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Abstract

Tweaking the distribution of grains, precipitates, and texture components is a successful strategy employed to enhance the
strength and formability of Mg alloys. Herein, moderate temperature equal channel angular pressing (ECAP) deformation
was employed to control the microstructure and tune the corresponding mechanical properties of the Mg—6Zn—1Mn alloy.
The analysis results indicated a uniform distribution of grains and second phases. The original strong basal texture of the
extruded Mg—6Zn—1Mn alloy was disintegrated, and a weak basal texture gradually developed after 2 passes of ECAP defor-
mation. The fine grains, second phases, and high-density dislocations provide high strength to the alloy, with contributions
of 105.1 MPa, 47.1 MPa and 78.8 MPa, respectively. The excellent ductility (20.6%) is mainly attributed to the weak basal
texture and high Schmid factor of prismatic <a> slip. The 2P sample exhibits good strength-ductility synergy effects with a
value of YS X EL equal to 5.8. The results indicate that moderate temperature ECAP deformation can enable the formation

of a uniform microstructure and unique texture to enhance the mechanical properties of the Mg—6Zn—1Mn alloy.

Keywords Mg—6Zn—1Mn alloy - Moderate temperature ECAP - Strength-ductility synergy - Uniform microstructure -

Weak basal texture

1 Introduction

As a conventional method for enhancement the mechanical
properties of Mg alloys, the extrusion deformation has been
attracted increasing attention in recent years [1-5]. Espe-
cially, extruded Mg rods are an important component among
the most of Mg products, and acted as an intermediate billet
in the fabrication of engineering component, such as biode-
gradable medical devices, aerospace components, military
hardware, and automotive parts [6, 7]. To maximize subse-
quent processing of the materials, adequate deformability
and strength are essential [6]. However, owing to the for-
mation of strong basal texture, extruded Mg rods generally
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exhibit high strength but relatively poor ductility, which is
detrimental to the deformation capacity [8].

Recently, extensive investigations have been conducted
on the modification of basal texture to enhance the ductility
of Mg alloys [6, 9-13]. Pei et al. demonstrated that the co-
segregation of Al, Zn, and Ca atoms results in the preferen-
tial growth of non-basal grains and therefore contributes to
texture modification in AZW and AZX alloy during recrys-
tallization [9]. Yan et al. prepared high yield strength (YS,
130 MPa) and high elongation (EL, 40%) dilute quaternary
Mg—0.8Zn-0.3Gd-0.2Ca (wt%) with a circular non-basal
texture via rolled heat-treatment [11]. Tong et al. reported
that grain refinement and texture modification using ECAP
led to an increase in the YS [14]. Compared with traditional
methods, such as heat treatment and the addition of rare
earth elements, ECAP is considered the most commonly
used technology for weakening the basal texture, generat-
ing a non-basal texture, and thereby improving ductility
[8, 14]. Furthermore, ECAP can produce small-sized grain
and uniformly distributed second phases [15—18]. Despite
these advantages, the application of ECAP is limited by the
decrease in the YS as the number of deformation passes
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increase [19-21]. This can be mainly attributed to the for-
mation of the non-basal texture with high SF after ECAP.
Therefore, diminishing texture softening, and maximizing
the benefits of microstructure refinement, are challenging
for the ECAP of Mg alloys. Generally, to obtain an excellent
microstructure refinement, the ECAP temperature must be
relatively low. The lack of operative slip systems and sharp
basal textures in the extruded rod easily lead to the frequent
occurrence of cracks in the ECAP shearing deformation
[12]. Moreover, an excessively high processing temperature
results in a relatively low strength, owing to the formation of
large grains and low dislocation density [13, 22]. Therefore,
it is necessary to control the microstructure and correspond-
ing mechanical properties of Mg alloys via moderate tem-
perature ECAP deformation.

Herein, to determine the effects of moderate tempera-
ture ECAP on Mg alloys, a cost-effective Mg—6Zn—1Mn
alloy was selected as the starting material [23, 24], and low
temperature extrusion and 4 passes of moderate tempera-
ture ECAP deformation were performed on the alloy. The
microstructural evolution and mechanical properties of the
samples were studied. The results are expected to serve as
guidelines for preparing Mg alloys with high strength-duc-
tility synergy.

