBs).
The grain boundaries with misorientation angles larger
than 15° are described as high-angle grain boundaries
(HAGBSs), which are represented by black lines. More-
over, the LAGBs are mainly distributed in the interior of
the coarse grains. The HAGBs are mainly distributed at
the grain boundaries of the original coarse grains and a
small number of newly formed recrystallized grain
boundaries. As can be seen from Figure 5, the colors of
different coarse grains are different, that is, the orien-
tations of the coarse grains are different. At the same
time, inside the same grain, the colors of different areas
are also different, which indicates that the CEE-AEC
processes caused a rotation of the crystal. The black
regions in the IPF maps mainly represent the LPSO
phases, in which the EBSD system failed to recognize
the LPSO phases due to the negligible confidence index
(CI) caused by a lack of corresponding phase para-
meters. Due to a severe deformation near the original
grain boundary and a high dislocation density, the fine
grains formed at the grain boundary also exhibit random
orientation distribution, which is mainly found at the
trigeminal boundary.

Figure 4: BSE images of the alloys after different processing passes: a) 1 pass, b) 2 passes, c¢) 3 passes, d) 4 passes
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Figure 5: EBSD analysis of IPF maps after different processing passes: a) 1 pass,b) 2 passes, c¢) 3 passes, d) 4 passes

As the number of the CEE-AEC passes increases,
although the recrystallization volume fraction increases
significantly after three passes, there are still a few resi-
dual coarse grains. After four passes of the CEE-AEC
process, the fine DRXed grains replace the original
deformed grains, and the microstructure has a uniform
and randomly fine-grained structure. After one
CEE-AEC pass, the proportion of the LAGBs accounts
for 54 % of the total grain boundaries. And because of a
low accumulation of strain, a large number of coarse
primary grains and a small amount of DRX grains are
the main constituents, dominated by discontinuous
dynamic recrystallization (DDRX, which is character-
ized by the bulge-and-necklace structure). After three
CEE-AEC passes, the proportion of the HAGBs
gradually increases and the LAGBs gradually change
into HAGBs.

The formation of uniform and small equiaxed grains
has an obvious grain-refining effect, which is charac-
terized by CDRX (it is also revealed by intense color
grading and the LAGBs observed around the boundaries
of most of the deformed particles in Figure 5). With the
increasing number of the CEE-AEC passes, the NF of
DRXed grains increases continuously from 34 % to
67 %, and the DRXed grain size decreases from 13 pm

Materiali in tehnologije / Materials and technology 54 (2020) 4, 495-501
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Figure 6: (0001) pole figures of the ED-TD plane of the
Mg-13Gd-4Y-2Zn-0.5Zr alloy after different processing passes:
a) 1 pass, b) 2 passes, ¢) 3 passes, d) 4 passes
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to 1.4 um after three CEE-AEC passes, while it increases
to 1.6 um after an additional pass. In the CEE-AEC
process, grain refinement is mainly derived from the
fracture of coarse grains and the occurrence of DRX at
the original grain boundaries.' The change in the
cumulative strain affects the progress of DRX. When the
strain accumulates to a certain extent, it will lead to the
occurrence of DRX.?° Therefore, after four passes of the
CEE-AEC process, the strain is sufficient to lead to a
homogeneous microstructure. DDRX may operate near
the interdendritic LPSO phases via the particle-stimu-
lated nucleation (PSN) mechanism. As the CEE-AEC
passes continue to increase (i.e., cause an accumulated
strain), DRX induces the conversion of the LAGBs into
HAGBEs via the CDRX mechanism. This experiment uses
a multi-pass process at the cooling temperature. On the
other hand, at higher temperatures, we see bulging of the
original grain boundaries and subgrain growth, while
DRX and new grains are formed at the original grain
boundaries.

3.2 Texture development

The texture type after different passes was deter-
mined using the EBSD data. Figure 4 depicts the {0001}
pole figures of the ED-TD plane of the alloys after diffe-
rent processing passes. With the increasing CEE-AEC
passes, the basal planes tend to change periodically.
Therefore, the initial intense texture becomes so disinte-
grated that the basal poles are distributed more randomly
and the maximum texture intensity declines gradually
from 11.692 to 1.944 as the CEE-AEC passes increase
from 1-4 passes, as shown in Figure 4, which is attri-
buted to the texture weakening caused by an addition of
the Gd and Y elements. A strong basal texture appeares
in the alloy after the first pass. This type of texture is not
the same as the typical base texture of the alloy after
compression and extrusion. It was reported that the
{0001} plane is perpendicular to the compression-axis
direction after compression?' and parallel to the
extrusion-axis direction after extrusion.?? Due to the
alternation between the axial and radial directions during
a deformation process, most of the {0001} base planes
are deflected by 45° in the direction of extrusion.?® This
new texture is similar to the texture appearing after the
reciprocating extrusion of wrought magnesium alloy
reported in reference,” but in this paper, the CEE-AEC
alloy has a lower maximum intensity of the texture. For a
hot-deformed magnesium alloy, the DRX grains exhibit a
random grain orientation, which offsets the deformation
texture of the non-DRX grains and plays an important
role in weakening the grain texture.”> The precipitated
particles hinder the grain rotation, thus also contributing
to the weakening of the texture.

The basal-texture weakening during asymmetric
rolling is due to the asymmetric shear strain formed.?® In
the present study, the results indicate that the intro-
duction of asymmetric deformation is very effective in
the weakening of the basal texture during the extrusion.
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L. L. Chang et al.?’ show that the maximum asym-
metric-shear deformation varies between different
locations due to asymmetric extrusion, resulting in the
rotation of the basal texture towards the extrusion
direction. Compared with the previous experimental
result for the texture evolution, this study does not state
that the basal textures weaken and become scattered
throughout the thickness due to asymmetric extrusion. It
should be noted that the maximum basal-pole intensities
are closely related to the average grain sizes of the
samples. The maximum basal-pole intensities gradually
decrease with the reducing average grain size of the
AZ31 sheet after asymmetric porthole-die extrusion.?®
Similar phenomena are found in this study; therefore, it
is better at explaining the fact that the weakening of a
basal texture may be mainly associated with the level of
dynamic recrystallization during the deformation.

4 CONCLUSIONS

The grain refinement and a large number of pre-
cipitated phases were caused by the CEE-AEC process.
The grain size decreased to 1.4 um from the initial value
of 24 um after three CEE-AEC passes,but after four
passes, the it increased slightly, to 1.6 um.

With the increasing number of the CEE-AEC pro-
cessing passes, the NF of LAGBs continued to decrease
and the average misorientation increased due to the
enhanced recrystallization process. The NFs of the
LAGBs and HAGBs were mainly determined by the
degree of DRX during CEE-AEC.

The basal texture was weakened after 4 passes and
the shear strain led to the rotation by an angel of 45°.
After 4 passes of CEE-AEC, the texture intensity of the
alloy was reduced from 11.692 to 1.944.
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