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Abstract 

In present work, the ductile Mg-Zn-Y alloy (ZW31) was introduced into the 10 μm 15 

vol.% SiCp/AZ91 composites (PMMCs) to coordinate the deformation of PMMCs 

during the rolling process, then the ZW31/PMMCs laminate with the thickness of ~1 

mm was prepared successfully. The microstructure and mechanical properties of the 

as-rolled ZW31/PMMCs laminate before and after the annealing process was 

investigated, the results indicated that existence of ZW31 alloy layer can absorb 

energy and relieve stress concentration of PMMCs layer by the formation of twins, 

which not only break through the bottlenecks of poor toughness of PMMCs, but  

also make it possible for the rolling of PMMCs sheet. The recrystallization behavior 

of the ZW31 alloy layer and PMMCs layer was completely different during the 

subsequent annealing process. For the ZW31 alloy layer, recrystallization induced by 

twinning, while the recrystallization in PMMCs layer related to the introduced particle. 

The typical rolling texture was formed in the ZW31/PMMCs laminate, and the 

intensity of which was mainly controlled by the ZW31 alloy. Application of annealing 
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process improved the elongation of the ZW31/PMMCs laminate, however, at the 

expense of strength. Cracks originate in different positions of PMMCS layer and then 

connect with each other along the direction which perpendicular to the stress. The 

existence of ZW31 alloy layer inhibits the propagation of crack and is propitious to 

improve the ductility of /PMMCs laminate. 

Keywords: Particle reinforced magnesium matrix composites; Rolling; 

Microstructure; Texture; Mechanical properties. 

1. Introduction 

As the lightest structural materials, magnesium alloys have great application 

potential in the fields of weight reduction, energy saving, and environmental 

protection, etc. However, the low strength and modulus limit their application in the 

industry [1-5]. 

In recent years, the silicon carbide particles (SiCp) had been added into magnesium 

alloys by semi-solid stirring to prepare particle-reinforced magnesium matrix 

composites (PMMCs) and improve the magnesium alloys’ modulus and strength 

[6-8].In order to further improve the mechanical properties of PMMCs, Severe Plastic 

Deformation(SPD) treatment was carried out on PMMCs. Based on investigation of 

Deng et al，the particle distribution was improved and the mechanical properties of 

PMMCs were increased by isothermal forging deformation [9]. Moreover, the 

multi-direction forging was applied on PMMCs by Nie et al. [10], which found that 

the grains could be refined and the tensile strength can be further improved with the 

increasing forging passes. Besides, the extrusion process was also an effective way to 
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increase the strength of PMMCs [11-14]. It is shown that the grains were refined and 

fine precipitate occurred at low temperature and extrusion speed, which contributed to 

the significant improvement of mechanical properties of PMMCs [15]. Moreover, Wu 

et al. [16] also applied multi-step deformation (forging + extrusion) on PMMCs, 

which led to the significant effect on eliminating casting defects, enhancing the 

uniformity of particle distribution, refining the grain size, and improving the 

mechanical properties of PMMCs. Even though forging, extrusion, as well as 

multi-step deformation had been used on PMMCs, few works had been done on the 

rolling process. 

Considering the poor ductility of the micron-PMMCs, few works had been done 

on the rolling of the micron-PMMCs at present. Even though the 4.5μm 5vol. % 

SiCp/AZ31 composite strip was fabricated by Yang et al through the twin roll casting 

process, no further rolling process was applied on the above composite [17]. The 

PMMCs with the little number of nanoparticles usually possess better ductility, which 

had been rolled successfully by the investigators. Wang et al. and Liu et al. [18, 19] 

fabricated 1 vol.% nano-SiCp reinforced magnesium matrix composites and 

investigated the effect of rolling passes on the mechanical properties of nano-PMMCs. 

However, the volume fraction of nano-PMMCs is usually neither higher than 2% 

owing to the occurrence of particle aggregation. Considering such a low volume 

fraction of nanoparticles, the improvement of Mg alloy’s modulus is not significantly. 

As the size of the particle is larger than 1 μm, the modulus can reach 60-75 GPa 

depending on the content of SiCp (15 vol.% - 20 vol.%). However, the poor plasticity 

of micron-PMMCs makes it hard to roll. [20]. Therefore, it is of great industrial 

significance to realize the rolling of the micron PMMCs and obtain PMMCs sheet 

with both high modulus and strength. 