2 Experimental methods
2.1 Casting, extrusion, and ECAP deformation

In the current study, the Mg—6Zn—1Mn (wt%) alloy was fab-
ricated using high-purity Mg (99.99%), Zn (99.99%), and
Mn (99.95%) in specific proportions in a vacuum induc-
tion furnace in an argon protective atmosphere. First, the
pure Mg, Zn, and Ca were simultaneously added to the fur-
nace. After Mg was completely melted, the melt was held at
760-780 °C for 10 min, the melt was poured into a copper
mould with 105 mm diameter and 310 mm high when the
temperature decreased to 720 °C-740 °C. Screens with 8 and
20 mesh were placed on top of the copper mould to obstruct
impurities. The specific chemical composition of the alloy
was determined using inductively coupled plasma optical
emission spectrometry (Agilent 5110 ICP-OES), and the
results are listed in Table 1.

After homogenization treatment at 420 °C for 24 h, an

extrusion process was conducted with an extrusion ratio of
11:1 and extrusion speed of ~5 mm/s. Finally, a rod with a
diameter of 12 mm was obtained. The as-extruded samples
were then processed via 1 to 4 passes of ECAP deformation
using an ECAP die. The sample and die were preheated to
300 °C before each pass of the ECAP deformation. A mix-
ture of graphite and high temperature lubricating oil was
used as a lubricant in the extrusion and ECAP deforma-
tion. The choice of deformation temperature can refer to the
analysis of hot compression deformation behavior and the
processing map of the Mg—6Zn—1Mn alloy [25]. When the
deformation temperature exceeded 325 °C, dynamic recrys-
tallization (DRX) occurred easily. Therefore, the ECAP pro-
cess in this study can be named as moderate temperature
deformation. Owing to the moderate temperature, we define
the extrusion as low temperature process. The interior and
exterior channel angles of the die were 120° and 60°, respec-
tively. Route Bc (the rotated angle for the sample between
adjacent passes is 90° in the same direction) was adopted,
with a punch speed of ~ 15 mm/s. Table 2 lists the codes of
samples with different processing states.

2.2 Microstructure and mechanical properties

The microstructures of the samples were investigated using
optical microscopy (OM, ZEISS Axio Scope A1) and scan-
ning electron microscopy (SEM, FEI Quanta FEG 450)
equipped with electron backscattering diffraction (EBSD).
Deformed alloys with surfaces parallel to the extrusion
direction (ED) or ECAP direction (ED) were observed. The
OM and SEM samples were etched in an alcohol solution
containing 5% nitric acid. The specimens for EBSD observa-
tion were polished mechanically and then electrochemically
using a solution of 60 vol% ethanol, 15 vol% glycerine, and
25 vol% phosphoric acid. EBSD characterization was per-
formed at an operating voltage of 20 kV, with a step size
range of 0.15 pm. Channel 5 software was used for the data

Table 2 The treated processes

. Treated processes Speci-
of the specimens and the men
corresponding specimen names names

As-extruded (0 pass) Ex

ingot with a diameter of 39 mm was obtained from the Egii; p:: g
homogenized billet. Before extrusion, the sample and die ECAP.4 pasg P
were heated to 260 °C for 30 min. Subsequently, the hot pas

T§b|e1 Chemical com}.)ositi.on Element 7n Mn Fe Ni Cu Mg
of Mg—6Zn—1Mn alloy in this

study wt% 5.97 0.96 0.001 0.0011 0.0007 Bal
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analysis. The geometrically necessary dislocations (GNDs)
were calculated using the following equation [3]:

_20
PenD b

where b is the Burgers vector (~0.32 nm) for Mg alloys, p is
the unit length of the circuit around a specific point of inter-
est (150 nm, which is equal to the scanning step length), and
O represents the local misorientation.

Dog-bone-shaped tensile specimens with a gauge length
of 20 mm, a width of 2 mm, and a thickness of 8 mm were
tested by a testing machine (AGS-X) with a tensile speed of
0.3 mm/min at room temperature. And at least three speci-
mens for each condition were tested. The tensile fracture
morphologies were observed using SEM.

