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Abstract: A novel extrusion—shearing (ES) composite process was designed to fabricate fine-grained, high strength and
tough magnesium alloy. The structural parameters of an ES die were optimized by conducting an orthogonal simulation
experiment using finite element software Deform-3D, and Mg—3Zn—0.6Ca—0.6Zr (ZXK310) alloy was processed using
the ES die. The results show that the optimized structural parameters of ES die are extrusion angle (a) of 90°, extrusion
section height (%) of 15 mm and inner fillet radius (r) of 10 mm. After ES at an extrusion temperature and a die
temperature of 350 °C, ZXK310 alloy exhibited good ES forming ability, and obvious dynamic recrystallization
occurred in the forming area. The grain size decreased from 1.42 um of extrusion area to 0.85 pum of the forming area.
Owing to the pinning of second phase and formation of ultrafine grains, the tensile strength, yield strength and
elongation of alloy reached 362 MPa, 289 MPa and 21.7%, respectively.

Key words: Mg—Zn—Ca—Zr alloy; extrusion—shearing process; die design; dynamic recrystallization; mechanical
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1 Introduction

Magnesium (Mg) alloys are promising
lightweight materials for engineering applications
owing to their low density, high specific strength
and good shock absorption [1-3]. However, the
insufficient strength and toughness of conventional
Mg alloys hinder their widespread utilization.
According to the Hall-Petch (H—P) relationship,
grain refinement is an effective method to improve
the strength of different materials, and the strength
increases with decreasing grain size [4].

The most significant method for the grain
refinement of Mg alloys is severe plastic
deformation (SPD). For instance, HUANG et al [5]
prepared high-performance Mg alloys using equal
channel angular pressing (ECAP); the ultimate

tensile strength of ECAP alloy reached 372 MPa
due to fine DRX particles, ultrafine second phase,
and nanoprecipitates. HORKY et al [6] used high-
pressure torsion (HPT) to obtain Mg alloys with
submicron grain size. Moreover, WANG et al [7]
and TROJANOVA et al [8] prepared fine-grained
superplastic Mg alloys by accumulative roll
bonding (ARB). These results show that the
grain structure of Mg alloys can be effectively
refined by SPD, leading to superior mechanical
properties. In addition, some unconventional SPD
methods have been reported to avoid repeated
multiple processes. HU et al [9] combined two-part
ECAP die to achieve SPD through consecutive
shears and obtained ultrafine-grained Mg alloys.
BAGHERPOUR et al [10] prepared ultrafine-
grained copper (Cu) through a multipass simple
shear extrusion (SSE) process. BISADI et al [11]
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combined ECAP and twist extrusion (TE) to
develop a symmetrical channel angular pressing
(SCAP) process; the results showed that compared
with ECAP, the SCAP alloy exhibited high
performance and more uniform strain. Notably, the
conventional SPD process, i.e., HPT, cannot be
used to prepare large-sized samples, whereas the
ARB process 1is promising for large-scale
applications due to its convenient equipment.
However, the utilization of ARB increases the
number of interfaces of the plate when it is stacked.
Consequently, poor interfacial bonding leads to
inferior mechanical properties. Compared with HPT
and ARB, ECAP renders superior grain refinement
and easy implementation without altering the
cross-sectional size [12].

During ECAP, the degree of grain refinement
depends on the strain path, cumulative strain,
processing temperature, and extrusion speed [13].
However, the alloy needs to pass through multiple
extrusion cycles from an equal channel die to obtain
a fine-grained structure. At present, wrought Mg
alloys are mainly fabricated by conventional
extrusion and ECAP methods. The conventional
is widely used to prepare
fine-grained alloys with high strength, such as
ZK60+1.5Nd [14] and ZK60+1.5Ce [15]. Similarly,
ultrafine-grained ZK60 [16] and Mg—Gd—Nd—Zn—
Zr [17] alloys were prepared by ECAP, exhibiting
high strength and superior toughness. Although the
grain is significantly refined by ECAP multiple
deforming, these studies reveal that the effect of
texture weakening is greater than the grain
refinement strengthening due to
weakening of texture [18—20]. Finally, the yield
strength of alloy decreases due to the weakening of
texture, and the grain size is lower than the critical
value. In addition, the die structure of ECAP also
affects the mechanical properties and micro-
structure of Mg alloys. Notably, the strain in ECAP
is affected by the main structural parameters of die,
such as channel angle and transition fillet radius.
The channel angle mainly affects the magnitude of
equivalent strain and in turn the degree of grain
refinement. NAKASHIMA et al [21] studied the
effect of channel angle (90°-157.5°) on the grain
refinement of ECAP-processed pure Al. At a
channel angle of 90°, pure Al sample experienced a
large plastic deformation, resulting in ultrafine
equiaxed crystals with large-angle grain boundaries.