In recent years, co-extrusion had been used to improve the ductility of a single 
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material [21]. The co-extrusion method was used to prepare ZM21 

magnesium-aluminum composite wire by M. Thirumurugan et al. [22], which led to 

the enhanced ductility of ZM21. Xin et al. [23] achieved the increasing plasticity of 

Mg/Al sheet by the accumulative extrusion bonding process. Jiang et al. [24] 

enhanced the stretch formability of Mg-Al-Zn/Mg-Y via porthole die extrusion at 

room temperature. Therefore, the introduction of softening Mg alloy into PMMCs 

may improve its ductility. The PMMCs sheet which contains Mg alloy laminate would 

be rolled through the coordinating rolling and reduce stress concentration. Previous 

work had shown that the addition of Y into Mg could not only weaken the texture but 

also results in the improvement of both strength and elongation [25-27]. Thus, the 

Mg-Zn-Y (3 wt.% Zn and 1 wt.% Y were added in pure Mg, which was named as 

ZW31) are fabricated and introduced into 10 μm15 vol.% SiCp reinforced AZ91 

composite by co-extrusion. Subsequently, the Mg-3Zn-1Y/10 μm15 vol.% SiCp 

reinforced AZ91 composite which denoted as ZW31/PMMCs laminate are obtained. 

After being subjected to rolling, the ZW31/PMMCs laminate with the thickness of ~1 

mm is obtained. The present work mainly focuses on the fabrication, microstructure 

and mechanical properties of the ZW31/PMMCs multi-laminate. 

2. Experimental 

2.1 Material 

In this work, the AZ91 alloy was used as the matrix alloy. The reinforcement is 

used as SiCp with an average diameter of 10 μm. Then, the PMMCs with the volume 

fraction of 15% (10 μm 15 vol.% SiCp/AZ91) is prepared by a semi-solid stirring 
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casting method. The protective atmosphere is CO2 and SF6. The details of the process 

of SiCp/AZ91 composite had been given in previous works in [28]. Mg-Zn-Y alloy is 

prepared by melting Mg (99.9%), Zn (99.9%), and Mg-30 wt.% Y master alloy in an 

electric resistance furnace of CO2 and SF6 protective mixture. During the smelting 

process, a small amount of 0.5 wt.% Ca (99.99%) was added to prevent melt 

oxidation and combustion. The casting was then placed in a steel mold preheated to 

200 °C. Finally, a bar having a diameter of 70 mm was obtained. 

2.2 Homogenization treatment 

The homogenization treatment of Mg-Zn-Y alloy was first carried out in resistance 

furnace at 320 
o
C for 8 h followed by 430 

o
C for 16 h according to 

Ref.[29-31].As-cast SiCp/AZ91 composite was treated at 380 
o
C for 2 h and then at 

415 
o
C for 22 h according to Ref[15]. All these samples are quenched in water rapidly. 

2.3 Preparation of ZW31/PMMCs laminate  

The flow chart of ZW31/PMMCs preparation process is shown in Fig. 1, the 

detailed description is given as follow (i) The PMMCs and ZW31 were cut into 

rectangular shapes by an electric wire. The specific size of which is given in Fig. 1; (ii) 

A cylindrical block containing ZW31 and PMMCs was co-extruded at 370 ° C with 

an extrusion ratio of 21 and a pressing speed of 0.1 mm/s. A sheet with a width of 20 

mm and a thickness of 3.15 mm was obtained; (iii) The detailed rolling parameters are 

shown in Table 1. The roll diameter is 130 mm, and the rolling speed is 20 rpm. Prior 

to rolling, the laminate of ZW31 and PMMCs was preheated in an annealing furnace 

at 350 °C for 20 min. The first rolling thickness was reduced by 10%, and the 
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reduction of per rolling pass was 15%. During each rolling pass, the ZW31/PMMCs 

laminate was held at 350 °C for 10 min. At last, the ZW31/PMMCs laminates with the 

thickness of ~1 mm were obtained.  

To eliminate work hardening and residual stress generated during the hot rolling 

process, the as-rolled laminate is subjected to the subsequent annealing. The selected 

annealing temperature was 350 °C, and the annealing time was 30 min, 60 min, and 

120 min, respectively. 

