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a b s t r a c t

To simultaneously improve the strength and ductility of the Mg-10Gd-3Y alloy, we propose a new pro-
cessing route: conventional extrusion (EX), followed by an equal channel angular pressing (ECAP) de-
formation, without stopping. The new process is called: extrusion-shearing (ES). By employing ES at 400 °C, 
the tensile yield strength of the Mg-10Gd-3Y alloy was increased to 289 MPa, together with a high ultimate 
tensile strength of 361 MPa, and a good tensile elongation to failure of 27.4 %, at room temperature. The 
underlying mechanisms for the simultaneous enhancement in strength and ductility were investigated. The 
extra shearing deformation by the ECAP-stage of the ES testing led to the formation of a fully recrystallized 
homogenous microstructure with an average grain size of 4.3 µm, with dynamic precipitation of Mg5(Gd,Y) 
particles at/near grain boundaries. Both macro and micro texture characterizations indicated a strong de-
crease in the intensity of the crystallographic texture during the ECAP part of the ES process, and a new type 
of texture. The multicomponent nature of the obtained texture and the microstructural modifications to-
gether with a dispersive distribution of precipitates contributed to an excellent combination of high 
strength and ductility of the Mg-10Gd-3Y alloy processed by ES.

© 2022 Elsevier B.V. All rights reserved. 

1. Introduction

Mg alloys are of great interest due to their potential applications 
as lightweight structural materials in aerospace and automotive 
industries [1–3]. However, the relatively poor strength and low 
ductility limit their application in the industry, which triggers the 
research by adding rare-earth (RE) elements into Mg for the purpose 
of improving strength and ductility of Mg alloy, called Mg-RE alloy 
[4]. The effect of RE on recrystallization behavior, grain refinement 
mechanism, precipitate distribution and crystallographic texture in 
Mg-RE alloy are discussed in Refs. [2,5–7]. With the addition of Gd, 

the strength of Mg alloy can be enhanced by solute solution and 
precipitate strengthening [8,9]. Since Y is an efficient RE element for 
the improvement of ductility of Mg alloys [10,11], optimization of 
composition and microstructure to fabricate ternary Mg-Gd-Y alloy 
with high-performance is a hot topic during the last decade [11].

Another effective way that can improve the mechanical property 
of Mg is to refine the grains via the well-known Hall-Patch re-
lationship. Hot extrusion, as a common method of thermo-me-
chanical treatments, has been widely used to improve the 
mechanical properties of Mg-Gd-Y alloy by grain refinement [12]. 
During extrusion process, dynamic recrystallization (DRX) of the Mg 
matrix and dynamic precipitation (DP) of second phases are con-
sidered as the mechanism for grain refinement [13]. However, after 
extrusion process, a heterogenous microstructure and precipitate 
distribution, as well as a high intensity of basal texture [14] is usually 
formed, leading to unacceptable mechanical properties for industrial 
application. In order to obtain a smaller grain size of the Mg matrix 
and dispersive distribution of precipitates, an extremely large 
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extrusion ratio is usually needed, which is a limitation for the ap-
plication of EX process in the production of Mg-Gd-Y alloy. There is 
also another problem that the formation of a strong basal texture 
during the extrusion process results in poor ductility during tensile 
testing at room temperature. Therefore, tuning the texture for the 
improvement of ductility of Mg alloys needs further investigations.

Beside the conventional extrusion (EX) process, simple shear 
based severe plastic deformation (SPD) is another promising can-
didate for improving the mechanical properties by efficient micro-
structure fragmentation process, which is widely used in Mg and its 
alloys [15–17]. The equal channel angular pressing (ECAP) process is 
considered as a potential technique for industrial application due to 
its capacity for large-scale processing. ECAP is proved to be an effi-
cient method for enhancing the ductility of Mg alloy, without sa-
crificing strength [14,18,19]. A combination of hot extrusion and two 
ECAP passes, called ES processing, is proposed recently [20]. It is an 
efficient technique for further refining the microstructure of Mg-RE 
alloys [20–23]. In order to improve the strength of the Mg-10Gd-3Y 
(wt%) alloy without loss of ductility, we applied the extrusion- 
shearing (ES) process to modify its microstructure and texture to 
achieve high performance. In our experiments, the ultimate tensile 
strength (UTS) reached 361 MPa with a high elongation to failure 
(EL) of 27.4 %. The underlying mechanisms were investigated for 
understanding the excellent combination of high strength and duc-
tility of the Mg-10Gd-3Y alloy. This alloy is also called as GW103 [24].

