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A B S T R A C T   

Due to unique precipitation behavior, magnesium-rare earth (Mg-RE) alloys exhibit excellent strength. However, 
owing to the blocking effect of solid solute atoms on the slipping of dislocations, the plasticity of Mg-RE alloys 
becomes poor. In this work, HPT followed by solution and aging treatment is used to produce laminate het
erogeneous Mg–Y alloys by sandwiching a hard layer and two soft layers. Specially, the interface transition 
region shows a gradient distribution of Y concentration and precipitation. The sandwich Mg–Y alloy attains an 
enhanced strength-plasticity synergy.   

Mg and its alloys possess great potential applications in aerospace, 
automotive, electronics and biomedical industries, due to their high 
specific strength, good stiffness and excellent biocompatibility [1–3]. 
However, low strength [4] and poor plasticity [5] are the main limits for 
their comparative applications. In order to improve the strength of Mg 
alloys, magnesium-rare earth (RE) alloys have been developed, which 
provide additional strengthening by nano-scaled precipitations and 
interfacial segregation [6–8]. He [9] reported an age hardened Mg-Gd-Y 
alloy, enhancing from 130 MPa to 239 MPa. However, due to the 
blocking effect on dislocation slip, uniform elongation of most Mg-RE 
alloys is reduced drastically by precipitations [10,11]. Thus, a ques
tion arises on how to attain an enhanced strength-plasticity synergy in 
Mg-RE alloys. 

Heterogeneous materials are a class of new developed materials with 
unprecedented mechanical properties [12–16]. The typical microstruc
ture in heterogeneous materials is that there always exist various zones 
with dramatically different strengths, while the geometry and the sizes 
of the zones might vary widely [12]. People tried to produce a 
hetero-structure with coarse grains embedded in fine grains in Mg-RE 
alloys [17]. However, the strength contrast between the coarse and 
fine grains was diminished after aging treatment. Because the prior soft 
coarse grains were significantly strengthened by the nano precipitations, 

such as β0 and γ00 [18,19]. Thus, it is difficult to design heterogeneous 
alloys only in a homogeneous Mg-RE alloys, which has been successfully 
achieved in pure Ti [13]. Laminated (or sandwiched) structures can be 
another strategy to produce heterogeneous Mg-RE alloys. While, the 
interface bonding of laminated heterogeneous Mg-RE alloys becomes 
another challenge. Wu [20] reported a laminate heterogeneous Mg/Al 
alloy by accumulated roll bonding (ARB); Unfortunately, the interface 
with lots of oxides results in poor mechanical properties. 

In this work, we fabricated a laminate structure with a Mg-11 wt% Y 
layer sandwiched between two Mg-5 wt.% Y layer via high pressure 
torsion (HPT) by utilizing two principles: (a) Dramatically different 
ageing hardening effect between Mg–5Y and Mg–11Y after the same 
ageing treatment. It is reported that the aging hardening response of 
binary Mg–Y alloy is remarkable when the Y concentration in the alloy is 
at or above 8 wt % and the aging treatment is carried out at a temper
ature close to 200 �C [2]. (b) High pressure torsion can fabricate sharp 
interface [21] for Mg-RE alloys, compared with ARB, which is generally 
used in other heterogeneous laminate alloys [22,23]. Hence, using this 
approach, we can produce a sandwich structure with sharp and 
well-bonded interface. The mechanical properties of sandwich hetero
geneous Mg–Y alloy are investigated and the underlying mechanism is 
explored. This study has a great significance for designing and 
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preparation of heterogeneous Mg alloy. 
The alloy ingots were two kinds as-cast Mg alloys: Mg-5 wt. % Y and 

Mg-11 wt % Y. The ingots were solution treated at 500 �C for 12 h and 
quenched to room temperature in the furnace. Mg–5Y and Mg–11Y 
plates were punched into Ø10 mm disks and ground to three groups of 
thickness: 0.8 mm, 1.6 mm and 3.2 mm. Then, the samples were fabri
cated as Table 1. Fig. 1a schematically illustrates the procedure of 
sample processing. The total initial thickness of three samples disks were 
around 3.2 mm so that sufficient thickness reduction (~69%) after 
processing can be achieved to form strong interfacial bonding. The 
samples were polishing and ultrasonic cleaning before sandwiching the 
disks together. HPT was applied at room temperature with 1 GPa for 10 
revolutions at 1.5 rpm to obtain more homogeneous deformation along 
the radius direction. 