2.4 Material characterization 

The microstructure was characterized using an optical microscope OM and a 

scanning electron microscope SEM equipped with EDS. The OM and SEM samples 

were prepared by conventional mechanical grinding, polishing, etching. The average 

grain size of the ZW31 alloy and PMMCs were measured by Ipwin32. The 

macrotexture test of the rolled sheet was carried out using Stress-Spec neutron 

diffraction equipment. The measuring plane was TD(Transverse 

direction)-RD(Rolling direction) plane, three sheets of 20 mm × 20 mm in size were 

cut out, and the sheets were bonded into a bulk material with a size of 20 × 20 × 3 mm 

for texture testing. The phase composition of the composite sheet was analyzed by 

XRD, and the scanning plane was the RD-ND(Normal direction) plane. A room 

temperature tensile test was carried out on an MTS (E45.105) test machine. The 

stretching rate was 8.3 × 10
-3

s
-1

. The ZW31/PMMCs tensile specimens were cut 

parallel to the RD with a gauge length of 25 mm and a cross-sectional area of 6 × 1 

mm. 
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To characterize the interfacial bonding between ZW31 and PMMCs, the damping 

test of ZW31/PMMCs laminate was performed using a DMA (American TAQ800) 

single cantilever vibration mode. The sample size was 35 mm × 5 mm × 1 mm. The 

measured strain amplitude (ε) was from 5.0 × 10
−6

 to 2.1 × 10
−3

, the vibration 

frequency (f) was 1 Hz, and the test temperature (T) was room temperature. 

3. Results and discussion 

3.1 Microstructural characterization 

Fig. 2 shows the microstructure of ZW31/PMMCs in the ND-RD. The optical 

microstructure is shown in Fig. 2(a). The outermost layer of the sheet is ZW31 layer, 

adjacent to which is the PMMCs layer with the thickness of ~160 μm. The 

intermediate layer is PMMCs with the thickness of ~75 μm. After rolling, twins 

appear in the ZW31 alloy, as shown in Fig. 2(d). It indicates that the presence of 

ZW31 alloy layers can effectively coordinate the deformation of PMMCs during the 

rolling process. The SEM image at the interface is given in Fig. 2(b) and (c), which 

reveals that the interface is not flat. The EDS mapping results illustrate that Mg-Al 

phases predominant in the PMMCs, and the precipitates phase in ZW31 layer count 

for minority. The macroscopic texture along the TD-RD surface of ZW31/PMMCs is 

shown in Fig. 2(d). The (0002), (1010), (10 1) pole figures show that the sheet has a 

typical rolling texture with the basal plane parallel to the TD-RD plane.  

Fig. 3 is an optical micrograph of ZW31/PMMCs before annealing and after 

annealing at 350 
o
C for 30 min, 60 min, and 120 min, respectively. The 

microstructures of ZW31 and PMMCs layer are different. Fig. 3(a) shows the twins 
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were generated at the ZW31 layer after rolling. After annealing for 30 min, the twins 

in the ZW31 layer disappeared which are instead by the recrystallized grains. The 

measured average size of the recrystallized grains is 10.5 ± 4.4 μm, as shown in Fig. 

3(b). This phenomenon indicates that the twin induced recrystallization may occur at 

the ZW31 layer during the annealing process. When the annealing time was extended 

to 120 min, the average grain size is increased to 13.0 ± 5.3 μm. Fig. 4(a), (b) and (c) 

show the grain size distribution of the as-annealed ZW31 layer, which demonstrates 

that the proportion of large-sized grains (>13 μm) increases accompanied with the 

increasing annealing time. Unlike ZW31 alloy layer, the average grain size in 

PMMCs demonstrates a slight decrease after annealing for 30 min. It is worth noting 

that the inhomogeneous deformation appears between the harden particles and soften 

Mg matrix during the rolling process. This phenomenon is propitious to the formation 

of deformation zone (PDZ) containing high-density dislocations around the particles. 