2. Materials and methods

The nominal composition of Mg-10Gd-3Y (wt%) alloy used in this 
work was produced via sand casting. High purity Mg (＞99.7 wt%), 
Mg-30Gd, and Mg-30Y (wt%) master alloys were used in an electric 
resistance furnace at about 760 ℃, under a mixed gas atmosphere of 
SF6 and CO2. The exact composition was determined to be Mg- 
10.62Gd-3.21Y by using an inductive coupled plasma spectrometer 
analyzer. The ingots were homogenized at 530 ℃ for 10 h, followed 
by quenching into warm water. All billets were preheated at 420 ℃ 
for 30 min and then extruded at 400 ℃, at a speed of 22 mm/s. The 
alloy was processed by conventional hot extrusion at 400 °C with an 
extrusion ratio of 4:1 (EX4), and by the ES method. Lower tem-
perature did not permit to obtain a continuous sample. As shown in 
Fig. 1, the ES method includes the EX4 process followed by two ECAP 
passes in route C, with a die angle of Φ = 105° and rounding angle at 
the outer corner of Ψ = 75°. The dimensional data of the testing are 
listed in Table 1. The obtained strain values are expressed in von- 
Mises equivalent strain (¯) in Eqs. (1–3). For the EX4 process, the 
redundant shear is also accounted for, it varies within the obtained 
bar linearly from the center to the surface (Eq. 2), where the position 
within the bar is expressed by the ζ parameter, which is 0 in the 
center of the sample and 1 at the surface.
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As can be seen in Table 1, the EX4 process itself produces a 
sample in which the strain varies between 1.39 and 2.54, because of 
the contribution of the redundant shear. By adding the ECAP route C 
strain, one obtains the total strain in the ES process between 2.54 
and 3.69.

The microstructural observations were performed using an op-
tical microscope (OM, Axio Vert.A1), a scanning electron microscope 
(SEM, Quant 250FEG) equipped with an energy dispersive X-ray 
spectrometer (EDS), and electron backscattered diffraction (EBSD) 
on the extrusion direction-normal direction (ED-ND) plane (Fig. 1). 
The macro-texture was revealed via X-ray diffraction (XRD, X′Pert). 
Dog-bone shaped samples with a gauge size of 2 mm × 3 mm× 5 mm 
were processed for uniaxial tensile testing, which was conducted at 
room temperature along the ED, at a speed of 0.5 mm/min.

3. Results

3.1. Microstructure evolution

The microstructures of the homogenized, EX4 and ES processed 
alloys are shown in Fig. 2. These 3D OM based results reveal that all 
microstructures are mainly composed of α-Mg matrix and small 
eutectic phases. The EX4 processed sample shows a significant bi-
modal structure with the combination of elongated large grains 
surrounded by small equiaxed grains, which is the typical micro-
structure of extruded Mg-Gd-Y alloy with a small extrusion ratio 
[25]. After the addition of two ECAP- shearing processes by ES, the 
microstructure is refined into homogeneous small equiaxed grains 
with a dispersive distribution of precipitated particles. The latter are 
located at/near the grain boundaries as illustrated in Fig. 3f. The 
grain size in the ES processed sample was dramatically smaller 
compared to the EX4, with homogenous microstructure.

The distribution of precipitates was investigated by SEM and EDS 
in Fig. 3. The precipitations in EX4 are positioned mainly along the 
extrusion direction with a larger average size as shown in Fig. 3a-b, 
however, after the ES process, the precipitation distribution is more 
homogenous with smaller average size as shown in Fig. 3d-e. The 
size distributions of the cuboid shaped particles were quite similar 

Fig. 1. Schematic illustrations of the ES process (a); Places of shear deformations and crystal rotation of the main orientation component in the ECAP part of the ES process (b). 
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between the EX4 and ES processed samples, see the histogram in 
Fig. 3c. Three types of precipitates were found in both processed 
samples: irregular precipitates (green arrows), cuboid precipitates 
(yellow arrows), and granular precipitates with size d <  1 µm (white 
arrows). The EDS results confirmed that the cuboid particles were 
the well-known stable Mg5(Gd,Y) phases due to dynamic pre-
cipitation, which is extensively studied in magnesium alloys [26,27]. 
These cuboid particles do not contribute much to the strength of the 
material, due to their low volume fraction [20].

