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Abstract: The influence of extrusion temperature on microstructure and mechanical properties of heterogeneous
Mg—1Gd/Mg—13Gd laminate prepared by accumulated extrusion bonding was investigated. The results reveal that the
Mg—1Gd/Mg—13Gd laminate forms a significant difference in grain size between the successive layers when extruded
at 330 °C, and this difference gradually disappears as the extrusion temperature increases from 380 to 430 °C. Besides,
the growth rate of recrystallized grains in fine-grained layers is faster than that in coarse-grained layers. Moreover, the
diffusion ability of Gd element increases with elevating extrusion temperatures, promoting the increase and coarsening
of precipitates in fine-grained layers. Tensile tests indicate that the sample extruded at 380 °C has a superior
combination of strength and ductility. This is mainly attributed to the synergy of the heterogeneous texture between
coarse and fine-grained layers, hetero-deformation induced strengthening and hardening. The fine-grained layers
facilitate the activation of prismatic (a) slips, while coarse-grained layers make it easier to active basal (¢) and
pyramidal {c+a) slips, especially for the sample extruded at 380 °C. The activation of pyramidal (c+a) slips contributes
to coordinating further plastic deformation.
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of Mg alloys [3]. Besides, traditional Mg alloys are
difficult to achieve high strength and ductility, e.g.,
the tensile strength of high performance Mg alloys

1 Introduction

As the lightest metal material with a density of
1.8 g/cm?®, magnesium (Mg) alloys are attractive for
potential applications in transportation, aerospace,
military, communications, and electronic products
owing to the advantages of high specific strength,
vibrant damping capacity, and strong electro-
magnetic shielding performance [1,2]. However,
the activation of limited slip systems at room
temperature leads to poor ductility and stretch
formability, preventing the widespread application

has reached greater than 500 MPa; however, the
elongation is only about 5% [4]. The elongation
of high-ductile Mg alloys can be more than 50%,
but their tensile strength is usually less than
200 MPa [5]. Recently, the emergence of hetero-
structure has provided us a new strategy to improve
the strength and ductility of magnesium alloys
simultaneously.

The heterogeneous structures have significant
strength differences between soft and hard domains,
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and the grain size changes from nanometer to
micrometer [6], and they include gradient,
heterogeneous  lamellar, harmonic, bi-modal
structures. During the tensile deformation, the
mechanical incompatibility between domains
generates significant hetero-deformation induced
(HDI) stress with increasing strains [7]. This is
owing to the fact that geometrically necessary
dislocations (GNDs) accumulate at the interface to
accommodate the strain gradient caused by the
deformation incompatibility, which leads to extra
strain hardening besides traditional dislocation
hardening. The observed high strength is due to the
HDI strengthening and enhanced ductility is
attributed to the extra strain hardening, i.e., HDI
hardening.

Extrusion and rolling processes can be used to
effectively prepare heterogeneous structures. For
instance, JUNG et al [8] prepared heterogeneous
microstructure with fine grains (4.8 pum) and coarse
grains (9.3 um) in AZ80 alloy by aging prior
to extrusion. WANG et al [9] fabricated a
heterogeneous Mg—9Al—1Zn alloy with sub-micron
and coarse grains by hard-plate rolling. GZYL
et al [10] achieved a mixed grain structure in AZ31
alloy by equal channel angular pressing with
low-temperature (150 °C). YAMASAKI et al [11]
acquired a bimodal grain structure in Mg—Zn—Y
alloy via the axisymmetric extrusion process. The
studies above indicated that these materials
with heterogeneous structures showed a superior
combination of strength and ductility. They mainly
focused on the process methods, while the effects of
process parameters on the heterogeneous structure
of Mg alloys are rarely studied.

Although the traditional rolling methodology

Pass 1
Extrusion (330, 380 and 430 °C)
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has many advantages in the preparation of
heterogeneous structures, edge cracks often occur
during the rolling process due to the poor plasticity
of Mg alloys, leading to the inefficient use of
materials [9]. Therefore, a new technology of
accumulative extrusion bonding (AEB) with a
single pass deformation of 90% was developed as
shown in Fig. 1, which effectively improved the
plasticity of the alloy and avoided edge
cracking [12]. Previous results showed that hetero-
geneous Mg—1Gd/Mg—13Gd (wt.%) alloy laminate
produced by the AEB exhibited outstanding
strength—ductility synergy [13]. However, the
effects of extrusion temperature on recrystallized
grain size between different Gd content layers are
still unclear. In order to regulate the heterogeneous
structure and optimize the parameters of extrusion
process, the effects of extrusion temperature on the
microstructure evolution and mechanical properties
of heterogeneous Mg—1Gd/Mg—13Gd laminates are
systematically studied in this work.