The existence of PDZ could promote the nucleation of static recrystallization and 

result in the improvement of the nucleation rate[32]. Moreover, the existence of 

particle might also hinder the movement of the grain boundary and led to the 

refinement of recrystallized grains in PMMCs layer[33]. When annealing time 

prolongs to 60 min, the recrystallized grains grow up uniformly. However, after 120 

min of annealing, the average grain size decreased to 0.16 μm. For PMMCs, the 

existence of fine Mg17Al12 phase can hinder the movement of dislocations, which 

make it hard for the nucleation of recrystallization. As described in Fig. 5, the fine 

Mg17Al12 phase dissolves into the Mg matrix gradually as the annealing time 
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increased from 60 to 120 min. The dissolution of the fine Mg17Al12 phase makes it 

possible for the movement of dislocations, which is propitious to the nucleation of 

recrystallization around SiCp and results in slightly grain refinement of the PMMCs at 

120 min. Due to the coordination effect of ZW31 alloy during rolling, stress 

concentration is easily generated at the interface between ZW31 and PMMCs, so that 

the stored energy and recrystallization driving force is larger than that at the ZW31 

alloy. Therefore, the interface may own a larger nucleation rate as compared with that 

in ZW31 alloy, which results in the fine recrystallized grains, as shown by the white 

circle in Fig. 3(b). 

Fig. 5 shows the SEM micrographs of the ZW31/PMMCs sheet before and after 

annealing. The microstructure after rolling is shown in Fig. 5(a), there are many 

Mg-Al phases in PMMCs. As combined the XRD pattern in Fig. 6, the Mg17Al12 

phase can be determined. Mowever, the large undissolved phases are found in the 

ZW31 alloy layer. Combined with the EDS results in Table 2, the ratio of Zn, Y is 1.5 

~2.2, which is close to the W phase[30]. As combined the XRD pattern in Fig. 6, the 

peaks of W phase appears which reveals that the undissolved phases in ZW31 alloy 

layer should be W phase. Inside the grains, there are numerous fine precipitated 

phases, as shown by the magnified SEM. Combined with the XRD pattern in Fig. 6, 

these phases should be MgZn phases precipitated during the rolling process. 

Accompanied by the increasing annealing time, both the amount of Mg17Al12 phase in 

PMMCs layer and the MgZn phase in ZW31 alloy layer decrease. However, the W 

phases still exist in the ZW31 alloy during the whole annealing process. That means 
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the annealing process of the as-rolled ZW31/PMMCs laminate not only includes 

recrystallization but also involves the dissolution of Mg17Al12 and MgZn phases. 

3.2 Texture 

The macro-texture of ZW31/PMMCs tested by Stress-Spec neutron diffraction 

equipment is shown in Fig. 7. As given in Fig. 7(a), the as-rolled ZW31/PMMCs 

laminate inhibits a typically rolled texture. The intensity of basal plane texture is high, 

which changes nonlinear during the whole annealing process. 

Changing of the macro-texture of ZW31/PMMCs may relate to the microstructural 

evolution in ZW31 layer and the PMMCs layer, respectively, during the annealing 

process. The whole reduction of the thickness of ZW31/PMMCs is ~68%, and the 

deformation between the soften ZW31 alloy layer and harden PMMCs layer is 

inhomogeneous. To coordinate deformation, many twins appear in the ZW31 alloy 

layer near PMMCs layer. After annealing for 30 min, the intensity of the basal plane 

texture is obviously reduced. This phenomenon may attribute to the occurrence of 

recrystallization induced by twins at the ZW31 layer during the annealing process. 

Previous work had shown that the twinning induced recrystallization could weaken 

the texture during the annealing of cold rolled Mg-RE alloy, and the rare earth texture 

remained in the subsequent grain growth process, which played a role in weakening 

the texture [34]. Some researchers [35] had studied the microstructure and texture 

evolution of the as-rolled Mg-2.9Y alloy before and after isothermal annealing. It was 

found that the twins generated during the rolling process demonstrate the typical basal 

texture. After annealing for 3 min, the recrystallization occurred preferentially from 
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the twinning boundary and shear band, the recrystallized grain orientation of the 

grown grain does not change significantly, showing the orientation of the basal plane 

close to the adjacent twins, which contributes to the persistence of the basal texture. 

However, the recrystallized grain orientation distribution is more uniform, slightly 

wider than the basal orientation of the twins, whereas the basal texture is weakened. 

