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Abstract The extruded Mg-7Y-1Nd-0.5Zr (wt%) alloy
were performed to the same strain hot rolling with different
temperatures. The microstructure and texture evolution of
the sheets were investigated by optical microscopy (OM),
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), and electron
back-scattered diffraction (EBSD). The results indicate that
the microstructure becomes homogeneous after hot rolling
process and precipitated phase distributes at grain bound-
aries along rolling direction. With the increase in rolling
temperature, the grains of sheet grow up. The sheet rolling at
400 °C is composed of recrystallization grains, the necklace
of the precipitated phase in the grain boundaries and exces-
sive dislocations. The structure of necklace of the precipi-
tated phase is fcc structure with lattice constant of
a = 0.75 nm. With rolling temperatures increasing from
400 to 450 °C, the content of recrystallized grains in volume
fraction with relatively random orientations increases sig-
nificantly. Compared with the rolling process at 400 °C, the
amount of precipitated phases is reduced at the grain
boundary, and the precipitated phase begins to appear in the
grain interior when rolling at 450 °C. The structure of the
precipitated phase is fcc with lattice constant of
a = 2.22 nm. The recrystallization grains begin to grow in
the rolling process at 500 °C. The basal texture is obviously
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produced during the rolling process at 400 and 450 °C;
however, the basal texture is weak in the rolling process at
500 °C.
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1 Introduction

Magnesium alloys containing rare earth (RE) elements
have been attracting scholars’ interest for potential appli-
cations in transportation and aerospace industries [1-5]. In
order to extend the utilization of magnesium products,
rolling processes were introduced to eliminate the porosi-
ties in as-extruded and refine the microstructure resulting
from the dynamic recrystallization (DRX) during plastic
deformation.

After hot rolling, the microstructure of magnesium alloy
is more uniform with finer grain size, and the deep drawing
properties and formability are greatly improved. But in
recent years, the research on rolled wrought magnesium
alloys was mostly confined to AZ and ZK series alloy. The
temperature was an important factor affecting the ability of
the plastic deformation of magnesium alloy [6—8]. The
deformation microstructure of magnesium alloy was very
sensitive to temperature; too high rolling temperature may
lead to the phenomenon of secondary recrystallization,
affecting the performance of the alloy; too low rolling
temperature may result in that the grains were not fined by
dynamic recrystallization, and the coarse grain structure
will produce lots of twins. Therefore, in the present study,
the hot extrusion process was introduced to Mg—7Y—-1Nd—
0.5Zr (wt%) alloy prior to hot rolling for the purpose of
enhancing the formability. Then the as-extruded alloy was
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hot-rolled with rolling temperatures of 400, 450, and
500 °C, reduction of 10 % per pass, and total reduction of
30 %. The effect of rolling temperature on the
microstructure and texture evolution was analyzed, which
can provide a reference for the rare earth magnesium alloy
hot-rolled deformed.

2 Experimental

The experimental alloy was Mg—7 wt%Y—1 wt%Nd-
0.5 wt%Zr (WE71), and the analyzed resultis given in Table 1.

The plates with the thickness of 18 mm were cut along the
extrusion direction from the rectangle extruded sheets with
145 mm in width and 200 mm in length. The plates were
preheated at 400, 450, and 500 °C for 20 min in the resis-
tance furnace to homogenize samples, respectively. Mean-
while, both rollers were probably heated to 200 °C by the
flame heating. The rolling sheets were reheated at corre-
sponding rolling temperature for 10 min between the con-
secutive rolling passes. The as-extruded alloy was hot-rolled
with the rolling temperatures of 400, 450, and 500 °C,
reduction of 10 % per pass and total reduction of 30 %.

The microstructural characters of all the samples were
analyzed by optical microscope (OM, Carl Zeiss Axiovert
200), scanning electron microscope (SEM, JSM-6510A)
equipped with energy-dispersive spectroscopy (EDS), and
transmission electron microscope (TEM, FEI-TECNAI G2
F20) operating at 200 kV. The samples were mechanically
polished and then etched in a solution of 4 vol% nitric acid
in alcohol [9]. Thin foils for TEM observation were pun-
ched to disks of 3 mm in diameter, manually polished to
~50 um and then ion-milled using Gatan plasma ion
polisher. The texture analysis was conducted by electron
back-scattered diffraction (EBSD, EDAX-TSL) system
operating at 25 kV, equipped with OIM analysis software.
The samples for EBSD observation were manually pol-
ished and then polished using an electrolytic solution of
20 vol% nitric acid in alcohol [10].