2 Experimental

Two Mg—Gd binary alloys comprising 1 wt.%
and 13 wt.% Gd were obtained by melting in an
electric resistance furnace under the protection of a
gas mixture of SFs and CO,, then pouring into a
steel mold preheated at 200 °C. The compositions
of these ingots were measured to be Mg—0.98Gd
(wt.%) and Mg—12.67Gd (wt.%) by inductively
coupled plasma (ICP) spectrometry, respectively,
which were very close to their respective nominal
values. Subsequently, the Mg—1Gd and Mg—13Gd
ingots were machined into the blocks with
dimensions of 15 mm % 15 mm x 38 mm before

Pass 2
Extrusion (330, 380 and 430 °C)
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Fig. 1 Schematic diagrams of extrusion process for samples at different extrusion temperatures [12]
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extrusion, and then homogenized at 500 °C for 24 h,
followed by water quenching.

Figure 1 shows the preparation process of the
samples at extrusion temperatures of 330, 380 and
430 °C via AEB. The blocks were extruded into
sheets with the thickness of 3 mm at 380 °C as the
starting material. The sheets were cut into the
dimensions of 30 mm (extrusion direction, ED) x
15 mm (transverse direction, TD) x 3 mm (normal
(thickness) direction, ND) from the initial sheet.
The surfaces of these sheets were polished with a
wire brush to remove the oxide layer, and then the
polished sheets were degreased with alcohol. The
treated 3 pieces of Mg—1Gd and 2 pieces of
Mg—13Gd were stacked alternately and extruded
into sheets with the thickness of 1.5 mm at different
temperatures, which was denoted as 1-pass sample.
Then, 10 pieces of 1-pass sample were stacked and
extruded into sheets with the thickness of 1.5 mm at
above three temperatures, which was denoted as
2-pass sample (hereafter referred to as Sample N2).
The samples were indirectly extruded at a plunger
speed of 6 mm/s, and the extrusion ratio was 12.8.

The microstructures were observed via optical
microscope (OM), field-emission scanning electron
microscope (SEM, JOEL JSM 7800F) equipped
with an HKL electron backscatter diffraction
(EBSD) detector. The EBSD characterization was

operated at 20 kV, 15 mm working distance, 70° tilt,
and with 1 um scan steps. The analysis of EBSD
data was performed by HKL Channel 5 analysis
software. The uniaxial tension tests along ED were
carried out on an universal testing machine
(CMT6305-300KN) with a strain rate of 1x107 s~
at room temperature. The dog-bone shaped
specimens for tension have a gauge size of
18 mm x 6 mm along ED. The tensile tests for each
sample were repeated three times to acquire reliable
results.

3 Results

3.1 Microstructure and texture evolution

Figures 2(a—c) show the microstructures of
Sample N2 on the ED-ND plane at different
extrusion temperatures. As indicated by arrows in
Fig. 2(a), the alternately distributed dark black
and bright white layers represent fine-grained layers
Mg—13Gd and coarse-grained layers Mg—1Gd,
respectively. The bonding interfaces are clearly
visible and form a relatively good bonding quality
without delamination after extrusion. Meanwhile,
the laminate thickness is uneven, which might be
due to the differences in flow stress across the
constituent layers. The large friction between
the extrusion container and the die is also one of the
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Fig. 2 Optical micrographs (a—c) and corresponding IPFs (d—f) in optical micrographs marked by dotted boxes of
Sample N2 at different extrusion temperatures: (a, d) 330 °C; (b, €) 380 °C; (c, f) 430 °C
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reasons for the uneven laminate thickness.
Figures 2(d—f) are the corresponding inverse pole
figures (IPFs) marked by dotted boxes in
Figs. 2(a—c). The results show that grains in all
layers have undergone complete recrystallization.
Interestingly, Sample N2 at 330 and 380 °C exhibits
significantly different grain sizes in alternating
layers. Furthermore, coarse-grained and fine-
grained hardly change with increasing
extrusion temperature. As the temperature increases
to 430 °C, it is observed that grains of coarse-
grained and fine-grained layers have grown up
distinctly, which is similar to the homogeneous
structure. Some grains in fine-grained layers are
even close to the layer thickness along ND.