extrusion process

continuous

Recently, several studies were focused on the
effect of outer fillet radius of channel angle;
however, the effect of inner fillet radius on grain
and strain in the shear area has not been explored
yet. BALASUNDAR et al [22] systematically
evaluated the ECAP die structure and showed that
the inner fillet is helpful for processing materials
with a high flow softening rate and improving
the alloy formability. However, the equivalent
strain decreased with the increase in inner fillet
radius [23,24]. Hence, it is very important to design
a proper die structure.

Herein, a novel extrusion—shearing (ES)
process is proposed by combining the initial
forward extrusion process with ECAP. Moreover,
an ES die was designed and developed by
combining orthogonal experiments with Deform
software simulations. Moreover, Mg—3Zn—0.6Ca—
0.6Zr alloy bars were processed by ES, and the
effect of ES die on microstructure, textural
evolution, and mechanical properties was
systematically studied.

2 Experimental

The main parameters of finite element analysis
(FEA) and ES simulations are given in Table 1.
First, a finite element geometric model was
established using a UG three-dimensional (3D)
modeling software, i.e., workpiece models, cavity
die, cushion block, and die sleeve (Fig. 1(a)) and
saved in .STL format. The cushion block and die
were defined as rigid bodies during preprocessing
into Deform-3D and the workpiece was defined as a

Table 1 Main parameters of FEA and ES simulations

Parameter Value
Extrusion temperature/°C 350
Extrusion ratio 12.25
Extrusion speed/(mm-s ") 1
Billet diameter/mm 70
Friction coefficient 0.3
Billet preheating temperature/°C 350
Die preheating temperature/°C 350
Channel angular/(°) 90
Outer fillet radius of shear area, R/mm 10

Extrusion area and forming area diameter, &mm 20
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Fig. 1 Schematic illustration of die assembly model (a) and die size optimization (b)

plastic object. Moreover, the effect of die structure
parameters on the forming of Mg alloy was studied
to perfectly merge both the forming processes.
Based on the extrusion force, equivalent strain, and
equivalent stress in Deform-3D simulations, the
orthogonal method was used to design and optimize
the die structural parameters, i.e., die extrusion
angle (a), extrusion section height (4), and fillet
radius (r) in the shear area, as shown in Fig. 1(a).
Also, the size optimization diagram of the die is
shown in Fig. I(b). Then, the initial forward
extrusion and ECAP were combined to achieve
fine-grained structure, with high strength and
toughness. Therefore, the designed die was mainly
composed of four parts: necking area, extrusion
area, shearing area, and forming area. Notably, the
shearing effect can be achieved after extrusion by
using ES die. This continuously generates dynamic
recrystallization, leads to deformation strengthening,
refines the grain structure, and enhances the
mechanical properties. In addition, the proposed ES
model also provides an idea to adjust the extrusion
ratio by optimizing the diameter of workpiece and
bar diameter of forming area. Moreover, a large
extrusion ratio (>50%) can be obtained by multiple
ES, which is highly desirable for SPD.

Moreover, Mg—3Zn—0.6Ca—0.6Zr (ZXK310)
alloy ingots were prepared using high-purity
(99.95%) Mg, Zn and Mg-20Ca (wt.%), and
Mg—30Zr (wt.%) raw materials. Briefly, pure Mg
was melted at 700 °C by using a resistance furnace
under the protection of 99.5vol% N, and
0.5 vol.% SFs. Then, Zn, Mg—20Ca (wt.%), and
Mg—30Zr (wt.%) were added into the melt, and the
temperature was increased to 720 °C. The
temperature was maintained at 720 °C for 30 min to
ensure that alloying elements are homogeneously

