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Abstract:

Cyclic extrusion and compression (CEC) was implemented to process the Mg-Gd-Y -
Zr alloy. Microstructure characters, including the matrix grain, precipitates and texture
evolution, were tried to correlate with the mechanical performance of the post-processed
alloy. Results show that simultaneous improvements in the ductility and strength of Mg-
Gd-Y-Zr alloy were achieved after CEC. Combination of the greatly refined matrix grain,
uniformly precipitated nanoscale particles and gradually disintegrated texture should be
responsible for this result. Besides, introducing of rare-earth elements was found to change
the deformation mechanisms of the Mg alloy by facilitating non-basal slip systems,
twinning and shear bands. This may further contribute to the enhanced mechanical

properties.
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1. Introduction

The attainment of both strong and ductile Mg alloys is of considerable interest at
present. However, due to the inherent hexagonal close-packed (hep) structure, Mg and Mg
alloys have limited number of independent slip systems, which leads to poor ductility and
formability at room temperature [1, 2]. Thus, the microstructural optimization is of critical
importance for Mg alloys to improve their formability and mechanical performances. It
has been reported that an ultrafine-grained (UFG) structure prepared by severe plastic
deformation (SPD) generally exhibits a superior strength than its coarse-grained
counterpart [3-10]. However, the UFG alloys often have a very low or no work-hardening
rate, which results in a low uniform elongation (strain before necking) under tensile stress.
Recently, great efforts have been made to improve the ductility and strength of Mg alloys.
It has been demonstrated that the ductility of Mg alloys can be enhanced by texture control
and grain refinement [10-14]. Meanwhile, it was suggested that the increased cold
formability of several Mg alloys, such as Mg-Ce, Mg-Li and Mg-Y, could be attributed to
the introduction of the rare-earth (RE) elements [15-17]. More research indicated that the
dislocation configuration, shear bands, random texture and recrystallization were
associated with the RE in RE-containing magnesium [18-21]. Cyclic extrusion and
compression (CEC) method is one of the continuous SPD processing. It imposes three
dimensional compression stresses, which is favorable to process the hard-to-deform Mg
alloy [4, 22]. On the other hand, the addition of RE is also necessary for increased
formability of Mg alloy in terms of the formation of shear bands, which were suggested to
act as “softening” regions. We have already found considerable shear bands in Mg-Gd-Y-
Zr (GW102K) alloy during the processing [5], which is in accordance with the results of
Ref. [20, 23]. In the present work, CEC processing was applied to a RE-containing
GW102K Mg alloy in order to refine grains. The study focuses on determining the
correlation between the microstructure and deformation behaviors of GW102K alloy. The

effects of precipitation phase and texture on the ductility are also considered.

2. Materials and methods

The initial alloy used in this study was Mg-9.95wt.%Gd-2.3wt.%Y-0.46wt.%Zr alloy
(designed as GW102K). For comparison, a commercial ZK60 (Mg-5.5wt.%Zn-0.5 wt.%Zr)
alloy was also investigated. The initial GW102K alloy was received in the form of an
extruded bar with a diameter of 29.5 mm and then cut into pieces of length 42 mm before
cyclic extrusion and compression (CEC). The operation procedure of CEC method was
described elsewhere [4, 24]. The temperature for CEC processing was designed as 350 °C,

400 °C and 450 °C. It needs to be emphasized that the number of extrusion passes was
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defined as the number of specimen passes through the die. At the final pass, one ram was
removed so that the other ram could extrude the specimen to a rod of 20 mm in diameter.
Microstructure and texture were investigated by electron backscattered diffraction (EBSD)
in a Zeiss 55VP FEG-SEM equipped with a Nordif EBSD detector and the TSL OIM
EBSD software. All measurements were taken along the longitudinal section of the
processed materials. Tensile specimens with a gauge length of 10 mm were spark machined
out of the rods along the longitudinal section. Tensile tests were performed at room
temperature with an initial strain rate of 5 x 10~ g1,

The average grain size of the GW102K alloy before CEC processing and after 4, 8 as
well as 14 passes (450 °C) have been determined to be ~20 pm, ~3.5 um, ~2.2 pm and ~1
um, respectively [5]. After 4 and 8 passes, the grains were clearly refined to ultrafine-size
and became fairly homogeneous due to the occurrence of dynamic recrystallization (DRX)
during the deformation process. The grain boundary statistics from EBSD measurement
indicated that the fraction of high angle grain boundaries (HAGBs, with misorientation
angle above 15°) for the GW102K alloy after 4, 8 and 14 passes (350-450 °C) were over
93%. Meanwhile, the CECed-sample exhibited a random distribution of misorientation

angles, without any preferential peaks.