Figure 3 shows {0001} pole figures of Sample
N2 at different extrusion temperatures. The prior
literature vastly reported that rolled or extruded Mg
alloy plate generally exhibited a basal texture and
the {0001} poles tilted from ND towards RD or
ED slightly [14,15]. In present study, a double-peak
basal texture (Figs.3(a, b)) is formed in coarse-
grained layers of Sample N2 after extrusion at
330 and 380 °C. It inclines the basal poles +30°
from ND towards ED (Fig.3(d)). This may be
due to the activation of pyramidal {(ct+a) slip
systems [16—18], which is also confirmed by the
in-grain misorientation axes (IGMA) distribution.
The micro-texture reveals that coarse-grained layers
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at 330 °C exhibit a texture intensity of 14.33, which
is above twice that in fine-grained layers (7.14).
When extrusion temperature increases to 380 °C, a
similar texture component is remained and the
texture intensity values of coarse-grained and
fine-grained layers are slightly reduced to 14.91 and
7.76, respectively.

Herein, for coarse-grained layers, it is worth
noting that the texture feature of Sample N2 at
430 °C 1is different from the double-peak basal
textures formed at 330 and 380 °C. Previous
literature showed that the double-peak basal texture
was generated mainly by the enhanced activity of
pyramidal {cta) slips and its backward crystal
rotation toward the {0001} pole during the
relaxation [19]. The larger recrystallized grain size
for Sample N2 at 430 °C makes the critical resolved
shear stress (CRSS) of non-basal slip systems much
higher than that of its counterparts at 330 and
380 °C, resulting in the activation of few slip
systems [17]. KOIKE et al [20] also indicated that
the CRSS of non-basal slip systems increased with
increasing grain size. However, it was reported that
the CRSS of pyramidal {c+a) slips significantly
decreased when the deformation temperature
increased [21,22]. Therefore, the CRSS of
pyramidal (ct+a) slips at 430 °C may exist a
competitive relationship between the extrusion
temperature and the grain size. Compared with the
(d) Angle 1: +30°
Angle 2: -30°
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Fig. 3 Texture evolution of {0001} pole figures of Sample N2 in coarse-grained (a—c) and fine-grained (e—g) layers

from IPFs of Fig. 2, and diagrams of crystal deflection in coarse-grained (d) and fine-grained (h) layers
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texture feature of Sample N2 at 330 and 380 °C, the
effect of grain size on the CRSS of pyramidal {c¢+a)
slips at 430 °C is dominant and the activity of
pyramidal {(c+a) slips decreases, resulting in the
disappearance of the double-peak basal texture.

From the perspective of fine-grained layers,
the c-axes of Sample N2 at 330 and 380 °C deflect
different angles along ED and disperse toward TD
(Figs. 3(e, f, h)). This is mainly due to the fact that
the Gd solute clusters within matrix and Gd
segregation at GBs can act as effective obstacles to
hamper the motion of dislocations and GBs, which
greatly influences the recrystallization behavior and
promotes the texture to be distributed randomly
during hot deformation [23]. In addition, the texture
distribution in fine-grained layer of Sample N2 at
430 °C (Fig. 3(g)) is similar to that of Sample N2 at
330 and 380 °C.

Table 1 shows the average grain sizes (AGSs)
of coarse-grained and fine-grained layers in Sample
N2 at different extrusion temperatures. It was
reported that the DRXed grain size (dprx) after hot
deformation was closely related to the Zener—
Hollomon value (Z) [24], as shown in Egs. (1)
and (2):

Z=¢ exp[Q/(RT)] (1)

where £ is the strain rate, Q is the lattice diffusion
activation energy, R is the molar gas constant, and T
is the deformation temperature. The relationship
between dprx and the Z value can be expressed
as [25]

Z ’SRXZA (2)
where m is the grain size exponent and A4 is a
constant. It can be seen from Eqgs. (1) and (2) that
the Z value and dprx are governed by only
two parameters (strain rate and deformation
temperature) [12]. The extrusion rate in this work is
constant, so the extrusion temperature is the only
factor affecting the dprx. At 330 °C, the AGSs of
coarse-grained and fine-grained layers are 8.8 and
4.6 um, respectively. With the increase of extrusion