3 Results
3.1 Microstructure

Figure 1 presents the OM and SEM microstructures of the
as-cast and homogenized samples. The as-cast alloy exhib-
its a typically coarse equiaxed grain structure with second
phases distributed along grain boundaries (GBs) and within
the grains (Fig. 1a, b). According to the point of energy dis-
persive spectroscopy (EDS) analysis, the atomic ratios of Zn
and Mg at positions 1 and 2 are 1.68 and 1.82, respectively
(Table 3). Therefore, these particles are determined to be

Fig.1 The OM (a, c¢) and SEM (b, d) images of as-cast (a, b) and as-
homogenized (¢, d) Mg—6Zn—1Mn alloys

Table 3 The point of EDS analysis for the second phase particles and
the matrix

Mg (at%) Zn (at%) Mn (at%)
1 37.2 62.6 0.2
2 354 64.5 0.1
3 99.6 0.4 0.0

the MgZn, phases. The Mn concentration is maintained at a
low level in the phases. Mn acts as a heterogeneous nuclea-
tion site for the second phases in Mg alloys, and promotes
precipitation from the Mg matrix [26]. Moreover, almost no
Zn and Mn are detected in the Mg matrix (point 3), which
is mainly attributed to the low solid solubility of these ele-
ments in the Mg matrix at room temperature [26]. The
characterization in Fig. 1c¢ shows no significant difference
between grains with or without homogenization. However,
most of the second phases melt into the Mg matrix after
homogenization treatment, as shown in Fig. 1d. This can be
further confirmed by the EDS mappings analysis in Fig. 2,
and the most of Mn element distribute at GBs.

Figure 3 shows the SEM microstructure of the samples
prepared by extrusion and the subsequent 1, 2, and 4 passes
of ECAP deformation. As shown in Fig. 3a, numerous sec-
ond phase particles are elongated and distributed along the
ED. With an increase of ECAP passes, the size of the second
phase gradually decreases. Especially after 2 and 4 passes
of ECAP, the average size of the second phase can reaches
the sub-micro scale. This indicates that ECAP deformation
can break the coarse intermetallic compounds (IMCs), facili-
tating a uniform distribution. According to the grain size
statistics in Fig. 4, the as-extruded alloy contains numerous
fine grains with sizes less than 1 pm, and the average grain

(b)

Fig.2 The EDS mappings of as-homogenized Mg—-6Zn—1Mn alloy

@ Springer



1866

Metals and Materials International (2023) 29:1863-1879

Fig.3 The SEM image of deformed Mg-6Zn—1Mn alloys: a Ex; b

1P; ¢ 2P; d 4P
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size is 1.12 pm. Further deformation causes a slight increase
in the grain size with the average value of 1.57 pm (1P sam-
ple). After 2 passes ECAP deformation, the average grain
size significantly increases by ~0.7 pm, compared to that
of the 1P sample. The average grain size of the 4P sample
is 2.016 pm, which is basically equivalent to that of the Mg
alloy processed by 2 passes of ECAP deformation.

3.2 Grain and texture evolution

Figure 5 shows the orientation image microscopy (OIM)
images of the Mg—6Zn—1Mn alloy derived from EBSD
analysis. 15° is considered to be the threshold of low-angle
GB (LAGB, white line). The reference direction is the nor-
mal direction (ND). The pure red, blue, and green colours
represent the <0001>, <10-10>, and <11-20> crystallo-
graphic directions parallel to the ND, respectively. Grains
with a <0001>//ND orientation indicate that the basal plane
is parallel to the ED, which corresponds to the basal texture.
Figure 5a shows that the as-extruded alloys have a heteroge-
neous grain structure, including small and large elongated
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Fig.4 Grain size statistics of deformed Mg—6Zn—1Mn alloys: a Ex; b 1P; ¢ 2P; d 4P
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Fig.5 OIM of the deformed Mg—6Zn—1Mn alloys: a Ex; b 1P; ¢ 2P; d 4P

grains. Most grains exhibits a <0001>//ND orientation,
implying a remarkable basal texture component. With fur-
ther deformation, the number of grains with the <0001>//
ND orientation significantly decreases in the 1P sample,
and most of grains exhibit the <11-20>//ND orientation.
After 2 passes of deformation, the elongated grains in the
1P samples are significantly broken, and most grains exhibit
<0001>//ND orientation. As observed, the orientation of the
4P sample is similar to that of the 2P alloy. The evolution of
the grain orientation is related to shear-induced DRX during
ECAP deformation. More importantly, fine grains with the
<0001> direction parallel to the transverse direction (TD)
can play an important role in mechanical properties through
texture modification. Actually, the TD and ND are equiva-
lent for the extrusion bar, indicating that a similar effect
may exist for fine grains with <0001>//ND orientation in
this study.