The HPT samples were solution treated at 500 �C for 12 h and 
quenched to room temperature in the furnace. Then, isothermal aging 
was implemented at 200 �C in silicon oil for 128 h. Scanning electron 
microscope (SEM) and transmission electron microscope (TEM) samples 
were cut from cross section of the aged sandwich Mg–Y. SEM samples 
were ground using 320, 600 and 1200 grit sand papers, and polished to 
mirror on polish cloth using Al2O3 solution. Then they were etched in 
5% nitric alcohol solution. Samples for transmission electron micro
scopy (TEM) analysis were prepared in a standard way: machining 3 mm 
diameter foils and then ion-milling the foils until a central perforation 
was formed [24]. The morphology of cross section of aged sandwich 
Mg–Y was investigated by using SEM operating at 20 kV. TEM samples 
were cut from the interface of cross section by focused ion beam (FIB). 
High-angle annular dark-field (HAADF) study was performed in a FEI 
Titan G2 60–300 TEM with probe-spherical aberration performed at 
300 kV, equipped with electron dispersive X-ray spectroscopy (EDS). 
Dog-bone shaped specimens with a gauge length of 1.8 mm and width of 
1 mm were cut from the aged HPT samples for tensile test [25,26]. The 
uniaxial tensile testing was performed on a walter þ bai mechanical 
testing machine (LFM-20kN) with a strain rate of 2 � 10� 4 s� 1 at room 
temperature. Vickers microhardness tests of the cross section of aged 
sandwich Mg–Y were performed under 100gf loading for 15 s at a 
MATSUZAWA-VMT-7S tester. At least 10 indentations were used to 
calculate the mean value and standard deviation. 

Fig. 1b shows the cross-sectional morphology of the heterogeneous 
Mg–Y alloy. It displays a metallurgical bonding of the interfaces between 
Mg–11Y and Mg–5Y layers without oxides. The interfaces are not 
straight and the thickness of Mg–11Y in the middle layer is about 200 
μm. The interface structure is also characterized by TEM, as shown in 
Fig. 1c. It shows a sharp boundary, which is similar to the grain 
boundary [27,28]. Magnified images of the interface were observed 
marked by the yellow, blue and purple box, as shown in Fig. 1d1-d3 and 
the corresponding Fast Fourier transform patterns in Fig. 1e1-e3, 
respectively. Fig. 1d1 shows there is a transition region in the interface. 
Fig. 1e1 shows lots of defects such as low angle grain boundaries exist in 
the transition region. Some steps are observed in the interface marked by 
pink arrows in Fig. 1d2, and Fig. 1e2 shows these are some stacking 
faults. No precipitates and oxides are found near the interface, as shown 
in Fig. 1d3 and Fig. 1e3. 

Fig. 2a is age-hardening response of Mg–5Y and Mg–11Y alloys at 
200 �C. As Fig. 2a shown, before aging treatment, the hardness of 
Mg–11Y alloy is about 35Hv higher than Mg–5Y alloy, due to solution 
strengthening. After the aging treatment, the hardness of Mg–5Y alloy 
always keeps at the same level just with slight fluctuation. While, for 

Mg–11Y alloy, the peak hardness value is ~135Hv and about 70Hv 
higher than Mg–5Y alloy after aging for 128 h, which is mainly due to 
aging hardening besides solution strengthening. Fig. 2b shows the 
Vickers hardness value across the area shown in Fig. 2c. The hardness of 
the sandwich Mg–Y alloy keeps at 50Hv for Mg–5Y layer at both sides 
and increases to 130Hv for the middle layer. Note that, there is a middle 
value (about 90Hv) between Mg–11Y and Mg–5Y layers. It seems that 
the hardness decreases gradually instead of steeply falls in the interface 
transition region marked by yellow rectangle, which might be caused by 
the interface effect. 

The microstructure of the interface transition region is clearly 
demonstrated by HAADF-STEM image (Fig. 3a). βʹ phase is frequently 
observed in the aged Mg–Y alloy, which is proposed to have a base- 
cantered orthorhombic structure. The lattice parameters of βʹ phase 
are a ¼ 0.6418 nm, b ¼ 2.2232 nm, c ¼ 0.5210 nm. The stoichiometric of 
βʹ precipitates is Mg7Y [29,30]. The density of βʹ phase decreases grad
ually in the transition region from Mg–11Y layer to Mg–5Y layer, as 
shown in Fig. 3b, c and d, respectively. Especially, few βʹ phase can be 
found in Fig. 3d. The interfacial transition region formed, because of the 
different concentration of Y from Mg–11Y to Mg-5 Y. Due to the sig
nificant driving force of thermal dynamics, Y is tended to diffuse from 
higher concentration region (Mg–11Y) to the lower one (Mg–5Y). 
Moreover, a high-speed diffusion is achieved in the HPTed sample, 
because the deformation induced defects are used to become the diffu
sion channels for alloying elements [8,31]. So, the precipitation 
strengthening causes the linear decent of hardness in the transition re
gion. In addition, Fig. 3e displays the concentration of Y element in the 
interface transition region measured along the orange line in Fig. 3a. The 
values of Y concentration marked by point I-Ⅳ is 9.68%, 7.22%, 6.90% 
and 5.63%, respectively. It dedicates that the concentration of Y de
creases gradually in the interface transition region, which is also consist 
with the trend of hardness from Mg–11Y layer to Mg–5Y layer. 