Fig. 4 shows the EBSD orientation maps in inverse pole figure 
(IPF) form in the ED-ND section, where the ED direction was pro-
jected. The EBSD data were analyzed using the ATEX software [28]. 
The low-angle grain boundaries (LAGBs; 2° ≤ θ ≤ 15°) and the high- 
angle grain boundaries (HAGBs; θ  >  15°) were labelled by white and 
red lines, respectively. 5° was considered as a minimum dis-
orientation angle for defining a grain. The average grain sizes in the 
EX4 and ES processed samples were about 13.3 µm, and 4.3 µm, re-
spectively, obtained from the average values of three maps. The grain 
size distribution for the ES sample could be well fitted by a Gaussian 
distribution function (Fig. 4e). The neighbor-to-neighbor grain dis-
orientation distributions are shown in Figs. 4c and 4f. The propor-
tions of the HAGBs were very high for both processes: 97.44 % 
and 98.83 %.

3.2. Mechanical properties

Fig. 5a displays the tensile stress-strain curves of the initial 
homogenized, the EX4, and ES processed samples. The tensile yield 
strength (YS), UTS and tensile EL are summarized in Table 2. It can be 
seen that both the ES and EX processes could effectively enhance the 
strength and ductility of the materials. Especially, the ES processed 
sample showed significant improvement in strength with a YS of 
289 MPa and UTS of 361 MPa (engineering stresses). Moreover, the 
EL of the ES processed alloy was 27.4 % (engineering strain). These 
results indicate simultaneous improvement of strength and ductility 
by ES when compared to the EX4 process. A comparison of the YS 
and EL reported in the literature and in this work is presented in 

Fig. 5b [29–36]. Although the YS of some Mg-RE alloys is higher than 
300 MPa, the corresponding EL is usually low. The GW103 alloy 
fabricated by the ES process in this work had an excellent combi-
nation of strength and ductility. The reasons accounting for this 
improvement will be examined in the discussion part.

3.3. Texture characteristics

XRD measurements were carried out to measure the crystal-
lographic texture of the GW103 alloy deformed by the two pro-
cesses. The results are shown in Fig. 6 in forms of {1010} and {0002} 
pole figures, and also by IPF, constructed for the ED direction. An 
usual extrusion texture of Mg was observed after extrusion [33], see 
in Fig. 6a: a nearly continuous fiber where the <  0002  >  directions 
(i.e. the c axis of the hexagonal cell) were perpendicular to the ED. 
The maximum intensity of the fiber is not exactly at <  1010 >  || ED. A 
slight deviation can be seen in the IPF of the ED direction in Fig. 6a. 
The texture obtained by EBSD showed more clearly that the max-
imum region was actually at <  2021  >  || ED (see in Discussion Sec-
tion), similar to the results in Refs. [37,38] for pure Mg. Thus, by 
adding high volume fraction of RE, the texture did not change much 
with respect to pure Mg [37,38], at least with a relatively small ex-
trusion ratio of 4.

The recently reported texture component with c-axis parallel to 
the ED [39] and called the “RE texture components” with <  2111  >  -  
<  2114  >  || ED in Mg-RE alloy with heavy RE element content [6, 
40–42] were not clearly detected in the present textures. Only 
the <  2113  >  appeared distinctly in the inverse pole figure of Fig. 6a, 
in the EX4 sample, with a very low intensity.

Fig. 6b shows the texture evolution of the ES processed sample. 
As the ES process was finishing with ECAP deformation, the ideal 
shear texture components of Mg were traced in the {1010} and 
{0002} pole figures, and identified by their names in Fig. 6c. They are 
called as the B, P, Y, C1, and C2 fibers [43,44]. The locations of the 
ideal orientations are presented in the ideal shear plane - shear di-
rection reference system in Fig. 6b-c. One can clearly identify in 
Fig. 6b the presence of the B and C2 fibers, and the P1 orientation 

Table 1 
Testing dimensional data and related strain values. 