Table 1 AGSs of coarse-grained and fine-grained layers
in Sample N2 at 330, 380 and 430 °C

Temperature/  Size of coarse- Size of fine-
°C grained layer/um  grained layer/um
330 8.8 4.6
380 10.9 5.8
430 13.6 11.2

temperature, the AGSs of coarse-grained and
fine-grained layers gradually increase. Particularly,
the AGSs of coarse-grained and fine-grained layers
sharply increase to 13.6 and 11.2 um at 430 °C,
respectively, which accords with Egs. (1) and (2). In
order to quantitatively study the growth rate of
coarse-grained and fine-grained layers at different
extrusion temperatures, it can be further deduced
the relationship between AGS (d) and parameter Z
according to Egs. (1) and (2) as follows:

In d=kln Z+b 3)

where & and b are constants. Based on the AGSs of
coarse-grained and fine-grained layers as well as
the extrusion temperature, Fig. 4 reveals the
Ind-InZ curves and fitting results of linear
relationship.

261 #430°C
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24f = In d=-145In Z+265.7
5ol 330°C
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Fig. 4 Relationship of grain size d and parameter Z of
Sample N2 at different extrusion temperatures

According to the slope of linear relationship,
the growth rate of fine-grained layers is much
higher than that of coarse-grained layers with
increasing extrusion temperature, which is related
to the movement of grain boundaries (GBs). It is
well known that the grain growth is actually
the process of grain boundary migration. The
relationship among the movement speed (v) of GBs,
the driving force (p) for GB migration and the
radius (r) of curvature is as shown in Egs. (4)
and (5) [25]:

V=mip “4)
p=y(1/ri+1/r) ®))

where m; is the proportional constant, representing
the mobility of GBs, y is the GBs energy, and r; and
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7, are the radii of curvature of two adjacent
grains, respectively. Although more precipitates in
fine-grained layers have a certain hindering effect
on the GB movement, the driving force for GB
migration of fine-grained layers is higher than that
of coarse-grained layers, resulting in higher
movement speed of GBs in fine-grained layers.
Therefore, the growth rate of fine-grained layers is
much faster than that of coarse-grained layers,
which is consistent with the experimental results.
Figures 5(a—c) show the SEM images of
Sample N2 at different extrusion temperatures. The
enlarged SEM images (Figs. 5(d—f)) clearly indicate
that a large number of fine precipitates locate in
fine-grained layers, distributing at GBs and within
grain interiors, whereas a few particles are detected
in coarse-grained layers. This is because a solid-
solution state can be maintained in Mg—1Gd layers
with a lower Gd content, while the higher Gd
content in the Mg—13Gd layers exceeds the limit of
solid solubility, so that precipitates are formed
during extrusion deformation [13]. As shown in
Figs. 5(g—1), the EDS point scanning was conducted

- Mg-13Gd

Mg-1Gd
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on the precipitates of Sample N2 at different
temperatures. The results show that they are mainly
MgsGd and Mg3Gd, which are similar to the results
of KIM et al [13]. Meanwhile, the precipitates in
fine-grained layers gradually increase and coarsen
with increasing temperature. Moreover, some
particles even reach ~6.7 um at 430 °C. This is
attributed to the fact that the probability of the atom
gaining energy to exceed the barrier increases,
improving the atomic diffusion capacity at the
elevated temperatures [26].

This can be further supported by an Arrhenius
equation that the diffusion coefficient of Gd in Mg
(Dga) is calculated as follows [27]:

D=9.8x10 %exp[~127804/(RT)] (6)

In this study, the holding time is 15 min. The
Dgq values of Sample N2 at 330, 380 and 430 °C
are 8.2x107"7, 5.86x107'° and 3.1x107° m?%s by
Eq. (6), respectively. The corresponding root mean
square (RMS) diffusion distance is 0.27, 0.72 and
1.67 pm. Utilizing the EDS area scanning results
in Fig. 6, the superimposed maps of Mg (marked by

% MEeGd. c

Mg-1Gd

(g)Me 1 - h)Me 1 7 ) 1 7

Point 4 Element at.% Point B Element at.% Point C Element at.%

Mg 73.1 Mg 81.6 Mg 71.1

Gd Gd 26.9 Gd 18.4 Gd 28.9

Od M Gd
Gd G
Gd
l6a . : e, , . ll ‘fde , .
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
E/keV E/keV E/keV