Figure 6 shows the texture evolution of the Mg—6Zn—1Mn
alloy processed by extrusion and 1, 2, and 4 pass deforma-
tion. The as-extruded sample shows a strong basal deforma-
tion texture component (<01-10>//ED) of (0001)//ED with a
maximum intensity of 15.63 (Fig. 6a), which is in agreement
with the result in Fig. 5a. After 1 pass of ECAP deforma-
tion, the 1P sample retains a strong basal deformation texture
with an intensity of 22.27 (Fig. 6b). It is worth noting that
there also exists another type of texture in the alloy from the
(10-10) pole figure. With further deformation, grains with
the <01-10>//ED orientation gradually transform to acquire
the <-12-10>//ED orientation, indicating the occurrence of
the basal recrystallization texture (Fig. 6¢). Owing to the
effect of DRX, the texture intensity significantly decreases
to a value of 5.18. The sample processed by 4 passes of
ECAP deformation mainly exhibits a <-12-10>//ED basal

recrystallization texture with a maximum intensity of 5.3,
and a weak {0001}<01-10> texture exists. Therefore, the
texture component transforms from {0001}<01-10> to
{0001}<-12-10> during the deformation.

Figure 7 is the grain orientation distribution function
(ODF) sections of the Mg—6Zn—1Mn alloy processed by
the extrusion and 1, 2, and 4 passes of ECAP deformation.
The ideal ODF diagrams for ¢ =0°and ¢ =30° have been
presented in our previous report [27]. The results indicate
that the texture evolution tendency is basically consistent
with the analysis shown in Fig. 6. Worthy to be noted is that
there exists the {-12-10}<10-11> texture in the 1P sample.
Moreover, the textures observed herein are slightly deviated
from the ideal texture component, indicating a basal plane
tilt of the texture.

3.3 Mechanical properties

The tensile test results for the Mg—6Zn—1Mn alloy are
shown in Fig. 8. As observed, the as-cast alloy exhib-
its relatively mediocre mechanical properties with YS of
~ 140 MPa, ultimate tensile strength (UTS) of ~200 MPa,
and EL of ~5.1%. After the extrusion deformation, the
mechanical properties-YS, UTS, and EL significantly
improve to~271 MPa, ~312 MPa, and ~9.2%, respectively.
After 1 pass ECAP deformation, the YS, UTS, and EL for
extruded Mg alloy is increased further. With further ECAP
deformation, the 2P sample exhibits excellent comprehen-
sive mechanical properties with YS, UTS, and EL values
of ~282 MPa, ~ 306 MPa, and ~20.6%, respectively. With the
increase of ECAP pass, the strength of the alloy (4P) remains
unchanged, but the ductility decreased obviously. To dem-
onstrate the excellent properties of the Mg—6Zn—1Mn alloy,
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Fig.6 Pole figures and inverse pole figures of deformed Mg—6Zn—1Mn alloys: a Ex; b 1P; ¢ 2P; d 4P

the tensile results from the current study were compared
with those of the samples prepared by the same method, and
the relevant results are summarized in Fig. 9. It shows the
YS X EL value corresponding to the ECAP passes for various
Mg alloys, indicating the 2P sample exhibits an excellent
strength-ductility synergy with few deformation passes.

4 Discussion

Generally, an excellent combination of strength and duc-
tility is essential to promote the application of Mg alloys.
However, an intrinsic tradeoff relationship exists between
strength and ductility, which can be attributed to the disloca-
tion slip. Based on the Hall-Petch relationship theory, grain
refinement can improve comprehensive mechanical prop-
erties to a certain extent. Moreover, other factors, such as
the size and distribution of the second phases, texture com-
ponents, and dislocation density, are critical for fabricating

@ Springer

high-performance Mg alloys. Therefore, it is necessary to
tune these inherent microstructures to obtain the strength-
ductility synergy in Mg alloys. This study developed Mg
alloys with excellent comprehensive mechanical properties
via simple 2 pass ECAP deformation. The related micro-
structural evolution, strengthening, and toughening mecha-
nisms are discussed in subsequent sections.