Test sample initial 
diameter

sample final 
diameter

extrusion die 
angle, θ

ECAP die main 
angle, 

ECAP die rounding 
angle, 

extrusion strain Total redundant 
shear

von Mises 
strain

EX4 20 mm 10 mm 45° – – 1.39 0.0 – 2.0 1.39 – 2.54
ECAP 10 mm 10 mm – 105° 75° 1.15 – 1.15
ES 20 mm 10 mm 2.54 – 3.69

Fig. 2. Microstructure evolution in 3D of (a) homogenized; (b) EX4; (c) ES processed Mg-10Gd-3Y alloy. 
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which is part of the P fiber. There are some components that do not 
belong clearly to the ECAP-shear texture, they are probably shear- 
rotated components of the preceding EX4 extrusion process.

In order to evaluate the strengths of the textures, the scalar 
texture index J is also presented in Fig. 6. J can be computed from the 
ODF,* it is defined by:

=J f g dg( ) ,
g

2

(4) 

where f g( ) is the is the ODF intensity at the orientation g. The 
texture was strong after the EX4 process (J =9.8), and weakened 
substantially during the subsequent C-ECAP process to J = 5.3.

4. Discussion

The new processing technique proposed in the present work led 
to a material which had high strength and high ductility at the same 
time. These mechanical properties are determined by the 

Fig. 3. Precipitate evolution in the EX4 (a, b) and ES processed (d, e) samples. (c) The size - statistics of cuboid shaped precipitates in (3b) and (3e), and (f) EDS analysis on the ES 
sample.

Fig. 4. EBSD IPF maps for the ED direction of (a) EX4, and (d) ES processed samples. The corresponding grain size distributions are shown in (b), (e), together with the 
disorientation angle distributions in (c), (f), respectively.

* In many publications, the maximum ODF intensity is used to represent the 
strength, and called as ‘texture intensity’. That ‘intensity’, however, is just a single 
local value of the f(g) function, so cannot represent properly the overall texture 
strength.
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microstructure and the crystallographic texture. The high imposed 
strain together with the elevated processing temperature (400 °C for 
a Mg alloy) led to changes in grain size and produced a new texture, 
which were beneficial for strength and ductility. Therefore, one has 
to examine the grain fragmentation process to understand the new 
exceptional properties. The strength was increased via the Hall- 
Petch relation, the possible dynamic recrystallization processes, 
which increase ductility, and also modify the texture. First, we ex-
amine the dynamic recrystallization because it can affect the texture 
evolution. Then, the texture evolution will be discussed. Finally, the 
mechanical properties will be explained.

4.1. Dynamic recrystallization

The occurrence of DRX can be analyzed with the help of the or-
ientation maps obtained by EBSD. It is now an effective method to 
use the value of the Kernel average disorientation angle (Δθ). It can 
be calculated from the orientation distributions of the pixels that 
form a grain in EBSD. When the value of Δθ is less than 2°, the grain 
can be considered as a grain that underwent DRX. For angles Δθ >  2°, 
the grain is highly distorted by dislocations, so it is considered as a 
“deformed” grain. Fig. 7 displays these two categories of grains in 
three kinds of maps for the two deformation processes. For each 
case, the first map shows the DRX grains in blue color, the deformed 
grains in red. The fraction of DRX grains for EX4, and ES accounted 
for 76 %, and 95.5 %, respectively. Similar results were also reported 
in a previous investigation [13], in which a critical imposed extrusion 
strain determining the degree of DRX was established. For a similar 
RE contained Mg alloy, Yu et al. [45] proposed that the critical ex-
trusion strain is 3.4 for the as extruded Mg-Gd-Y alloy, beyond which 
a fully recrystallized microstructure with fine DRX grains can be 
obtained. In the present study, the applied extrusion strains were 

maximum 2.54 and 3.69 for EX4 and ES, respectively. So, for EX4, 
where the strain was smaller than the critical one, a bimodal mi-
crostructure consisting of fine DRX grains and coarse deformed 
grains were obtained. On the contrary, in the ES process the mi-
crostructure was not bimodal, and a much smaller grain size 
(4.3 µm) was obtained. This result reveals the excellent grain frag-
mentation capacity of the ES process. The reason for the better 
performance of the ES process can be looked for in two changes. One 
is the strain path change that took place during the process after the 
first extrusion part, changing from axisymmetric deformation into 
shear. The other is the better effectiveness of the grain fragmenta-
tion process in shear deformation. Such an effect has been observed 
experimentally by comparing rolling and shear in terms of grain 
refinement. It was found in Cu that the grain size in ECAP is smaller 
than that in rolling [46]. The physical reason for this is in the lattice 
rotation rate, which is higher in shear than in rolling, leading to 
higher lattice curvature and better grain fragmentation process. The 
simulation using the theory for lattice rotation induced grain frag-
mentation introduced by Tóth et al. [47] explained this difference.