dissolved. Subsequently, the temperature was
lowered to 700 °C, and the melt was poured into a
metallic mold (475 mm X 75 mm), which was
coated with boron nitride (BN) and preheated at
200 °C. The -cylindrical specimens (d70 mm X
70 mm) were sectioned and homogenized at 380 °C
for 18 h. Then, an ES experiment was carried out
at 350°C. In addition, the microstructure was
analyzed using a JEM—2100 transmission electron
microscope (TEM) operating at 200 kV. Electron
backscattered diffraction (EBSD) analysis was
conducted on a Gemini SEM 300 equipped with an
HKL-EBSD system operating at 15 kV with a step
size of 0.2 um. For TEM imaging, circular flakes
with thickness of 45 um and diameter of 3 mm
were prepared using metallographic method.
Subsequently, the circular sheet sample was placed
in a 3.5 kV Gatan 691 ion beam of 4° until a pinhole
appeared near the center. For EBSD imaging,
circular flakes with thickness of 45 um and
diameter of 3 mm were prepared using metallo-
graphic method. Subsequently, the circular sheet
sample was placed in a 5 kV Gatan 691 ion beam of
4° for 1 h. Tensile samples with a gauge length of
10 mm and a thickness of 2 mm were obtained from
the forming area in the ES bar using an electric
spark machine. Tensile tests were performed at
ambient temperature using a WDW—100 universal
testing machine at an initial strain rate of 1x107 s~
with load direction parallel to extrusion direction
(ED).

3 Results and discussion
3.1 Design and optimization of structural

parameters
Table 2 shows the factors—levels of orthogonal
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Table 2 Factors—levels of orthogonal test for die
structural parameters

Factor
Level
a(A)/(°) h(B)/mm r(C)/mm
60 15 5
2 90 20 10
120 25 15

test for die structural parameters. The die structural
parameters consist of three factors, including the
extrusion angle (a), height (%) of the extrusion
section, and inner fillet radius (r) of shear area.
Nine groups of geometric models were established
using the test parameters, as shown in Fig. 2.

The extrusion force, equivalent strain, and
equivalent stress in the stable extrusion stage were

(@)

selected to study the effect of die parameters on ES
forming. During ES, the extrusion force reflects the
difficulty of forming and sets requirements for die
strength and press machine. The equivalent strain
reflects the degree of deformation and the effect of
grain refinement. The equivalent stress indicates the
difficulty and failure of bar forming, i.e., larger
equivalent stress hinders the forming and facilitates
failure.

Then, nine groups of ES geometric models
were imported into Deform-3D software to simulate
the extrusion. The orthogonal test results are given
in Table 3. The extreme difference (R*) indicates
the primary- and secondary-order of effect of die
structural parameters. In the case of extrusion force,
the primary- and secondary-order of effect follows
the given order: extrusion angle (a), extrusion

(©)

Fig. 2 3D geometric models with different structural parameters: (a) a=60°, /=15 mm, =5 mm; (b) a=60°, /=20 mm,
r=10 mm; (¢) a=60°, h=25 mm, r=15 mm; (d) a=90°, ~=15 mm, =10 mm; () ¢=90°, /=20 mm, =10 mm; (f) 0=90°,

h=25 mm, =5 mm; (g) a=120°, ~=15 mm, =15 mm; (h) 0=120°, /=20 mm, =5 mm; (i) a=120°, /=25 mm, =10 mm
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Table 3 Orthogonal test results

Test o(A) h(B)/ r(C)/ Load/ Strain Stress/
No. ® mm mm kN MPa
1 1 1 1 1234 87 492
2 1 2 2 1260 4.9 50.7
3 1 3 3 1332 64 440
4 2 1 2 1144 6.9 46.5
5 2 2 3 1338 85 486
6 2 3 1 1218 84 470
7 3 1 3 1314 6.1 418
8 3 2 1 1330 36 374
9 3 3 2 1406 53 493
kl(Load) 1271 1231 1261
K2 (Load) 1232 1309 1270 Optimal
combination:
k3 (Load) 1356 1335 1288 A2BICI
R* (Load) 124 104 27
k1 (Strain) 6.7 72 6.9
k2 (Strain) 7.9 6.1 69 Optimal
) combination:
k3 (Strain) 5.0 6.7 5.7 A2B1C2
R*(Strain) 29 1.1 12
k1 (Stress) 47.9 458 45.1
k2 (Stress) 474 455 488 Optimal
combination:
k3 (Stress) 42.8 457 443 A3B2C3