Fig. 5 SEM images of Sample N2 at 330 °C (a, d), 380 °C (b, ¢) and 430 °C (c, f), and corresponding EDS point
scanning results of Points 4, B and C, respectively (g—i)
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red) and Gd (marked by green) elements visually
exhibit the distribution of Gd and Mg elements in
coarse-grained and fine-grained layers. Obvious
contrast of Mg—Gd particles is consistent with the
distribution of precipitates and the point scanning
EDS results. Note that there is no obvious bulk
diffusion at different extrusion temperatures
because the RMS diffusion distance is far less than
the layer thickness. However, the RMS diffusion
distance gradually increases, which indicates that
the diffusion ability of Gd element increases with
increasing extrusion temperature.

3.2 Mechanical properties

Figures 7(a) and (b) display the true stress—
true strain curves and the variation trend of tensile
properties of Sample N2 at different extrusion
temperatures. The results of tensile properties are
summarized in Table 2. The ultimate tensile

strength (UTS) and elongation (EL) of Sample N2
both increase firstly and then decrease with
increasing extrusion temperature. The changing
trend of EL is more obvious, while the yield
a slight decrease with

strength (YS) shows

Shuai-shuai LIU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2190—-2204

increasing extrusion temperature. It is well known
that grain size is an important factor affecting the
mechanical properties of metals. Based on the
Hall—Petch law, the smaller grain size contributes
to improving YS of extruded alloys at room
temperature. This is the main reason why Sample
N2 at 330 °C has the highest YS, whereas its EL is
inferior to that of the sample at 380 °C. Besides,
the poor bonding between different component
layers induces the propagation of fracture along
layer interfaces during tensile tests, resulting in
lower EL of Sample N2 at 330 °C. The tensile
fracture morphology in Fig. 8(a) also confirms that.

At 380 °C, Sample N2 exhibits an optimal
balance of strength and ductility (YS (144.5+
6.3) MPa, UTS (291.0+7.8) MPa and EL (20.6+
1.4)%). In addition to the grain refinement and
precipitate strengthening, the synergy between
coarse- and fine-grained layers, HDI strengthening
and hardening are responsible for the improvement
of mechanical properties. However, Sample N2
at 430 °C has the lowest strength and ductility,
which is different from the research results of HU
et al [28]. They found that the sample with coarse

Fig. 6 Superimposed EDS area scanning mappings (a—c) of Mg (marked by red) and Gd (marked by green) elements

corresponding to Figs. 5(d—f)
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Fig. 7 True stress—strain curves of Sample N2 at different extrusion temperatures (a) and corresponding variation trend

of tensile properties (b)
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Table 2 Tensile properties of Sample N2 at different
extrusion temperatures

Temperature/°C YS/MPa  UTS/MPa EL/%
330 157.8£7.5 284.5+6.7  16.9+1.5
380 144.5+6.3  291.0£7.8  20.6*1.4
430 142.749.2  266.4+83  16.1%1.1

grains exhibited a decrease of strength and an
increase of elongation at high temperatures. There
are three main reasons for the phenomenon in this
work. Firstly, more coarse precipitates hinder the
movement of dislocations and GBs, resulting in
stress concentration, which makes these precipitates
become crack sources. Secondly, the GBs and layer
interfaces provide a path for crack propagation.
Thirdly, excessive coarsening of grains induces the
generation of brittle fracture regions and decreases
the strength.

3.3 Fracture morphology

The SEM images of fracture surfaces of two
magnifications of Sample N2 at different extrusion
temperatures are shown in Fig. 8. It is clearly that
the sample presents severe separation phenomenon
of layer interfaces at 330 °C after fracture, while the
constituent layers of Sample N2 at 380 and 430 °C
are still well bonded. According to the fracture
morphology characteristic, the layer interfaces of
the Mg—-13Gd and Mg—1Gd can be easily
distinguished as marked by the dashed lines in
Figs. 8(d—f). These precipitates as the crack sources
are detected at the bottoms of the dimples at
different extrusion temperatures. A large number of
particles are also found at the interface of Sample
N2 at 330 °C. The Mg—1Gd layers show a typical
ductile fracture, which is characterized by dimples,
while the fracture surfaces of the Mg—13Gd layers