The shear deformation mode favors the recrystallization process 
of this Mg alloy, achieving a further grain refinement as compared to 
the extrusion deformation mode [48,49]. The ES processed sample 
exhibited more homogenous and uniform microstructure due to the 
addition of two shearing stages. It is probable that both DRX pro-
cesses; DDRX (discontinuous DRX) and CDRX (continuous DRX), 
were operated in the present alloy. Nevertheless, discontinuous 
dynamic recrystallization (DDRX) is the main grain refinement 
process in the temperature range of 300–450 °C [50,51], which co-
incides with this work. Whereas, CDRX is the main mechanism for 
producing grain refinement due to plastic strain, and was visibly 
occurring in the ES processed alloy, as seen in Fig. 7e. CDRX is de-
tectable in EBSD images by the formation of similar colored groups 
of grains, as indicated in the figure. DDRX, however, does not have a 
distinct feature in the microstructure in EBSD. Nevertheless, it is 
clear that the mechanism of the generation of refined grains is a 
combined effect of DDRX and CDRX.

Generally, DDRX is occurring at second phase particles, at GBs, 
triple junctions and deformation bands in Mg alloy [52,53]. In this 
study, the distribution of DRX regions and second phase particles 
was coincident. Particle pinning is another effect in DRX by small 
precipitates located at or near the GBs or triple junctions, which 

Fig. 5. (a) Engineering Stress-Engineering Strain curves obtained in tensile testing at room temperature of the initial homogenized, EX4 and ES processed samples. (b) Tensile 
properties of typical wrought Mg-Gd-Y alloys under room temperature.

Table 2 
Tensile properties of samples obtained after different processing. 

Processing states Tensile properties

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

Homogenized 117.8  ±  2.3 158.0  ±  2.6 8.33  ±  1.4
EX4 189.1  ±  6.2 249.9  ±  4.8 20.64  ±  3.3
ES 289.4  ±  4.2 361.1  ±  8.1 27.40  ±  3.5
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impede the mobility of GBs. It is generally recognized that, for Mg 
alloy containing a second phase, small particles could pin boundaries 
and dislocations to retard recrystallization as shown in Fig. 3f, 
whereas particles larger than 1 µm can act as nucleation sites and 
promote the recrystallization behavior by the PSN (particle stimu-
lated nucleation) effect [54,55]. This could be the reason for the high 
DRX fraction in the ES process.

The DRX process is strongly related to the crystallographic tex-
ture as well, because DRX is taking place during plastic deformation, 
so the intensities of the different texture components can produce 
preferences for the orientations of the DRX grains. More information 
can be obtained by examining the inverse pole figures of EBSD maps, 
where the two categories of grains; DRX and deformed grains, can be 
separated. Fig. 8 shows the result of such analysis, where the same 
criteria were used for classifying the grains as for the maps in Fig. 7.

The ED inverse pole figure for the EX4 deformed sample shows 
clearly that the main texture component was the <  2021  >  || ED 
(Fig. 8a). The grains that belonged to this main component were 
mostly deformed grains (Fig. 8c), while DRX grains were mostly 
oriented in the <  2110  >  || ED direction. The same texture compo-
nent was observed in extruded AZ31 alloy and it was considered to 
form via CDRX [52]. Finally, only the deformed grains have a distinct 
orientation preference in the ES process: the <  1010  >  || ED. All other 
DRX orientations in ES have the same preference as the general 

texture intensity. This analysis proves again, that the ES process is 
distinguished by its highest DRX fraction, which was 95.5 %. The 
reasons for the orientation frequencies of the DRX grains probably 
can be related to their plastic strain energy. Such correspondence 
has been shown for several cases, the first analysis was in the work 
of Refs. [56,57], however, it was in copper. For confirming similar 
relation for the present hexagonal alloy, polycrystal ductility simu-
lations are needed, which will be developed in a future work.