4.1 Grain evolution mechanism

Figure 10 presents the area fraction statistics of the recrystal-
lized, substructured, and deformed regions of the different
samples. As observed, with an increase in the deformation,
the number of sub-grains decreases significantly, whereas
the number of deformed-grains increases. Among them, the
2P sample exhibits the highest DRX fraction, with a value
of ~34%. With further ECAP deformation, the fraction of
the DRX grains slightly decreases. Microstructure evolu-
tion is generally related to the DRX behavior induced by
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Fig.7 ODF sections of
deformed Mg—6Zn—1Mn alloys:
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the deformation temperature and total strain [22, 31]. The
extruded sample has a heterogeneous grain structure owing
to the low extrusion temperature and low deformation strain.
Many sub-grains or dislocations exist within the grains that
did not undergo DRX, exhibiting a high fraction (~47%) of
LAGB, as shown in Fig. 11a. With further ECAP deforma-
tion, owing to the thermal activation and accumulation of
the strains, dynamic recovery and DRX occur, resulting in
a decrease in the LAGBs, as shown in Fig. 11b, c. After 4
passes of deformation, the LAGB in the 4P samples slightly
increases, which is consistent with the analysis of the DRX
behavior in Fig. 10.

Furthermore, DRX images and misorientation angle maps
are presented to analyze the mechanism of grain evolution
(Fig. 12). As observed, increasing the ECAP to 2 passes,
large amount of DRX grains (blue region) are appeared
obviously. When reaching to the 4 passes deformation, the
deformed grains (red region) slightly increased. According
to the previous studies, the DRX mechanism can be effec-
tively identified by evaluating the local and cumulative mis-
orientations in the grains that did not undergo DRX [32, 33].
Along the line drawn in the DRX image, the cumulative mis-
orientation is detected to be larger than 15° for the four sam-
ples, whereas the local misorientation are about 5°, indicat-
ing the occurrence of continuous dynamic recrystallization

@ Springer
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(CDRX) [32, 33]. This suggests that the new grains are
mainly formed by the gradual increase in the misorienta-
tion of low angle boundaries. Therefore, CDRX dominates
the DRX mechanism during the entire hot deformation, and
a schematic of the evolution mechanism is shown in Fig. 13.
The process can be divided into three stages. (1) The dis-
location tangle appears in grains owing to the effect of dis-
location slip in the shear deformation region, particularly
the basal slip. The dislocation cell microstructure is subse-
quently formed (Fig. 13a). (ii) The occurrence of dynamic
recovery leads to the formation of sub-grains, as shown in
Fig. 13b. (iii) New DRX grains are generated owing to the
migration and combination of sub-grains (Fig. 13c).
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Fig. 10 The area fraction statistic of the recrystallized, substructured
and deformed region of Mg—6Zn—1Mn alloys processed with different
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5 2Texture evolution

Figure 14 is the schematic diagram of the texture evolution
for Mg—6Zn—1Mn alloy processed by different methods.
The as-extruded alloy exhibits a strong basal fiber texture
component with the <01-10> direction parallel to the ED
(Fig. 14a), which is commonly observed in as-extruded Mg
alloys [4, 34]. As shown in Fig. 14b, after 1 pass of ECAP,
two types of texture exist: basal fiber texture (<01-10>//
ED) and non-basal texture ({-12-10}<10-11>). With further
ECAP deformation, the 2P sample transforms to possess
conventional basal texture (<01-10>//ED and <-12-10>//
ED), as shown in Fig. 14c. This phenomenon has rarely
been reported for Mg—Zn series alloys processed by ECAP
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Fig. 13 The schematic views
of the CDRX behaviour for
Mg—6Zn—1Mn alloy in this
study

Dislocation tangle

[14]. Finally, the (0001)<-12-10> recrystallization texture
is formed in the 4P sample (Fig. 14d). In general, the texture
component of Mg alloys processed by ECAP deformation
is related to shear deformation behavior and temperature.
In the multi-pass ECAP deformation, the strain path and
deformation pattern are complicated, which may lead to the
formation of different textures. Kim et al. [35] have reported
that the initial basal texture of the extruded AZ61 Mg alloy
disappears after the 2 passes of ECAP (employing the route
Bc and a temperature of 275 °C), and non-basal textures
form with an increase in deformation. The grain orienta-
tion constantly changes during the entire process owing
to the shear stress. Moreover, the processing temperature
significantly influences the texture formation [6]. Different
texture components are generated based on the interactions
between the activation of the main slip and the DRX effect.
Therefore, the texture evolution of the Mg—6Zn—1Mn alloy
developed herein can be attributed to the DRX effect and the
slip system activation.