'(e) 7
i Mg-13Gd [N

e T

e
* -../

Precipitate ool

’—‘?/(r " :
Prec1p1tate ¢
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Wl (Crack source) {8 '
rackmg path

Y
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0 2 4 6 8 101214 16 18 20
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Fig. 8 SEM morphologies of fracture surfaces of Sample N2 at 330 °C (a, d), 380 °C (b, e), and 430 °C (c, f), SEM
morphologies of Sample N2 at 430 °C near fracture (g, h), and EDS point scanning results (i) of Point 4 in (h)
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are a mixture of small and shallow dimples, as well
as brittle fracture zones. Compared to Sample N2
at 330 °C, it is observed that Sample N2 at 380 °C
shows larger dimples in Mg—1Gd layers, indicating
the improvement of ductility. However, for Sample
N2 at 430 °C, the number of brittle fracture zones
in the Mg—13Gd layers increases. Some brittle
fracture zones even appear in Mg—1Gd layers,
which 1is associated with coarse precipitates.
Moreover, these particles identified as Mg—Gd
phase (Fig. 8(i)) cause crack initiation and
propagation, which induces the appearance of
brittle fracture zones as shown in Figs. 8(g, h), thus
resulting in the decrease of ductility [29].

4 Discussion

4.1 Mechanism for improvement of strength and
ductility

It is reported that basal slips can be activated

Shuai-shuai LIU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2190—2204

easily at room temperature due to the low CRSS,
while the Schmid factor (SF) values related to
texture have a significant effect on basal slips [30].
Thus, based on the obtained EBSD data and
{0001} pole figures (Fig. 3), the SF maps for basal
slips and corresponding histogram distributions
of coarse-grained and fine-grained layers were
calculated. The results are shown in Fig. 9.

The double-peak basal textures of coarse-
grained layers in Sample N2 at 330 and 380 °C are
located in soft orientation regions (Figs. 9(a, b)).
The deflection of grained c-axis towards ED in
coarse-grained layers helps for the activation of
basal slips when the tensile direction is along ED.
The texture component of fine-grained layers
spreads along ED of SF maps (Figs. 9(d—f)), which
contributes to the activation of basal and non-basal
slips [9]. Thus, coarse-grained layers maintain
strong work hardening ability, while fine-grained
layers not only provide strength, but also coordinate
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Fig. 9 SF maps for basal slips in {0001} pole figures and corresponding histogram distributions of coarse-grained and
fine-grained layers at different extrusion temperatures: (a, d) 330 °C; (b, ) 380 °C; (c, f) 430 °C
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plastic deformation. Sample N2 at 330 and 380 °C

possesses similar texture feature and SF distribution.

Meanwhile, the distribution of their precipitates has
no obvious difference based on Figs. 5(d, e). These
results lead to a small difference in strength and
ductility. However, Sample N2 at 380 °C presents
excellent ductility without sacrificing strength.
It is necessary to consider the effect of
HDI strengthening and hardening on mechanical
properties.

Based on our previous study about the
heterogeneous Mg—Gd alloy laminates [31], when
coarse-grained and fine-grained layers co-deform
elastically, the plastic strain caused by dislocation
slips firstly occurs in coarse-grained layers during
the heterogeneous deformation process. However,
coarse-grained layers cannot deform freely because
of the constraint by fine-grained layers, generating
the strain gradient near the interface in
coarse-grained layers, which needs GNDs to
accommodate the strain gradient. Consequently, the

accumulation of GNDs at the interface in

300
@) ——330°C
250 b — 380 °C
—430°C
£ 200+
=
S 1501
& 100
50
0 002 004 006 008 0.10
True stain
.
5
F

Ture strain

coarse-grained layers leads to the formation of
long-range back stress. In terms of physical process,
the back stress will give rise to the generation of
forward stress along the opposite direction. The
interaction of back stress and forward stress makes
the generation of HDI stress. To remain continuity
of strain, the samples need to overcome HDI
stress, thereby exhibiting HDI strengthening [31,32].
The coarse-grained layers undergo higher plastic

deformation with increasing strain, which
stimulates more GNDs to accommodate the
increasing strain gradient, resulting in HDI

hardening [33]. In summary, the back stress
makes the soft domain stronger and the forward
stress makes the hard domain weaker if it is
deformable [7].