The nucleation of recrystallized grain is almost random or non-base orientation, which 

inevitable influence the intensity of basal plane texture[36]. Thus, the occurrence of 

recrystallization in ZW31 alloy layer results in the generation of non-basal and the 

approximately basal-oriented grains, which contribute to the weaken basal plane 

texture after annealing for 30 min. 

As mentioned in Section 3.1, obvious grain refinement appears in the PMMCs layer 

after annealing for 30 min owing to the promoting effect of harden particles on 

recrystallization. Just the randomly oriented fine grains reduce the intensity of basal 

plane texture in PMMCs layer [13, 33]. Nevertheless, stress concentration generated 

easily at the interface between PMMCs and ZW31 alloy layer, which also leads to the 

previous occurrence of recrystallization at the interface during the annealing process. 

It is also a reason for the weakening basal plane texture. 

It had shown that the intensity of basal plane texture increased during annealing 

process [37]. The reason may attribute to the growth of basal-oriented grains as well 

as the growth of other-oriented grains restricted by the secondary phase [38]. Even 

though the average grain size of the ZW31 alloy layer changes a little as the annealing 

time increased to 60 min, the proportion of large grains increases, which lead to the 
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increased intensity of the basal plane texture. In fact, it had been proved in 

Pérez-Prado and Ruano’s work that the texture intensity is closely related to the grain 

size of the basal-orientation during annealing [37, 39]. In present work, the grains 

grow up in PMMCs lays as the annealing time increase to 60 min, which also 

contributes to the strengthening of basal plane texture. 

As the annealing time increased from 60 to 120 min, obviously dissolution of 

Mg17Al12 phase and MgZn phase will weaken their hinder effect on grain growth. 

Thus, the grains with non-basal orientation formed at the initial stage of 

crystallization will grow rapidly. Though the average grain size changes a little in 

PMMCs lay, the obvious grain growth occurs in ZW31 alloy lay, as shown in Fig. 3 

and 4. Considering the large proportion of ZW31 alloy in ZW31/PMMCS laminates, 

the effect of ZW31 alloy on the basal plane texture will be more significant.  

3.3 Mechanical property 

The engineering stress and strain curves before and after annealing of 

ZW31/PMMCs laminate are shown in Fig. 8(a), and the corresponded yield strength 

(YS), tensile strength (UTS) and elongation (EL) are given in Fig. 8(b). It shows that 

the YS and UTS of the as-rolled ZW31/PMMCs laminates are ~290 MPa and ~312 

MPa, however, the EL is only ~1%. After be annealed for 30 min, both the YS and 

UTS of ZW31/PMMCs laminate decreases significantly, but the obvious increase of 

EL appears. With the further increasing annealing time, the YS and UTS do not 

change obviously, however, the EL increases monotonously which reaches to 3.6% at 

120 min. 
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Fig. 9 shows the ND-RD fracture morphology of ZW31/PMMCs after annealing 

for 60 min. It can be seen from Fig. 9 that the interface between ZW31 and PMMCs is 

well bonded, and there is no obvious crack at the interface. Near the fracture, there are 

many cracks in the PMMCs. Fig. 10 also proves that the interface was well bonded, 

and no macroscopic cracks and significant separation were observed on the fracture 

surface. To analyze the interface bonding, the damping behavior of ZW31/PMMCs 

laminate and ZW31 alloy sheets before and after annealing were tested, as shown in 

Fig. 11. Generally, the weakening interfacial bonding will result in the interfacial 

slipping during damping test and lead to the ultra-high damping values. Fig. 11 

reveals that the damping curves of ZW31/PMMCs laminate are nearly the same as 

that of ZW31 alloy. It indicates that no interfacial slipping occurs in ZW31/PMMCs 

laminate. In other words, the well interfacial bonding existed in the ZW31/PMMCs 

laminate based on damping test.  

On the fracture surface of Fig. 10 (b) and (c), the broken SiCp and microcracks are 

visible in the PMMCs layer, and a large number of dimples exist in the ZW31 layer. It 

indicates that the debonding and fracture of SiCp in PMMCs may be the reason for the 

fracture of the PMMCs layer [40]. Besides, the cracks do not propagate linearly which 

propagate along SiCp and stop at the interface, which means that the existence of SiCp 

and interface may have the hinder effect on crack propagation. 