R* (Stress) 5.1 03 4.5

section height (%), and radius of inner fillet in the
shear area (7). On the other hand, the primary- and
secondary-order of influence on equivalent strain
and equivalent stress follows the order: extrusion
angle (a), radius of inner fillet in shear area (7),
and extrusion section height (4). Hence, a molding

Effective strain | &

Effective strain

method with small extrusion force, large equivalent
strain, and small equivalent stress should be
selected to extrude a smooth billet. The optimal
combination was found to be A2, B1 and C2,
corresponding to an extrusion angle (a) of 90°,
extrusion section height (4) of 15 mm, and inner
fillet radius () of 10 mm.

3.2 Evolution of equivalent strain during ES

Figure 3 shows the distribution of internal
equivalent strain during ES deformation. Unlike
conventional extrusion, the ES process exhibited
four distinct stages of extrusion. First, the necking
stage appeared with a small deformation and a
small strain of 0.35 was generated at the contact
point of die cone angle (Fig.3(a)). Second, the
extrusion cushion block continued to press down
and the billet started to produce plastic deformation
during the extrusion stage. Consequently, the strain
increased from 1.73 to 2.42 from the cup-shaped
region to the extrusion area. Moreover, the
extrusion force overcame the deformation
resistance inside the billet and friction force
among the billets, die, and die sleeve; dynamic
recrystallization occurred when the deformation
was greater than the critical deformation. Third, the
extrusion cushion block continued to push down
during the shearing stage and resulted in a
maximum billet strain of 3.56 after passing through
a 90° corner (Fig.3(b)). Fourth, the extrusion
cushion block continued to press down and the
strain gradually decreased after passing through the
corner during the forming stage. Finally, the billet
was stably extruded.

Notably, the ES introduced compression and
shearing strain into the alloy. Herein, the extrusion

$=90°

Fig. 3 Equivalent strain distribution (a, b) and shear area diagram (c) during ES deformation
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ratio is 12.25, and the initial two stages of ES
process are ordinary extrusion processes. The
simulation results show that the maximum strain
during the first and second stages is 2.42. Also, the
average strain is 2.505 during the extrusion stage
(Eq. (1)). SEGAL [25] utilized ECAP to obtain pure
shear deformation and Eq.(2) to estimate the
average strain during ECAP. It is assumed that the
specimen is subjected to uniform shear deformation
during ECAP, which does not exist in the actual
situation. In addition, there is a radius of inner fillet
angle in the channel angle of designed die in this
study, where the channel angle (¢) is 90°, and the
outer angle () is 0°, as shown in Fig. 3(c). There is
also a certain bending deformation during the mold
shear deformation. Hence, the estimation of
equivalent strain becomes complex and the average
strain for the given die structure cannot be
calculated from SEGAL’s equation. However, the
existence of inner fillet radius extends the lifetime
of die, improves the surface quality of workpiece,
and enhances the grain uniformity by reducing
strain concentration [26]. In addition, the strain
concentration at the corner of die channel causes
grain inhomogeneity and the corner gaps [27] lead
to nonuniform deformation during ECAP. Hence,
the radius of inner fillet plays an important role in
relieving strain concentration and improving alloy
forming quality. The shearing area simulation
results show that the strains at the outer and inner
corners of shearing area are 2.54 and 3.56,
respectively. Moreover, LUIS PEREZ [28]
proposed an equivalent strain calculation equation,
including the radius of inner fillet angle (Eq. (3)).
Therefore, the cumulative strain of ES die,
expressed using Egs. (1) and (3), was found to be
3.66:

e=In A (1)
& =l/ﬁ[Zcot(%+§ﬂ+¢csc(%+g] 2)
83=2/\/§CO'[§ (3)

where ¢ is the strain, A is the extrusion ratio.
Figure 4(a) shows the physical diagram of
extrusion—shear die, based on the structural
parameters and simulation results. Moreover,
Figs. 4(b, c) show the as-prepared ES alloy.