4.2. Texture evolution

As can be seen in Fig. 6, the end-textures obtained during the two 
deformation processes were very different. In order to understand 
the textures, one has to consider all deformation components that 
are acting during the process. The main deformation in extrusion is a 
lengthening of the sample with contraction in the diameter. How-
ever, there are also redundant shear strain components, which are 
not negligible for the used geometries of the dies. There are two 
places where these shears are acting; they are illustrated in Fig. 1b. 
Between the two locations, the sign of the shear is inverted. This 
situation is very similar to the ECAP phase of the ES process, how-
ever, the main difference is that in ES-ECAP there is only shear, while 
in EX4, the major deformation mode is the extrusion strain, not the 

Fig. 6. Textures measured after deformation by (a) EX4, and (b) ES processes of the GW103 alloy. The textures are presented in {1010}, {0002} pole figures, and in IPF of the ED 
projection. (c) is the ideal shear texture positions of Mg for the present ES test 
(adopted from [44]).
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shear. The amount of the equivalent strain corresponding to the 
redundant shear from the geometry is given in Table 1.

The consequence of the redundant shear in the extrusion pro-
cesses is the formation of the so-called cyclic-texture, mostly known 
in drawing deformation [58–60]. Due to the shear process, the axial 
symmetry of the texture is lost, so the normally expected continuous 
fiber textures are not complete. This can be seen in the texture after 
the EX4 process in Fig. 6a.

The contribution of redundant shear to the material properties is 
positive. This shear, with its varying direction (always pointing to-
wards the center of the bar), is randomizing the texture, permitting 
in this way a more isotropic deformation.

Only a small RE texture component was in the EX4 texture, as 
presented in the results section above. The presence of the RE tex-
ture components can be expected after the EX4 process, however, 

the extrusion ratio of only 4 seems to be low to form such compo-
nents. Indeed, the RE texture components were only detected when 
the extrusion ration was at least 20 and/or at higher temperature 
(about 450 °C or above). Such a texture component is attributed to 
the effect of activation of non-basal slip with increasing the RE 
elements solution in Mg [42]. It is very probable that the redundant 
shear strains play a role in the formation of the RE texture compo-
nents (see indicated in Fig. 1b), and will be further investigated in 
our future works.

The texture obtained during the ES process led to a characteristic 
ECAP shear texture (Fig. 6b), with some components that were ori-
ginating from the first part of the ES process, the EX4. Another main 
change that happened in the texture of the ES process, right after the 
EX4 was completed, was a decrease in the strength of the texture to 
almost half of the strength of EX4. This texture change is helping to 

Fig. 7. Recrystallization behavior during the two deformation processes using the Kernel average disorientation angle as a criterion. (a), (d): DRX grains are in blue, deformed 
grains in red. (b), (e): orientation maps for the DRX grains, black color indicates deformed grains. (c), (f): orientation map of deformed grains, DRX grains are black.(For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Inverse pole figures of (a), (d), full grains; (b), (e), DRX and (c), (f), deformed grains, observed by EBSD, after the EX4 and ES processes. 
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have more ductility of the material because adjacent grains have 
higher orientation differences, so can accommodate strain differ-
ences more easily by activating different slip systems.

This study is an example for the strong relation between texture 
and formability characteristics, which is especially enhanced for hcp 
materials. After the EX4 process, the texture is a fiber texture with 
basal planes parallel to the loading axis in tensile testing (Fig. 6a). 
For such orientations, the easiest slip system, which is basal slip for 
Mg alloys, cannot be activated in the subsequent tensile testing. The 
prismatic systems are in favorable position; however, they are 
harder than the basal systems. This texture effect represents a major 
contribution to the increased strength of the material in tensile 
testing. At the same time, there are only three prismatic slip systems, 
which is too few for a tensile testing, so the ductility of the material 
is limited. However, as Fig. 6 demonstrates very well, this relatively 
hard fiber texture is totally replaced by another one in the ES pro-
cess, which consists mainly of shear texture components. Therefore, 
the easiest basal systems become available for slip, together with 
other slip systems, and good ductility can be achieved. Strength is 
also high, for another reason: because the grain size is very small 
after the ES process.