The basal deformation texture in the extruded alloy
splits into two texture components after 1 pass of ECAP:
{0001}<10-10> and {-12-10}<10-11>. This indicates that
a non-basal slip is activated in the 1 pass deformation. The
DRX behavior exerts a slight effect on the texture forma-
tion during this time, which also can be confirmed by the
small DRX fraction in Fig. 10. After 2 passes of ECAP, the
basal deformation texture and basal recrystallization texture
form in the Mg alloy. Tong et al. suggested that the for-
mation of this unique texture component after 2 passes of
ECAP deformation can be attributed to the activation of the
prismatic slip system [14]. In this study, DRX induced by
moderate deformation temperature and large accumulated
strains also is the main reason for the texture generation in
the 2P sample, particularly for the recrystallization texture.
Their formation can be mainly attributed to the oriented
nucleation and selective growth of the grains. The oriented
nucleation theory indicates that some crystal lattices with
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special orientations can act as nuclei of grains [36]. The ori-
entation distribution of the DRX grains is determined by the
crystal nuclei in the deformed matrix. Moreover, the selec-
tive growth theory suggests that GB migration occurs more
easily in certain crystal nuclei, causing the rapid growth of
these grains and the formation of a recrystallization texture
[36]. In this study, grains with <01-10>//ED and <-12-10>//
ED orientations were more likely to form after 2 passes of
ECAP. This can be further confirmed by the OIM image in
Fig. 15 that the most of the DRX grains exhibit the orienta-
tion of <01-10>//ED and <-12-10>//ED. Prado et al. inves-
tigated the development of new orientations in the extruded
AZ61 alloy under different annealing conditions, and the
results indicated that grain grows upon moderate annealing,
leading to a basal texture [10]. Therefore, the unique texture
component formation in the 2P sample can be attributed
mainly to the effect of DRX. With further ECAP defor-
mation (4 passes), the partial grain orientations remained
unchanged, exhibiting a combination of strong {0001} <-
12-10> and weak {0001}<01-10> texture.

5.1 Strengthening and ductility improvement
mechanism

Table 4 lists the alloy composition, processing condi-
tions, and mechanical properties of the ECAP processed
Mg—6Zn—1Mn alloy developed herein and in other previous
study. The investigations on the ECAP for the Mg—6Zn—1Mn
alloy are rarely reported; therefore, the results of this study
are mainly compared with other Mg alloys series. The high
alloyed Mg alloys are selected for an effective comparison.
It can be seen that the Mg—6Zn—1Mn alloy we developed
has the best combination of the strength and ductility. The
combination of the extrusion and direct ECAP is significant
for the mechanical properties of the alloy developed herein.
More importantly, the extrusion and ECAP processing in this
study were conducted at the low temperature and moderate
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Fig. 14 The schematic views of the texture evolution mechanism: a Ex; b 1P; ¢ 2P; d 4P; e the texture evolution from 1 to 2P sample

temperature, respectively. The low temperature extrusion
was induced as a pre-treatment before ECAP to refine the
microstructure of billets to improve the Mg—6Zn—1Mn alloy
formability during ECAP. Furthermore, it can generate a
heterogeneous grain structure with a low DRX fraction and
a large fraction of sub-grains in the alloy. Subsequently,

moderate temperature ECAP was conducted to further opti-
mize the grain size distribution, texture component, and
dislocation density. Generally, ECAP is an effective grain
refinement method involving the application of severe plastic
deformation [20]. When processed using ECAP, the YS for
materials decreases gradually while the EL tends to increase,
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Fig. 15 a The recrystallized
region image of the 2P sample;
b OIM image of the 2P sample

Table 4 Tensile properties of the Mg alloys prepared by the different temperature ECAP

Alloy composition (wt%) Processing conditions

Tensile properties Refs

YS (MPa) UTS (MPa) EL (%)

Mg—6Zn—1Mn As-cast+420 °C /24 h+extruded at 260 °C 42 passes ~281 ~306 ~20.6  This work
ECAP (300 °C)

Mg—-6Zn-0.5Ca-0.3Mn As-cast+400 °C /2 h+extruded at 300 °C +2 passes ~228 ~303 ~23.5 [14]
ECAP (300 °C)

Mg-5Y As-cast+530 °C /8 h+extruded at 300 °C + 3 passes ~236 ~271 ~21.9 [28]
ECAP (350 °C)