Extrusion S
area

Shear area

Fig. 4 Digital photograph of die (a) and ES alloy
specimens (b, ¢)

In addition, the premise of the dynamic
recrystallization of magnesium alloy during plastic
deformation is that the strain must reach the critical
strain of dynamic recrystallization at a certain
temperature. HUANG et al [29] studied the initial
DRX critical condition of AZ31 magnesium alloy.
When the temperature is 573 K and the strain rate is
0.001 s™', the critical strain is 0.075, and the critical
strain decreases with the increase in temperature.
Therefore, DRX can occur when the extrusion
temperature is 623 K (350 °C) and the strain rate is
0.001 s™'. Figure 3(a) also shows that the strain of
alloy reached 0.350 when it first entered the
necking stage.
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3.3 Microstructural characteristics and texture

evolution of ES alloys

The EBSD (electron backscattered diffraction)
results of extrusion and areas,
perpendicular to ED, in extrusion—shearing
ZXK310 alloy are shown in Figs. 5(a, b), showing
the effect of ES on microstructural and textural
evolution. The grain orientation maps indicate that
the grains in the extrusion and forming areas were
significantly refined, showing a bimodal structure
with dynamically recrystallized (DRX) fine grains
and nondynamically recrystallized (unDRX) coarse
grains. Moreover, the grains were deformed,
twisted, stretched, crushed, and redistributed under
the action of extrusion and shearing stress. The
EBSD results show that the volume fraction of
dynamic recrystallization (f°**) in the forming area
was higher than that of the extrusion area, i.e., the
concentration of coarse unDRX grains in the
forming area was significantly reduced. The f°**
can be defined as follows [30]: f DRX= Sprx/(Sprxt
Sunprx), Where Sprx and Suprx are the areas of
DRX and unDRX regions, respectively. Notably,
the grain boundaries, with a grain orientation
difference of >5°, belong to DRX grains and vice

forming

30 <5°:53.5%

(1010)

Frequency/%
— = NN

o O W O W

20 40 60 80
Misorientation angle/(°) Max=2244

3
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versa. In the case of ES alloy, 53.5% of the
extrusion area exhibited an orientation difference
of >5°, which increased to 70.1% in forming area
after passing through the corner shear area. Hence,
the transformation from low-angle grain boundaries
(LAGB:S) to high-angle grain boundaries (HAGBs)
occurred during ES, indicating a further increase in
dynamic recrystallization [31,32]. This confirms
that the corners of the die provide additional shear
force and promote DRX during ES. In addition, ES
alloy exhibited a fine-grained structure in the
forming area, related to the reduction in the number
of coarse unDRX grains. In particular, the average
grain size was reduced from 1.42 um in the
extrusion area, to 0.85 um in the forming area.
Moreover, the (0001) basal plane and (1010)
prismatic plane pole figures show that the
orientation of most DRX and unDRX grains
changed in the forming area. A prismatic texture
around the center point was formed in the extrusion
area, ie., (1010) prismatic plane became
perpendicular to ED and (0001) base plane became
parallel to ED. After passing through the corner
shearing area, the texture of forming area was
formed with an angle of ~60° between (0001) basal

0110

20 <5°:70.1%

—_ =
S W

Frequency/%

(9]

0 20 40 60 80
Misorientation angle/(° )

3
Max=16.18
14

Fig. 5 EBSD orientation map, pole figure, and orientation difference distribution figures of ES ZXK310 alloy: (a) In

extrusion area; (b) In forming area
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plane and ED. Moreover, the prismatic plane target-
type texture disappeared, and texture intensity
decreased. These changes are closely related to the
promotion of dynamic recrystallization due to the
die corner shearing.

Furthermore, the die corner affects the
microstructure, texture, and orientation of ES alloy.
Herein, the unDRX and DRX regions of extrusion
and forming area were analyzed using EBSD, as
shown in Fig. 6. The orientation maps show that the
volume fractions of nondynamic recrystallization
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(") in the extrusion and forming areas
were 37% and 16%, respectively (Figs. 6(a, c)).
Moreover, the orientation difference distribution
shows that the grains in unDRX region mainly
distributed with low-angle and subgrain boundaries
(Figs. 6(a, ¢)). In addition, compared with the
DRX region of extrusion area, the fraction of DRX
in the forming area was obviously increased, and
the grains were further refined (Figs. 6(b, d)).
Moreover, the concentration of low-angle and
subgrain boundaries increased in the extrusion area.