3 Results and discussion
3.1 Microstructure analysis
The microstructures of as-extruded alloy and rolling sheets

with different temperatures are shown in Fig. 1. The
microstructure consists of fine equiaxed grains with a mean

Table 1 Chemical compositions of WE71 alloys (wt%)

Y Nd Zr Mg
7.44 0.84 0.59 Bal.
@ Springer

Fig. 1 OM images of as-extruded and rolling sheets with different
rolling temperatures: a as-extruded alloy, b rolling sheet at 400 °C,
c rolling sheet at 450 °C, and d rolling sheet at 500 °C

grain size of about 25-35 pum, demonstrating that the
dynamic recrystallization appears during the hot extrusion
process. However, the grain size is inhomogeneous. The
precipitated phase distributes parallel to the extrusion
direction (Fig. 1a). It can be seen that the microstructure of
rolling sheet at 400 °C exhibits double-size distribution
significantly in Fig. 1b and DRX happens in local area. The
fine recrystallized grains distribute around the larger grains
[10]. The grains are elongated along the rolling direction,
and many of the small deformation precipitated phases are
observed at grain boundary, so that the grain boundary is
coarsened. The microstructure of rolling sheet at 450 °C is
completely static recrystallization, and the microstructure
becomes more uniform, consisting of equiaxed recrystal-
lized grains. Compared with the rolling sheet at 400 °C, the
amount of precipitated phase is reduced at the grain
boundary, and the grain interior begins to appear precipi-
tated phase. The twins are found in some grains. The
microstructure presents two times recrystallization, leading
to grain growth in the process rolling at 500 °C. The
average grain size is 30-45 pm which is a little coarser
than that of the as-extruded alloy. A small amount of
precipitated phases and cubes of Y-rich phase are obtained.

3.2 SEM analysis of rolling sheets

Figure 2 shows SEM images, EDS spectra, and XRD pat-
terns of rolling sheets with different temperatures. After
rolling at 400 °C, the necklace of the precipitated phase
appears in the DRX grain boundary, and the number of
precipitated phases inside grains is less. The precipitated
phase was analyzed by EDS and XRD, and the results are
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Fig. 2 SEM images, EDS spectra and XRD patterns of rolling sheets with different rolling temperatures: a SEM image of rolling sheet at
400 °C, b EDS spectrum of rolling sheet at 400 °C, ¢ SEM image of rolling sheet at 450 °C, d EDS spectrum of Area A in ¢, e EDS spectrum of

Area B in ¢, and f XRD patterns of rolling sheet at 400 and 450 °C

shown in Fig. 2b, f. It can be seen that the Mg and Re
atomic ratio is close to 3:1, indicating that the chemical
type of bright white globular phase is Mg;Re phase. The
EDS analysis is consistent with XRD result.

After rolling at 450 °C, Fig. 2c shows that the discon-
tinuous precipitated phase appears at grains boundary in
the hot rolling process. In comparison with rolling sheet at
400 °C, the number of precipitated phases begins to
increase in grain internal. For the different precipitated
phases analyzed by EDS, the Mg and Re atomic ratios of
precipitated phase are about 1:2 in grain boundary and 2:3
inside grains. The results indicate that the two types of
precipitates contain the same chemical elements, but the
chemical formula is different. The precipitation sequence
of the two phases is remained to be studied. With the
increase in rolling temperature, the amount of precipitated
phase begins to decrease, but the size of precipitated phase
begins to increase.

According to XRD patterns in Fig. 2f; it can be seen that
MgsRe phase is mainly produced in rolling process at
400 °C, and the peaks of MgsRe phase are not found in
XRD patterns; however, MgsRe and Mg;Re phases are
produced during the rolling process at 450 °C. The results
in Ref. [11] showed that the EW75 alloy produced MgsRe
phase in 440 °C/30 min pre-precipitation process. Present
results coincide with this conclusion. Combined with the
XRD patterns in this study, it can be found that the Mg;Re
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phase is prior to generate crystal nucleus. With the increase
in rolling temperature, MgsRe phase begins to form.

3.3 TEM analysis of rolling sheets

The bright-field TEM image and SAED pattern of precip-
itated phases in rolling sheet at 400 °C are shown in
Fig. 3a, b. The SAED pattern shows that the fine precipi-
tated phases are observed in recrystallization grain
boundary, and some precipitated phases are connected
together. These small precipitated phases could effectively
prevent grain growth in hot rolling process. The granular
precipitated phase could effectively prevent grain boundary
sliding, and this phenomenon is also observed in OM
microstructure (Fig. 1b). The twins structure is also seen in
the bright-field TEM image (Fig. 3b), and Koike et al. [12]
also believed that the role of twins was twofold during
plastic deformation of magnesium alloy. On the one hand,
the twin could provide additionally independent slip sys-
tem which was beneficial to the improvement of the plastic
material; on the other hand, the twins hindered dislocation
motion, which could lead to strain hardening; finally, the
twins also produced stress concentration zone and failure
zone which made the material toughness decrease. The
SAED pattern of the precipitated phases indicates that the
structure of the precipitated phases is fcc with lattice
constant of @ = 0.75 nm. This result is the same as that of
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Fig. 3 Bright-field images and SAED patterns of precipitated phases in rolling sheets with different rolling temperatures: a, b rolling sheet at

400 °C; ¢, d rolling sheet at 450 °C

the MgzRe phase structure of EW75 alloy [13]. Compared
with rolling sheet at 400 °C, the amount of precipitated
phase is reduced at the grain boundary, and the precipitated
phase begins to appear in the grain interior. The structure is
also fcc with lattice constant a = 2.22 nm (Fig. 3c, d).