3.4 Fracture mechanism  

In general, the existence of SiCp in PMMCs will make the deformation 

inhomogeneous and influence the initiation and propagation of cracks. It had been 
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investigated that the microcrack nucleation mechanism of the as-casted PMMCs is 

mainly caused by interfacial debonding around particles and particle agglomeration 

zones [41]. In present work, the ZW31/PMMCs laminate is fabricated by the 

combination of hot extrusion and subsequent rolling process. Thus, the PMMCs layer 

possesses much more uniform particle distribution and improved interfacial bonding 

as compared with the as-casted PMMCs. Nevertheless, the existence of Mg alloy in 

PMMCs will also inevitably influence the nucleation and propagation of cracks. Thus, 

the fracture mechanism of ZW31/PMMCs laminate should differ from that of 

monolithic PMMCs. In the following part, the fracture mechanism of ZW31/PMMCs 

laminate will be discovered and analysis based on SEM observation of the different 

positions of the tensile fracture specimens in the different strain. 

The initiation and propagation of a crack in ZW31/PMMCs laminate during tensile 

is given in Fig. 12. During the tensile process, the cracks prefer to occur around SiCp 

in PMMCs layer, as shown in Fig. 12(a). With the increasing strain, the cracks begin 

to expand around SiCp and then propagate along ND, as shown in Fig. 12(b). During 

the subsequent tensile process, the cracks will connect to each other and become the 

main crack, as indicated in Fig. 12(c). Nevertheless, the secondary cracks also initiate 

near the main cracks, as indicated by the red circle in Fig. 12(c). Accompanied by the 

increasing strain, the main crack becomes much wider and is stopped at the interface 

of ZW31 alloy. Once the stress at the interface is larger than the strength of ZW31 

alloy layer, the crack will expand through the whole ZW31 and results in 

ZW31/PMMCs laminate fracture. 
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Based on the above observation and analysis, the illustration for the fracture 

mechanism of ZW31/PMMCs laminate is given in Fig. 13. Firstly, two positions are 

the possible nucleation site of cracks in the PMMCs: one is the particle dense zone, 

and the other is the broken particles resulted from the rolling process, as shown in Fig. 

13(a). During the tensile process, the stress concentration occurs easily at SiCp dense 

zone, which will induce the occurrence of interfacial deboning once the stress is larger 

than the interfacial bonding strength between the SiCp and Mg matrix. As mentioned 

in Fig. 5, the SiCp distribute along RD after the rolling process. It is should be noted 

from Fig. 12 that the crack mainly expands along ND. Thus, the existence of SiCp 

parallel to RD will hinder the propagation of the crack. Then the cracks expand 

around SiCp and connect along ND, as shown in Fig. 13(b). The further increasing 

strain will promote the formation of the main crack, as shown in Fig.13(c). However, 

the existence of the Mg alloy layer can not only restrict the propagation of the main 

crack but also result in the occurrence of secondary cracks, as given in Fig.13(d). 

During the subsequent tensile process, the main crack becomes much wider and the 

stress concentrated at the interface of the ZW31 layer becomes larger. Then the main 

crack will expand the whole laminate once the stress at the interface is larger than the 

strength of Mg alloy layer, as shown in Fig. 13(e).  

As a result, during the tensile test, the fracture of SiCp which parallel RD can 

absorb energy and hinders the crack propagation. The existence of the ZW31 interface 

not only plays an important role in hindering crack propagation but also reduces stress 

concentration through secondary cracks. These factors delay the fracture of the 
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material and increase the ductility of the material. 

4. Conclusions 

In summary, the ZW31 alloy was introduced into PMMCs to coordinate the 

deformation of PMMCs during the rolling process, then the ZW31/PMMCs laminate 

with the thickness of ~1mm was prepared successfully. The main conclusions are 

given as follows: 

1. The existence of ZW31 alloy layer can absorb energy and relieve stress 

concentration at PMMCs layer, which makes it possible for the rolling of 

ZW31/PMMCs laminate.  

2. A large number of twins generated in the ZW31 alloy layer during rolling, which 

promote the nucleation and growth of recrystallized grains during the subsequent 

annealing process. However, the formation of PDZ during rolling is the main reason 

for the recrystallization in PMMCs layer during the annealing process.  