Mg-2.9Gd-1.5Nd-0.3Zn-0.3Zr As-cast+520 °C /16 h+4 passes ECAP (37.5 °C) ~208 ~260 ~22 [30]

Mg—-6Al-1Zn As-extruded + 350 °C /4 h+4 passes ECAP (100 °C) ~300 ~360 ~7 [29]

Mg—-6Al-1Zn As-extruded + 350 °C /4 h+4 passes ECAP (150 °C) ~235 ~325 ~11 [29]

Mg-6Al-1Zn As-extruded + 350 °C /4 h+4 passes ECAP (200 °C) ~200 ~310 ~17.5 [29]

Mg—6.08Zn—-0.56Zr As-cast+430 °C /16 h+4 passes ECAP (300 °C) ~189 ~311 ~163 [13]

Mg-8.4Li As-cast+2 passes ECAP (350 °C) ~175 ~186 ~16 [20]

Mg-8.4Li-3(Al-12Si)-1(AlI-5Ti-1B) As-cast+2 passes ECAP (350 °C) ~170 ~243 ~16.7 [20]

AZ91 As-extruded +415 °C /20 h+4 passes ECAP (300 °C) ~220 ~361 ~12.6 [37]

ZEA1A As-rolled +4 passes ECAP (350 °C, 300 °C, 270 °C, and  ~321 ~336 ~6.2  [38]

240 °C, respectively)

presenting a reversed Hall-Petch effect [14]. This can be
mainly attributed to the effect of grain, second phase, and
texture. In this study, the changes in the YS during the ECAP
process can be divided into two stages. At the first stage, the
YS for the 1P sample increases slightly. With further defor-
mation, the YS basically maintain a value of 281 MPa. In
contrast, the EL first increases and then decreases during the
entire deformation process. Among the analyzed samples,
the 2P sample exhibits excellent comprehensive mechani-
cal properties with the YS X EL value equal to 5.8, which is
obtained by 2 passes ECAP deformation. The contribution of
YS for the samples in this study can be expressed as follows:

Oys = O-0+6gh+o-d+gp (D

@ Springer

where o, is the YS, 6, can be interpreted as the YS of single
crystal with the value of 50 MPa [39], O is the contribution
of GBs strengthening, o, represents the dislocation strength-
ening, o, is the YS contribution of second phases.

Grain refinement is significant for the improvement of
mechanical properties for Mg alloys [1, 4, 40, 41]. In this
study, the size discrepancy between grains keeps shrinking
with the processing of ECAP deformation. The average grain
size of the ECAP processed samples was slightly larger than
that of the extruded alloy. More GBs can effectively hinder
the dislocation slip. Based on the Hall-Petch relationship,
larger grain size will lead to lower YS. However, this trend
is opposite to with the results obtained for the as-developed
ECAP alloys. Therefore, other factors, such as the second
phases and dislocation should also be considered.
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Fig. 16 The KAM image and distribution of pGND for deformed Mg—6Zn—1Mn alloys: a Ex; b 1P; ¢ 2P; d 4P

With the ECAP deformation, the more uniform and
refined phases are formed in the samples, which can prevent
dislocation movement and increase the YS of the materials.
This also can be confirmed by our previous study, the uni-
formly distributed nanoparticles are achieved by the extreme
plastic deformation, and the obvious enhancement of YS for
Mg-Zn-Ca alloy is obtained as last [34]. In addition, the
kernel average misorientation (KAM) images and pGND
distribution of the deformed Mg—6Zn—1Mn alloys in this
study are shown in Fig. 16. With increase in ECAP deforma-
tion, a slight increase in the density of GNDs is observed,
while maintaining the same order of magnitude. This sug-
gests that the contribution of the dislocation to the YS is
similar for the four samples.

Based on the above analysis, the quantitative calcula-
tions of GBs strengthening and dislocation strengthening
contribution on YS are conducted, respectively. The GBs
strengthening can be express as:

Oy = kd™'/?

@

where k is the Hall-Petch relationship slope. For the pure
Mg processed by hot extrusion, the k value is 157 MPa pm'/?
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Fig. 17 The yield strength contribution of the different strengthening
methods for deformed Mg—6Zn—1Mn alloys (the error range in the
figure represents the total error of the sum of different strengthening
mechanism)
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[40]. And d denotes the average grain diameter.
Moreover, the contribution of dislocation on the YS can
be calculated according to the following equation:

6, = MaGbr/p 3)

where M is the average Taylor factor with the value of ~2.5
for simplicity, a is a constant with the value of ~0.2, G is
the shear modulus with the value of ~17 GPa, and b is the
Burgers vector with the value of ~0.3196 nm for Mg alloys.
Considering the most of dislocations are GNDs induced by
non-uniform deformation. Therefore, the GNDs were used
to calculate the contribution of dislocations to the YS.