3.4 Texture evolution

The results of EBSD analysis are given in Fig. 4. As shown
in Fig. 4a, the as-extruded alloy is composed of equiaxial
recrystallized grains. The calculated (0002), (1010),
(1120) pole figures of the as-extruded plate on the extru-
sion direction—transverse direction (ED-TD) plane are
given in Fig. 4a, there is a tendency to exhibit a basal
texture in which most of grains are oriented to their basal
planes nearly parallel to the extrusion direction. This is
usually found in the as-extruded magnesium alloys
[14, 15]. The maximum pole intensity is 6.127, while the
peak intensity is tilted slightly away from the sheet normal
direction (ND) toward the transverse direction (TD). In
addition, as shown in Fig. 4d, [1010] and [1120] directions
of crystals are approximately parallel to the extrusion
direction (ED), however, the [1010] texture is stronger as

@ Springer

indicated by the higher peak intensity. During the extrusion
process, the basal slip system is easily activated; the [1120]
texture is due to the smallest critical resolved shear stress
of dislocations slipping on the basal plane along [1120]
direction. The [1120] direction in a lot of grains are ori-
ented parallel to ED in the extrusion process. However, the
[1120] texture is unstable, and texture change is observed
[16, 17]. In this case, prismatic slip systems are easily
activated, so the normal direction of most grains is re-
orientated and the extrusion direction is parallel to [1010]
texture. Eventually, [1010] texture developed is stronger
than the extrusion direction parallel to [1010] texture [18].
The results indicate that in the alloy, not only the grain is
refined, but also part of the grain orientations change in the
process of extrusion. The change of grain orientation pro-
duces important influence on subsequent rolling deforma-
tion. Compared with prismatic slip and pyramidal slip, the
basal slip has smaller critical shear stress in magnesium
alloy, so the basal slip is the main way to plastic defor-
mation of magnesium alloys.

After extrusion and rolling, the texture evolution of
alloy in Fig. 4b—d shows that the texture of sheets is a
common basal texture of magnesium alloy, and the (0002)

Rare Met. (2020) 39(11):1273-1278
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Fig. 4 EBSD analysis of WE71 alloy in different states: a as-extruded alloy, b rolling sheet at 400 °C, ¢ rolling sheet at 450 °C, and d rolling
sheet at 500 °C

of a-Mg grain is parallel to rolling direction—transverse  direction of TD, but the strongest pole point begins to
direction (RD-TD) surface in the hot rolling process. After =~ move closer to the center of pole figure. This indicates that
rolling at 450 °C, the (0002) pole figure extends toward the  the deflection angle of basal surface along the direction of
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TD is smaller and smaller. The maximum basal texture
intensity is 5.667. After rolling at 450 °C, the pole point of
the (0002) pole figure is concentrated in the center. From
Fig. 4c, it can be seen that the basal surface is parallel to
RD-TD surface of the rolling sheets. The basal texture is
significantly enhanced with a small increase in basal tex-
ture intensity from 6.127 to 7.175. Compared with as-ex-
truded alloy, because fully DRX occurs in the process of
rolling deformation at 500 °C, the intensity of the basal
texture obviously decreases, and (1010) and (1120) tex-
tures change to random textures. Compared with rolling
process at 500 °C, because of the lower temperature of
rolling processes at 400 and 450 °C, the recrystallization is
not sufficient, indicating that the texture intensity is higher
than that rolling at 500 °C.

The (0001) < 1120> Schmid factor distribution along
the direction of RD in different states is shown Fig. 4.
Compared with that of as-extruded alloy, the Schmid factor
of rolling sheets is bigger, so the grain dislocation slip is in
soft orientation, and it is easier to start. With the increase in
rolling temperature, the basal texture is significantly
weakened, the Schmid factor value increases, and the basal
slip is easier to start; the (1010) and (1120) textures are
weakened gradually and finally show weak random texture.

4 Conclusion

The WE71 magnesium alloy presents different degrees of
dynamic recrystallization at different rolling temperatures.
The microstructure is relatively inhomogeneous in the
rolling process at 400 and 450 °C, and is mainly composed
of coarse grains and the fine recrystallization grains. After
rolling at 400 °C, the Mgs;Re phase is preferentially
observed in the grain boundary, and the structure is fcc
with lattice constant of @ = 0.75 nm. Compared with
rolling at 400 °C, the number of precipitated phases is
reduced at the grain boundary, and the precipitated phase
begins to appear in the grain interior when rolling at 450
°C. The structure is also fcc with lattice constant of
a = 2.22 nm.

By increasing the rolling temperature, the intensity of
the basal texture first increases and then decreases, and
reaches a maximum of 7.175 in the rolling process at
450 °C. Owing to that the microstructure presents fully
dynamic recrystallization during the rolling process at
500 °C, the basal texture intensity of rolling sheet
decreases obviously, and the (1010) and (1120) textures
change to random textures.
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