3. The typical rolling texture is formed in the ZW31/PMMCs laminate. The 

subsequent annealing process has no effect on the texture type of the laminate but can 

influence the texture intensity. As compared with PMMCs layer, the larger content of 

alloy layer plays the main role in changing the texture intensity. 

4. The YS and UTS of the as-rolled ZW31/PMMCs laminate are ~290 MPa and ~312 

MPa, however, the EL is only ~1%. The application of annealing reduced the YS and 

UTS of ZW31/PMMCs laminate, however, improve its EL. 

5. The cracks originate at PMMCs layer, which connects and spread along ND. The 

existence of ZW31 alloy layer inhibits the propagation of crack and is propitious to 
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improve the ductility of ZW31/PMMCs laminate. 
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   List of figure captions: 

Fig.1. Process flow diagram of ZW31/PMMCs fabricated by co-extrusion and hot 

rolling. 

Fig.2. Microstructure of the as-rolled ZW31/PMMCs laminate: (a) the OM of the 

laminate showing the thickness of the ZW31 alloy layer and PMMCs layer, (b) the 

SEM at the interface between ZW31 alloy layer and PMMCs layer, (c) the 

corresponded EDS mapping of(b), (d) the magnified SEM of ZW31 alloy layer 

showing a large number of twins, (e) is the pole figures of the ZW31/ PMMCs 

laminate tested by stress-Spec neutron diffraction equipment. 

 

Fig.3. The OM of ZW31, interface and PMMCs in ZW31/ PMMCs laminate after 

annealing process at 350℃: (a) 0 min, (b) 30 min, (c) 60 min, (d) 120 min. 

Fig.4. The grain size distribution of ZW31 and PMMCs after annealing process at 

350 ℃ (a) and (d) 30 min, (b) and (e) 60 min, (c) and (f) 120 min, red color is ZW31 

and blue color is PMMCs. 

Fig.5. The SEM images of the interface, different layers and the magnified of ZW31 

alloy layer is given respectively after annealing process: (a) As-rolled, (b) 30 min, (c) 

60 min, (d) 120 min.  

Fig.6. X-ray diffraction patterns of ZW31/ PMMCs after annealing process at 350 ℃. 

Fig.7. Macrotexture of the ZW31/ PMMCs after annealing process at 350 ℃ (a) and 

(e) As-rolled, (b) and (f) 30 min, (c) and (g) 60 min, (d) and (h) 120 min. 

Fig.8. The mechanical property of ZW31/ PMMCs(a)Engineering stress-strain curves 
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of ZW31/ PMMCs after annealing process at 350 ℃, (b) YS, UTS and elongation 

properties of ZW31/ PMMCs.  

Fig.9. The fracture surface of annealed ZW31/ PMMCs at 350 ℃ after 60min in 

ND-RD. (a) the SEM of the failure morphology of the ZW31/PMMCs laminate, (b) 

and (d) the magnified SEM of (a), (c) and (e) the magnified SEM of (b) and (e). 

Fig.10. Fracture surface morphology of annealed ZW31/ PMMCs at 350 ℃ after 

60min in ND-TD: (a) the SEM of the failure morphology of the ZW31/PMMCs 

laminate, (b) the magnified SEM of ZW31 alloy layer showing dimples, (c) the 

magnified SEM of PMMCs layer. 

Fig.11. Damping-strain spectra capacity of ZW31/ PMMCs laminate and ZW31 (T = 

room temperature, f = 1 Hz). 

Fig.12. The SEM of crack initiation and propagation during fracture: (a) crack 

initiation at PMMCs, (b) the cracks propagate along ND direction, (c) the existence of 

the ZW31 restrict the propagation of the main crack and secondary cracks, (d) the 

main crack becomes much wider and the stress concentrated at the interface of ZW31. 