In order to evaluate the effect of HDI
strengthening and hardening at different extrusion
temperatures, the loading—unloading—reloading
(LUR) tests of Sample N2 were performed. The
results are shown in Fig. 10(a). It can be seen

from Fig. 10(b) that three samples show obvious
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Fig. 10 LUR tensile curves of Sample N2 at 330, 380 and 430 °C (a), partially enlarged hysteresis loops of different
samples (b), calculated schematic diagram of HDI stress (e.. and &. represent anelastic recovery strain and elastic
recovery strain, respectively) (¢), and evolution of HDI stress with true strain (d)
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hysteresis loops, especially for Sample N2 at
330 °C, which indicates that this sample has the
most  significant  Bauschinger effect and
inhomogeneous deformation. This is related not
only to the heterogeneous structure, but also to the
texture and grain boundary of Mg alloys [34]. The
HDI stress is calculated by Eq. (7) [35]:

oupr=(outor)/2 (7

where o, and o; represent the unloading and
reloading yield stress, respectively, as shown in
Fig. 10(c). The calculated results demonstrate that
the HDI stress of Sample N2 at 380°C is
~121.5 MPa under 10% strain, which contributes to
~52.6% of the flow stress. Although Sample N2 at
330 °C has the highest HDI stress, its poor bonding
interface is not conducive to the HDI strengthening
and hardening effect at later deformation. Therefore,
Sample N2 at 380 °C has the optimal HDI
strengthening and hardening effect, which plays a
significant role in improving the strength and
ductility.

Besides, the formation of twins also plays an
important role in coordinating plastic deformation.
The obvious twinning modes in Mg alloys are
tensile twins {1012}¢1011) and compression twins
{10 11}(1012), which are produced by tension and
compression along the c-axis of grains or
compression and tension perpendicular to the c-axis

of grains, respectively [36]. Among various twins,
the CRSS of the tensile twin is the lowest.
Therefore, the plastic deformation of basal slips and
tensile twins may occur simultaneously in Mg
alloys. The band contrast (BC) maps of three
samples after tensile tests
Figs. 11(a—c). Some twins are observed at three
samples, especially for coarse-grained layers of
Sample N2 at 430 °C. This is attributed to the fact
that coarse-grained layers have larger dislocation
slip range [37]. Moreover, the serious stress
concentration near the grain boundary is easy for
twins to nucleate. However, the dislocation slip
range is smaller in fine-grained layers, and the local
stress concentration can be released by cross slips,
non-basal slips, grain boundary sliding and dynamic
recovery so that the stress conditions cannot meet
the requirement of twin nucleation [37]. BARNETT
et al [38] suggested that the dominant deformation
modes of Mg alloys changed from {1012} tensile
twins to slips at room temperature when the grain
size decreased to a certain extent. Therefore, it is
easier to activate tension twins in coarse-grained
layers. This can be also confirmed from the
orientation angle distribution of the samples in
Figs. 11(d—f), where the coarse-grained layers have
higher proportion in the misorientation range of
85°—-88°.
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Fig. 11 EBSD observation results of three samples after tensile tests: (a—c) Band contrast maps of samples at extrusion
temperatures of 330, 380 and 430 °C, respectively; (d—f) Corresponding misorientation angle distribution maps of (a—c)
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The calculated volume fractions of tensile
twins in coarse-grained and fine-grained layers of
Sample N2 at 330, 380 and 430 °C are 1.7%, 3.7%,
5.0% and 1.2%, 2.2%, 2.6%, respectively. The
volume fractions of tensile twins in coarse-grained
and fine-grained layers gradually increase. This is
due to the increasing grain size at elevated
extrusion temperatures. The coordinated plastic
strain (ewin) of the {1012} tensile twins can be
calculated by Eq. (8) [39]:

8twin:ﬁwinm2)}twin (8)

where fiin 1S the volume fraction, m; is the mean
SF, and pwin is the characteristic shear factor
(0.13) [39]. At extrusion temperatures of 330, 380
and 430 °C, the average SF values of tensile twins
in coarse- and fine-grained layers of Sample N2 are
0.04, 0.04, 0.05 and 0.12, 0.10, 0.14, respectively.
Based on Eq.(8), the total &win values of
corresponding samples are 0.02%, 0.048% and
0.08%. Although the plastic strain contributed by
these tension twins is small, the activated twinning
can adjust the orientation of crystals, which relieves
the stress concentration to stimulate further slip and
maintain large plastic deformation. Meanwhile, the
formation of twin boundaries also plays a certain
role in the material strengthening.