4.3. Strength and ductility

In this work, EX followed by shear in the ES process have been 
adopted to achieve the combination of grain refinement and texture 
modification, contributing to an excellent strength-ductility balance. 
Based on the detailed microstructure characterization in the present 
study, the high strength of the GW103 alloy is attributed to the 
mixed strengthening mechanism from grain boundary strength-
ening (grain refinement after ES process, σGB), solute solution 
strengthening (σss), precipitation hardening (σPPt), disperse 
strengthening (Mg5RE phase) and texture strengthening. By applying 
the methods as reported in Refs. [61–63], an estimation for the 

values for σGB, σss and σPPt were 162.2–205.6 MPa, 105.8 MPa and 
1.56 MPa, respectively. To sum up, the final YS obtained by ES pro-
cess should be in the range of 270–313 MPa, which confirms the 
result of the tensile test. After the EX4 extrusion process, a tradi-
tional strong “basal” texture component with <  1010  >  || ED was 
formed, which was based on the dominated basal slip, leading to a 
weak ductility of the Mg alloy [40]. The basal-type of texture formed 
during the first extrusion stage was radically changed into a multi- 
component texture, which improved ductility. Basal-texture weak-
ening has been proved to be a good method for improving the 
ductility of Mg alloys under tension test at RT [64,65].

With further refinement of the grain structure during the C-ECAP 
stage, the ES process led to a grain size as small as 4.3 µm. When 
grain size is smaller than 10 µm, grain boundary sliding (GBS) is 
reported to be active in deformation of Mg alloys, which induces a 
reduction or randomization in texture evolution and a great con-
tribution to ductility [66–69]. Therefore, at the average grain size of 
4.3 µm, GBS was probably a deformation mechanism during the 
tensile testing of our alloy.

Additionally, the simultaneous improvement in strength and 
ductility between the initial homogenized state through the EX4 and 
ES processes can be interpreted by the combined effects of reduced 
twinning and enhanced grain fragmentation, as follows. The 
strength and ductility measurements were done at room tempera-
ture, by tensile testing. As the present initial homogenized alloy 
displays twinning at RT, its ductility is limited. However, as the EX4 
process was at 400 °C, there was no twinning during EX4, so it could 
be well deformed, and the grain size decreased due to plastic de-
formation. After EX4, during the tensile testing at RT, twinning was 
reduced because twinning in hexagonal materials is grain size de-
pendent: by reducing the grain size, the twinning activity is de-
creasing. Therefore, because of the smaller grain size, the strength 
increased, while ductility also increased, because twinning was re-
duced. In the ES testing, there was further plastic deformation at 

Fig. 9. SEM based fracture morphology at different magnifications of the EX4 (a, b, c) and ES-deformed (d, e, f) sample after tensile test at room temperature. 
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400 °C, so there was more grain refinement. Therefore, the RT tensile 
test showed even higher strength. Ductility has also increased, be-
cause twinning was totally suppressed, due to the even smaller 
grain size.

The SEM morphologies of the fracture surface under tension at 
room temperature are shown in Fig. 9 for the EX4 and ES sample. 
Some tear ridges and smooth facets appear on the EX4 fracture 
surface, which are commonly considered as brittle fracture features 
in Mg alloys [70]. On the contrary, one can see large number of fine 
dimples (red arrows) in the ES sample, indicating ductile fracture. 
Meanwhile, precipitates (blue arrows) were also observed at the 
bottom of the dimples which were evidencing the improvement for 
strength.

5. Conclusions

In the present work, the extrusion-shearing process (ES) was 
applied to refine the microstructure of the Mg-10Gd-3Y alloy for the 
purpose of simultaneously improving strength and ductility, com-
pared to the conventional extrusion (EX). The tensile yield strength 
of the alloy was increased to 289 MPa with a high ultimate tensile 
strength of 361 MPa, and a good tensile elongation to failure EL of 
27.4% was obtained. Microstructural characterizations showed that 
the additional shearing deformation by the second stage of the ES 
process (the C-ECAP) facilitated the formation of a fully re-
crystallized homogenous microstructure with an average grain size 
of about 4.3 µm with dynamic precipitations of Mg5(Gd,Y) particles 
at/near grain boundaries. The observation of fracture morphology 
revealed ductile feature for the ES-processed sample. The multi-
component texture and microstructural modification of grain re-
finement and dispersive distribution of precipitates all contributed 
to the excellent combination of high strength and ductility of the 
Mg-10Gd-3Y alloy processed by ES.

The main conclusion of this work is that changing the processing 
route during thermo-mechanical processing can be very beneficial 
for material properties. It has been demonstrated that traditional 
one-step extrusion process combined with ECAP is a very efficient 
technique to obtain Mg-RE alloy with high performance.
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