3. Results and discussion

In the present work, the processing temperature is above 300 °C. Thus, the
precipitation is inevitable during the extrusion and CEC processing. Fig.1 shows a high
density of second-phase particles with an average size range of ~100-200 nm in CEC-ed
GWI102K alloy at 450 °C. In general, high-temperature aging for Mg-Gd-Y-Zr alloy
(>400 °C) may lead to coarse precipitation particles located at the grain boundaries. Fig.1a,
however, indicated some nanoscale spherical precipitation particles located at grain
boundaries as well as partial within grain interiors. It seems that the coarse second-phase
particles were crushed during CEC processing. Two refining modes of secondary-phase
particles referred to as tension tearing and shearing fracture were observed, which were
shown in Fig.1b and Fig.1c. The X-ray diffraction (XRD) pattern illustrated that these
second-phase particles, for the most part, were Mg24(Gd,Y)s. Other phases such as Mg»4Y's
and MgsGd were existed at less than 0.1%.
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Fig.1: TEM photographs for the distribution and refining mechanism of precipitation
particles in GW102K alloy: (a) after 14 passes CEC at 450 °C; (b) particle fracture due to

tension and (c) tearing due to shearing.

We have determined that the as-extruded GW102K alloy exhibited a fiber texture of
(EDII<1010>) [22]. A similar texture (i.e. {0002} basal planes lying parallel to the
extrusion direction) was observed in the extruded ZK60 Mg alloy [4]. After CEC
processing, the initial fiber texture became disintegrated and a new {1013} < 3032 >
+{1011} < 1543 > type texture was presented. However, the maximum texture
intensities for the over 2 passes CEC processed GW 102K alloy were below 2.5, meaning
that the grain orientations were still very random. According to the {0002} pole figures of
GW102K alloy before and after CEC in Ref. [5], the quantitative texture analysis was
performed by investigating {0002} pole plot calculated from the {0002} pole figures. Fig.2
shows the {0002} plane orientation concentration of GW102K and ZK60 (inserted) alloy
before and after CEC. It is obvious that, for both alloys, the pole intensity decreased. The
maximum pole density area deviated from the pole equator was 20-30° for the CECed
ZK60 alloy, however, 20-60° for the CECed GW102K alloy. The texture concentration of
GW102K alloy is much lower than that of ZK60 alloy. For the as-extruded GW 102K alloy,
46.6% of the {0002} planes were orientated below 20° with respect to the extrusion axis.
However, the fraction is 85% for as-extruded ZK60 alloy, indicating a high degree of fiber
texture concentration. After CEC, the distribution of {0002} pole density for GW 102K
alloy is more even without prominent peaks, indicating a more random grain orientation.
Thus, the quantitative texture analysis before and after CEC illustrated that CEC

processing not only refined the matrix grains, but weaken the initial fiber texture.
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Fig.2: Effects of CEC pass number on the {0002} pole plot of GW102 alloy calculated

from {0002} pole figure.

Effects of CEC parameters on the ultimate tensile strength (UTS), yield strength (Y'S)
and elongation-to-fracture (Elongation) of GW102K alloy were presented in Fig.3a, Fig.3b
and Fig.3c, respectively. The increase in CEC pass number means the decrease in grain
size [4]. Two unusual features for the properties can be observed: (I) YS tends to rise as
the CEC pass number increases; (II) Elongation simultaneously increases considerably

though the grains were clearly refined to ultra-fine size.
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Fig.3: Effect of CEC deformation pass number on the tensile properties: (a) ultimate
tensile strength (UTS); (b) yield strength (YS); (c) Elongation to fracture (Elongation).
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First, according to Hall-Petch (H-P) relation, a rise in YS with the decreasing of grain
size is reasonable. However, the inverse H-P effect was observed at ultra-fine-grain size in
many Mg alloys processed by SPD [11-14]. Especially, we have also demonstrated that the
YS of ZK60 Mg alloy decreased after 2-pass and 4-pass CEC [4], which is quite different
from the observed increasing in YS for CECed GW102 alloy. The relationships between
YS and the inverse square root of the grain size for both GW102K and ZK60 alloy are
shown in Fig.4. Most of the models proposed to explain the inverse H-P behavior for
nanocrystalline materials such as Cu and Ni fall into at least one of four categories, namely
dislocation-based models, diffusion-based models, rain-boundary-shearing models and
two-phase-based models [25]. The texture change of Mg alloy during SPD processing,
however, was thought to be responsible for the deviation from the H-P relation [4, 10, 13].
The occurrence of normal H-P effect is unnatural for CECed GW102K alloy. We believe
that the phenomenon is associated with the texture as well as the nanoscale second-phase
particles. It has been demonstrated that the softening, resulting from the rising in Schmid
factor (SF) on the basal slip system due to the deviations from the ideal <1010> fiber
texture, was a principal cause for the decreasing in YS for ZK60 alloy after 2-pass and 4-
pass CEC [4]. For GW 102K alloy, the difference of texture intensity between as-extrusion
sample and CECed sample was much smaller than that of ZK60 alloy (see Fig.2). Thus, it
suggests that the lower initial texture intensity for as-extrusion GW102K alloy and smaller
intensity difference before and after CEC can account for the rising in YS for CECed
GWI102K alloy. On the other hand, the nanoscale second-phase precipitation, as a
strengthening mechanism to block the motion of the dislocations, also contributes to the
YS.
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Fig.4: 0.2% proof stress of CECed-GW 102K and CECed-ZK60 alloy as a function of d-
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Second, it is well known that UFG metals/alloys produced by SPD usually have high
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strength but relatively low ductility at ambient temperatures. The CECed GW102K alloy,
however, exhibited a considerable increase in elongation, elongation increased by 200-400%
after 4-14 passes CEC at 450 °C, and 40-170% after 4-8 passes CEC at 350 °C. Fig.5 shows
the fracture surface of tensile specimens before and after CEC. The fracture surface is
occupied by plenty of dimples for the CECed-specimen (450 °C/8P, Fig.5b), showing
higher ductility than the as-extruded specimen. The CEC processing seems favorable for
improving the ductility of GW102K alloy.