(0001)
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—_
(O}
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Fig. 6 EBSD results of unDRX (a, ¢) and DRX (b, d) regions of ES ZXK310 alloy: (a, b) In extrusion area; (c, d) In

forming area
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Orientation difference distributions in Figs. 6(b, d)
show that a gentle micropeak transition occurred at
30° because six-fold symmetry of hexagonal
structure restricted the increment of grain-to-grain
orientation difference during DRX. Hence, LAGBs
was observed in the unDRX region, whereas DRX
grain  boundaries exhibited an orientation
relationship of 30°(0001) [33]. In the unDRX
region of extrusion (Fig. 6(a)) and forming areas
(Fig. 6(c)), the angle between base poles and ED
decreased after ES. At the same time, the texture of
DRX region in the forming area weakened due to
grain refinement, and the texture intensity of
unDRX region in the forming area slightly
increased. Hence, the additional die shearing force
effectively weakened the texture and refined DRX
grains [34]. Moreover, coarse unDRX grains may
exist only to break larger unDRX grains into
smaller unDRX grains. In general, DRX region
exhibited a weaker texture and unDRX region
rendered a relatively stronger texture. The textural
differences between two regions affect the initiation
of plastic deformation under tensile loading.
Notably, the basal plane slip is initiated from the
recrystallized grains due to weak basal plane
texture.

(2)

4

The TEM image of DRX evolution of
ZXK310 alloy during ES is shown in Fig. 7,
perpendicular to ED. The main second phase in the
alloy is Ca,Mg¢Zn;, and the corresponding
diffraction spots are embedded in the TEM images.
In the extrusion area, a large number of second
phases accumulated at the coarse DRX grain
boundaries to hinder the movement of dislocations
(shown by black arrow in Fig. 7(a)). During thermal
deformation, as the extrusion progressed, the
subgrain  boundaries continued to absorb
dislocations, and the angle continued to increase.
Some LAGBs became HAGBs (shown by red
arrows in Fig. 7(b)). At the same time, the
Ca,MgeZn; phase with a size of 200—300 nm was
uniformly dispersed at the DRX grain boundaries.
Figures 7(c, d) show that after passing through the
corner, the alloy microstructure was obviously
refined, the size of second phase became smaller
and pinned at the DRX grain boundary, and a large
number of HAGB appeared. The second phase
distributing at the DRX grain boundaries can
prevent the grain boundary migration of fine DRX
grains at higher temperatures. This is conducive to
obtain fine DRX grains during hot extrusion.
Therefore, the formation of fine DRX grains of

2) (310)
80 -

(3T

‘ (OF
000) (002)

Ca,Mg,Zn,

Fig. 7 Representative TEM microstructures of ES ZXK310 alloy: (a) Region 1; (b) Region 2; (¢) Region 3; (d) Region 4
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500—1000 nm under the pinning effect of second
phase (Fig. 7(d)) is beneficial to improving the
strength and toughness of ES alloy.

3.4 Microstructure and strain distribution in

shearing area

Furthermore, the effect of additional shearing
force on DRX and strain distribution in the die
corner was evaluated. Figure 8 shows the EBSD
strain distribution of shearing area of ZXK310
alloy, i.e., parallel to ED. In Regions 1, 2 and 3, the
proportion of DRX, with an orientation difference
angle of >5°, was 66.8%, 55.4%, and 54.6%, and
the average grain size was 1.03, 1.13 and 1.12 um,
respectively. Based on the DRX grain boundaries
and grain size, the DRX behavior of inner corner of
the die (Region 1) is more significant than that in
Regions 2 and 3. Furthermore, Fig. 8 shows that the
strain gradually increased from Region 3 to Region
1, consistent with the strain variation in the corner
region during Deform-3D simulations (Fig. 3). The
regions with a large strain contain a high proportion
of small-angle grain boundaries (white). Also, the
proportion of DRX grain boundaries increased with
increasing strain from the outer corner to the inner
corner. The results show that the actual temperature
of die shearing part significantly increased,
rendering an obvious temperature gradient under
the combined action of deformation heat and
friction heat during extrusion shearing [35].
Notably, the large equivalent strains lead to higher
temperatures in the inner corner area (Region 1).
Under high-temperature and high-strain conditions,
small-angle grain boundaries were annihilated, and

Fig. 8 EBSD strain distributions of ES ZXK310 alloy in s

(Region 2); (c) Outer corner (Region 3)

a large number of DRX grain boundaries appeared
at the inner corner area (Region 1). At the same
time, a further increase in the corner temperature
did not affect the grain size of forming area due to
the existence of an inner fillet radius of die. Instead,
the increase in corner temperature and high strain
refined the grain size (0.85 pum).