4.2 Deformation mechanism

IGMA distribution has a great advantage to
determine the dominant slip modes as lots of
deformed grains rapidly. It is based on the bending
of crystal lattice around a certain Taylor axis under
the action of slip. The slip modes in a deformed
grain can be identified via matching the Taylor axis
in Table 3 [40]. By means of the orientation
information of EBSD, the microstructure with the
orientation between 2.5° and 5° is analyzed, and a
precise effect on the qualitative distribution of
IGMA can be exerted [41,42].

Figure 12 shows IGMA distributions of Sample
N2 at different temperatures. It can be seen that
IGMA distributions of Sample N2 at 330 and
430 °C mainly focus on two regions, including the
(0001) axis and the (uwt0) with the (0110) —
(1210) arc, which indicates that basal (a),
prismatic {(a) and pyramidal {(cta) slips are
activated. For Sample N2 at 380°C, IGMA
distributions are concentrated along (uwt0) with the
highest maximum intensity (MI) (2.37) and locate
in the (0110)—(1210) arc, while a small amount
of IGMA distributions around the (0001) axis are
observed, implying the existence of a weak in-grain
orientation spreads (IGOS). Although the pyramidal
(cta) slips are hard to be activated at room
temperature due to the high CRSS, the Gd element
dramatically changes the c¢/a axial ratio of
hexagonal close-packed structure in Mg alloys and
reduces the CRSS of pyramidal {c+a) slips. These
results demonstrate that basal (¢) and pyramidal
(cta) slips are synergy operative. Moreover, basal
(a) slips play a dominant role in deformation modes
due to the low CRSS. In addition, the effect of
prismatic {a) slips on plastic deformation decreases.

In order to elucidate the role of different slip
modes in coarse-grained and fine-grained layers,
IGMA distributions are shown in Fig. 12. Their MI
is higher than 2.0 (m.u.d.), which is supposed
to develop preferential IGMA [43]. Interestingly,
the prismatic {(a) slips are mainly contributed by
fine-grained layers, especially for Sample N2 at
430 °C, while the basal {(a) and pyramidal {ct+a)
slips are mainly contributed by coarse-grained
layers, especially for Sample N2 at 380 °C. The
activation of pyramidal {c+a) slips also contributes
to coordinate further plastic deformation. This
activation may also be related to the texture and
the change of stress state [11,33—35], which is
necessary to further study in future work.

Table 3 Taylor axes corresponding to slip systems observed in Mg alloys

Slip mode Slip type Burgers vector Number of slip system Taylor axes Variant
Basal (a) {0001} (1120) a/3(1120) 3 (1100) 3
Prismatic (a) {1010}(1210) a/3(1120) 3 (0001) 1
Pyramidal (a) {10 11}(1210) a/3(1120) 6 (1012) 6
Pyramidal I {c+a) {10113(1123) a/3(1123) 12 (25 41 169) 6
Pyramidal II {c+a) {1122)(1123) al3(1123) 6 (1100) 3
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Fig. 12 IPF and corresponding IGMA distributions of Sample N2 at 330 °C (a), 380 °C (b) and 430 °C (c) after tensile tests

5 Conclusions

(1) The grain size difference of Sample N2 has
no significant change at 380 °C compared with that
at 330 °C, while the grains have grown heavily and
nearly present a homogeneous structure at 430 °C.
With increasing extrusion temperature, the growth
rate of recrystallized grains in fine-grained layers is
faster than that in coarse-grained layers. Meanwhile,
the precipitates in fine-grained layers gradually
increase and coarsen.

(2) Sample N2 has an excellent combination of
strength and ductility at 380 °C, which is mainly
due to the heterogeneous texture between the
coarse-grained and fine-grained layers. In addition,
the HDI strengthening and hardening play a
significant role in improving the mechanical
properties.

(3) Based on IGMA distributions, the
fine-grained layers facilitate the activation of
prismatic {a) slips, while the activation of basal {a)

and pyramidal (cta) slips is mainly due to
coarse-grained layers, especially for Sample N2
at 380 °C. The activation of pyramidal {(cta)
slips is conducive to coordinating further plastic
deformation.
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