Fig.13. Illustration for the fracture mechanism of ZW31/PMMCs laminate. 
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Fig.1. Process flow diagram of ZW31/PMMCs fabricated by co-extrusion and hot 

rolling. 
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Fig.2. Microstructure of the as-rolled ZW31/PMMCs laminate: (a) the OM of the 

laminate showing the thickness of the ZW31 alloy layer and PMMCs layer, (b) the 

SEM at the interface between ZW31 alloy layer and PMMCs layer, (c) the 

corresponded EDS mapping of(b), (d) the magnified SEM of ZW31 alloy layer 

showing a large number of twins, (e) is the pole figures of the ZW31/ PMMCs 

laminate tested by stress-Spec neutron diffraction equipment. 
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Fig.3 The OM of ZW31, interface and PMMCs in ZW31/ PMMCs laminate after 

annealing process at 350 ℃: (a) As-rolled, (b) 30 min, (c)60 min, (d) 120 min. 
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Fig.4.The grain size distribution of ZW31 and PMMCs after annealing process at 

350 ℃ (a) and (d) 30 min, (b) and (e) 60 min, (c) and (f) 120 min, red color is ZW31 

and blue color is PMMCs. 
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Fig.5. The SEM images of the interface, different layers and the magnified of ZW31 

alloy layer is given respectively after annealing process: (a) As-rolled, (b) 30 min, (c) 

60 min, (d) 120 min.  
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Fig.6. X-ray diffraction patterns of ZW31/ PMMCs after annealing process at 350 ℃. 
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Fig.7. Macrotexture of the ZW31/ PMMCs after annealing process at 350 ℃ (a) and 

(e) As-rolled, (b) and (f) 30 min, (c) and (g) 60 min, (d) and (h) 120 min. 
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Fig.8. The mechanical property of ZW31/ PMMCs (a) Engineering stress-strain 

curves of ZW31/ PMMCs after annealing process at 350 ℃, (b) YS, UTS and 

elongation properties of ZW31/ PMMCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



33 

 

 

Fig.9. The fracture surface of annealed ZW31/ PMMCs at 350 ℃ after 60min in 

ND-RD. (a) the SEM of the failure morphology of the ZW31/PMMCs laminate, (b) 

and (d) the magnified SEM of (a), (c) and (e) the magnified SEM of (b) and (e). 

 

 

 

 

 

 

 

 

 

 

 



34 

 

 

Fig.10. Fracture surface morphology of annealed ZW31/ PMMCs at 350 ℃ after 

60min in ND-TD: (a) the SEM of the failure morphology of the ZW31/PMMCs 

laminate, (b) the magnified SEM of ZW31 alloy layer showing dimples, (c) the 

magnified SEM of PMMCs layer. 
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Fig.11. Damping-strain spectra capacity of ZW31/ PMMCs laminate and ZW31 (T = 

room temperature, f = 1 Hz). 
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Fig.12. The SEM of crack initiation and propagation during fracture: (a) crack 

initiation at PMMCs, (b) the cracks propagate along ND, (c) the existence of the 

ZW31 restrict the propagation of the main crack and secondary cracks, (d) the main 

crack becomes much wider and the stress concentrated at the interface of ZW31. 
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Fig.13. Illustration for the fracture mechanism of ZW31/PMMCs laminate. 
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 Table 1 Primary extrusion and multi-pass rolling with deffrerent temperature for 

ZW31/ PMMCs 

Pass Temperature/k Thickness change/mm 
Thickness 

reduction/% 

Primary 

extrusion 
643 Φ40→3.15x20 

 

- reheating at 623（for 20 min） - 

1 623 3.15→3 5 

2 623 3→2.59 14 

3 623 2.59→2.18 15 

4 623 2.18→1.84 15 

5 623 1.84→1.56 13 

6 623 1.56→1.33 15 

7 623 1.33→1.13 15 

8 623 1.13→1 13 
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Table 2 EDS results of the rolling ZW31/ PMMCs after annealing. 

 Elements(at.%)   

Position Mg Zn Y Ca Zn/Y Possible compounds 

A 23.6 52.7 23.7 0 2.22 Mg3Zn3Y2 

C 79.7 13.8 6.5 0 2.12 Mg3Zn3Y2 

F 32.4 44.9 22.7 0 1.98 Mg3Zn3Y2 

G 14.7 52.2 33.1 0 1.58 Mg3Zn3Y2 

I 42.7 33.8 23.5 0 1.44 Mg3Zn3Y2 

J 46.1 42.7 11.2 0 3.82 Mg3Zn6Y 

M 2.6 0 97.4 0 - 
 

P 48.9 2.9 48.2 0 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