3.5 Mechanical properties

ZXK310 alloy

Figure 9 shows the tensile stress—strain curve
of ES ZXK310 alloy and comparision of the
mechanical properties with the Mg—Zn—Zr series
wrought magnesium alloy. The ultimate tensile
strength (UTS), yield strength (YS), and elongation
(0) of ES ZXK310 alloy are 362 MPa, 289 MPa,
and 21.7%, respectively, demonstrating superior
mechanical properties of ES ZXK310 alloy. These
values are comparable to those reported for
representative rare earth-containing Mg—Zn—Zr
alloys, such as ZK60+1.5Ce (UTS=354 MPa and
0=19%) [15] and Mg—2Zn—0.3Zr-0.9Y (UTS=
321 MPa and 6=21.9%) [36]. Compared with
Mg—6Zn—0.2Ca—0.8Zr (UTS=357 MPa and
0=18%) [37], ZK60—1La (UTS=360 MPa and
0=13%) [38], ZK60+1.5Cu (UTS=342 MPa and
0=22.6%) [39], and Mg—10Zn—6Y—0.5Zr (UTS=
368 MPa and 6=6.8%) [40] alloys, which contain
a higher Zn content, ZXK310 simultaneously
renders high plasticity and high strength. In
addition, the radius of inner fillet, existing in the
corner shear area of ES die, may reduce the shear
strain. However, the average grain size of ES
alloy reached 0.85 um due to appropriate extrusion

of ES-processed
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Fig. 9 Tensile stress—strain curve of ES ZXK310 alloy (a) and comparison with Mg—Zn—Zr series wrought Mg

alloys (b)

Table 4 Mechanical properties of Mg—Zn—Zr series deformed alloys

Alloy Method Extrusion ratio Grain size/um UTS/MPa Elongation/% Reference
ZK60+1.5Cu Indirect extrusion 25:1 34 342 22.6 [39]
Mg—27Zn—0.3Zr—0.9Y Direct extrusion 28:1 1.76 321 21.9 [36]
Mg—6Zn—0.2Ca—0.8Zr Indirect extrusion 20:1 2 357 18 [37]
Mg—6Zn—0.5Zr—1.5Ce  Indirect extrusion 50:1 1.1 354 19 [15]
ZK60+1La Direct extrusion 16:1 2.8 360 13 [38]
Mg—10Zn—6Y—0.5Zr  Indirect extrusion 17:1 2 368 6.8 [40]
ZK60 +1.5Nd Direct extrusion 7:1 1.5 424 10.6 [14]
Mg—Gd—Nd-Zn—Zr ECAP-8P 0 1.5 270 36 [17]

Mg—3Zn—0.6Ca—0.6Zr  Extrusion—shear 12.25:1 0.85 362 21.7 This work

section height and extrusion angle. Compared with
the same type of Mg—Zn—Zr series alloys, the
proposed die structure exhibited effective grain
The properties  of
Mg—Zn—Zr alloys are given in Table 4. The superior
strength and plasticity of ZXK310 alloy can be
mainly attributed to the pinning effect of broken
second DRX grains, ultrafine grains in the forming
area, and deflection of base poles.

refinement. mechanical

4 Conclusions

(1) Equivalent strain and higher temperature at
the corner of die led to further DRX, and refined the
second phase in the alloy, in turn inhibiting DRX
grain growth.

(2) In the shearing region, the inner die corner
exhibited a higher strain and more DRX grain
boundaries than the outer corner and center area.
Also, the inner die corner rendered the most refined
grain structure.

(3) Furthermore, the ES significantly improved
the dynamic recrystallization of forming area,
weakened the texture, and refined the grain size to
0.85 pm. Owing to the
poles, second phase pinning, and formation of
ultrafine grains, the ultimate tensile strength, yield
strength, and elongation of ES ZXK310 alloy

deflection of base

reached 362 MPa, 289MPa, and 21.7%,
respectively.
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