It has been identified that the texture weakening owing to CEC processing resulted in
a high activity of the basal slip owing to the rising in SF. On the other hand, the transition
of deformation mechanisms from primary <a> basal slip and {1012} < 1011 > tensile
twin to <a> basal plus <ct+a> pyramidal slip and secondary twinning caused a
homogeneous deformation with enhanced ductility, which was attributed to the
introduction of RE elements (Gd and Y) [17, 26]. The microstructures at the regions
adjacent to the fracture surface of tensile specimens before and after CEC were shown in
Fig.5¢c and d. Twin and shear bands were observed in both specimens. In as-extrudes
specimen, high strain appears in a few narrow band-like structures, which carries more
strain than other areas. In contrast, in the CECed specimen, large amounts of band-like
structures are approximately homogeneously distributed over the observed area, indicating
a homogeneously deformation with few local strain concentration. Thus, we concluded
that shear bands in GW102K alloy are a significant cause for the enhanced room
temperature ductility. Another factor that improves the ductility of CECed GW102K alloy
may be the grain boundary sliding. As shown in Fig.5¢ and d, most grains keep equiaxed
(not fibrillar) at regions adjacent to fracture surface. Further study, certainly, is needed to
identify the contribution of grain boundary sliding on the enhanced ductility. Twinning was
still found inevitable in tension even for UFG GW102K specimens. In CECed GW102K
alloy, plenty of tiny tensile twins are observed and secondary twins are also present
(Fig.5b), hinting that twinning remains a significant deformation mechanism for UFG
GW102K alloy. Misorientation map of tensile specimens at regions adjacent to fracture
surface was also shown in Fig.5e and f. For both as-extruded and CECed specimens, the
number fraction of low angle grain boundary shows a sharp increase, indicating plenty of
<a> and <c+a> slip. In addition, distinguished boundary misorientation peaks in the range
30-40° and ~85-90° were also observed. Combining the twin distribution in Fig.5¢ and d
as well as the previously reported results [27, 28], it was confirmed that the local peak in
the range ~85-90° can be ascribed to the {1012} < 1011 > tensile twin. Also, the peaks
in the range 30-40° were related to {1011}{1012} double twins. The frequencies of



boundary misorientation peaks in the range 30-40° and ~85-90° (Fig.5¢ and f) for CECed
specimen were higher than that of as-extruded specimen, indicating more tensile twins and

secondary twins. It corresponds to the results on twins in Fig.5¢ and d.
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Fig.5: SEM morphology of fracture surfaces of tensile specimens before and after CEC



processing (a) as-extruded, (b) CEC 450 °C/8P; Grain boundaries and twin distribution at
regions adjacent to fracture surface of tensile specimens (¢) as-extruded, (d) CEC
450 °C/8 passes; Misorientation map at regions adjacent to fracture surface of tensile
specimens (e) as-extrued, €=6.9, fracture, (f) 450 °C/8P, e=21%, fracture.

4. Conclusions

In summary, this study presents a simultaneously increase in the ductility and strength
of UFG GW102K alloy produced by CEC processing. Unlike AZ and ZK series alloys
processed by SPD, CECed-GW102K alloy obeyed Hall-Petch effect. We suggest that
ultrafine-grain size, texture weakening and nanoscale precipitation particles were
responsible for both high ductility and high strength. Besides basal slip, pyramidal slip,
twinning and shear bands were also the significant deformation mechanisms for GW 102K
alloy, which can be attributed to the introduction of RE elements. Finally, we anticipate
the same processing strategy (CEC) and materials design (RE) can be successfully used to
produce bulk UFG Mg alloy with high strength and good ductility that required in practical

application.
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