The contributions of the different strengthening mecha-
nisms to the YS are shown in Fig. 17. The ¢, is 50 MPa
for the four samples. No significant difference is observed
in the dislocation strengthening of the samples. Moreover,
the extruded alloy possesses the smallest average grain
size, resulting in the highest GBs strengthening value of
148.4 MPa. The 2P sample exhibits a minor GBs contri-
bution of 105.1 MPa. In addition, the strengthening of the
second phase contributes significantly to the YS, particularly
for the 2P samples.

Figure 18 shows the SF distribution and average values
of SF for the basal <a> slip and prismatic <a> slip for the
ECAP processed samples. The extruded alloy shows a higher
basal <a> slip SF with an average value of 0.34, correspond-
ing to lower YS. The 1P sample exhibits a lower basal <a>
slip SF with an average value of 0.13, indicating that basal

Fig. 19 SEM images of tensile
fracture surface for deformed
Mg-6Zn—1Mn alloy: a Ex; b
1P; ¢ 2P; d 4P

<a> slip is difficult to activate. However, owing to the het-
erogeneous grain structure, the plastic deformation of fine
grains is easily activated by the stress accumulation of large
grains. The 2P and 4P samples exhibit a higher basal <a>
SF values of 0.31 and 0.33, respectively, indicating that most
grains are in orientations where deformation occurs easily.
Worthy of note is that a more homogeneous microstructure
is obtained after 2 and 4 passes ECAP deformation. This is
beneficial for delaying plastic deformation, leading to the
enhancement of the YS. Therefore, the high strength of the
as-developed Mg—6Zn—1Mn alloy can be mainly attributed
to the effects of grains, dislocations, and second phases.
More importantly, the high strength Mg alloy processed
by 2 passes ECAP also achieves an excellent ductility
of ~20.6%. This indicates that the more slip system may be
activated in the tensile test, and stress concentration does not
easily occur in the alloy. Therefore, the excellent ductility
can be attributed to the following aspects. (i) The ductility of
Mg alloys is closely related to the activation of the non-basal
slip [2]. As observed in Fig. 18, the higher prismatic <a>
slip SF of the 2P samples also indicates that the non-basal
slip can be easily activated, which promotes the migration of
dislocations. (ii) The 2P sample has a higher degree of DRX
region with a randomized texture, which can more easily
accommodate plastic strain. This is beneficial for the duc-
tility. (iii) The highly uniform microstructure can delay the
premature failure behavior, resulting in excellent ductility.
Figure 19 shows an SEM image of the fracture surface of the
deformed Mg—6Zn—1Mn alloy. Numerous cleavage planes
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and cleavage steps are present in the extruded alloy, corre-
sponding to a low EL. With increasing ECAP deformation,
the number of cleavage planes and cleavage steps decreases,
while substantial and uniform dimples appear on the fracture
surface, suggesting ductile fracture characteristics.

6 Conclusion

In summary, a strength-ductility synergy Mg—6Zn—1Mn
alloy with YS X EL of 5.8 was developed by low tempera-
ture extrusion and moderate temperature ECAP (2 passes)
deformation. The YS X EL value of the as-developed alloy
is among the highest YS X EL values for similarly alloyed
Mg alloys processed using ECAP and is obtained using
minimum ECAP passes. The microstructures and tensile
mechanical properties of the samples were investigated. The
main conclusions drawn are as follows:

1. ECAP altered the microstructure of the Mg—6Zn—1Mn
alloy, and uniformly distributed grains, second phases,
and high-density dislocations were obtained for the 2P
sample.

2. CDRX dominates the DRX mechanism during the entire
deformation process.

3. Because of the dominant effect of DRX introduced by
moderate temperature ECAP, a weak basal texture was
formed in the 2P sample.

4. GB, dislocation, and second phase strengthening are the
primary reasons for the high YS of the 2P sample. Sig-
nificantly, the excellent ductility is primarily related to
the uniform microstructure, weak basal texture, and high
basal <a> slip and prismatic <a> slip SF.
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