From the abovementioned, a sandwich Mg–Y alloy is produced by 
sandwiching a Mg–11Y layer between two Mg–5Y layers. After aging 
treatment, the Mg–11Y layer in the middle transfers to hard zone, and 
the Mg–5Y layers in both sides transfer to soft zones. This sandwich 
structure is satisfied with the principle of heterogeneous materials. The 
interface transition region between hard and soft zone shows a gradient 
structure of Y concentration and precipitation, which results in the same 
trend of hardness. 

Fig. 4 shows the mechanical properties of heterogeneous Mg–Y, 
homogeneous (homo) Mg–5Y and Mg–11Y alloys. Fig. 4a and b are the 
tensile engineering stress-strain curves and the true stress-strain curves, 
respectively. The yield strength for heterogeneous sandwich Mg–Y, 
homogeneous Mg–5Y and Mg–11Y alloys are measured as 182 MPa, 81 
MPa and 272 MPa, respectively. While their uniform elongations are 
6.1%, 17.4% and none, respectively. The yield strength of heteroge
neous sandwich Mg–Y alloy is 2.25 times that of homogeneous Mg–5Y 
alloy, and the uniform elongation also increases greatly compared to 
homogeneous Mg–11Y alloy. Here, the sandwich Mg–Y alloy attains an 
enhanced strength-plasticity synergy, which is attributed to hetero- 
deformation induced (HDI) strengthening and work hardening [32]. 
The soft zones (Mg–5Y layer) need to deform together with the neigh
boring hard zone (Mg–11Y layer) and, therefore, cannot plastically 
deform freely. The strain at the zone interface needs to be continuous, 
although the soft zone will typically accommodate more strains since 
they are plastically deforming. Therefore, there will be a plastic strain 
gradient in the soft zone near the zone interface. This strain gradient 
needs to be accommodated by geometrically necessary dislocations or 
deformation twins, which will make the soft phase appear stronger [13, 
33,34], leading to synergetic strengthening to increase the global 
measured yield strength of the heterogeneous material [35]. Fig. 4c 
shows the strain hardening-true strain curves. The work hardening rate 
of heterogeneous sandwich Mg–Y is higher than the other two materials, 
mostly due to HDI work hardening between soft and hard zone in het
erogeneous materials [32]. In addition, the interface transition region 

Table 1 
Initial thickness and structures of three groups of HPT samples.  

Sandwich Mg–Y Homogeneous Mg–5Y Homogenous Mg–11Y 

Mg–5Y 0.8 mm 3.2 mm 3.2 mm 
Mg–11Y 1.6 mm 
Mg–5Y 0.8 mm  
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can enlarge the interface effect between the hard and soft zone, which 
will further increase the yield strength and HDI work hardening. 

In summary, HPT followed by solution and aging treatment was used 
to produce heterogeneous Mg–Y alloys by sandwiching a hard layer with 
precipitates and two soft layers with free precipitates. The sandwich 
Mg–Y alloy attains an enhanced strength-plasticity synergy. Specially, 
the interface transition region shows a gradient distribution of Y con
centration and precipitates, which enlarge the interface effect between 

the hard and soft zone. It will further increase the yield strength and HDI 
work hardening. 
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Fig. 1. (a) The diagram of HPT process; (b) SEM image of cross section of sandwich Mg–Y; (c) the bright-field TEM image of the interface; (d1)-(d3) the HRTEM and 
(e1)-(e3) corresponding FFT patterns of the yellow, blue and purple box in (c), respectively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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Fig. 2. (a) Age-hardening response of Mg–5Y and Mg–11Y at 200 �C for 256 h; (b) the Vickers hardness of cross section of aged sandwich Mg–Y; (c) the SEM image of 
testing cross section of aged sandwich Mg–Y. 

Fig. 3. (a) The HAADF image of the interface transition region of the yellow box in fig. 2b; (b), (c) and (d) are the HAADF images of the green, pink and blue box in 
(a), respectively; (e) the Y concentration along the orange line in (a) from Mg–11Y to Mg–5Y in the region. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 4. Tensile properties for the aged sandwich Mg–Y, homogeneous (homo) Mg–5Y and homogeneous (homo) Mg–11Y. (a) Engineering stress-strain curves; (b) 
True stress-strain curves; (c) Strain hardening-true strain curves. 
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