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Abstract: A novel low-alloyed Mg−Bi−Y−Zn alloy system was developed and extruded successfully at 673 K. The 
corrosion behavior and tensile properties of the extruded alloy were investigated through scanning electron microscopy 
(SEM), electron backscatter diffraction (EBSD), electrochemical tests and tensile test. The extruded alloy exhibits a 
nearly fully recrystallized grain structure with a scattered extrusion fiber texture and some sub-micron precipitates. In 
SBF solution, the dominated corrosion mode changed from galvanic induced pitting corrosion at initial stage to 
filiform-like corrosion and finally mixed pitting corrosion and local fall-off of grains during long-term corrosion 
processes. The tensile properties and corrosion resistance of the extruded Mg−0.5Bi−0.5Y−0.2Zn (wt.%) alloy are: 
tensile yield strength of 237 MPa, ultimate tensile strength of 304 MPa, elongation to failure of 31% and mean 
corrosion rate of 0.14 mm/a. The great balance between tensile properties and corrosion resistance is mainly attributed 
to the homogeneous grain structure and the presence of sub-micron scaled precipitates, indicating a promising potential 
in the application in biomedical field. 
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1 Introduction 
 

Mg alloys have a similar elastic modulus    
to the human bone that can effectively reduce the 
stress shielding effect, excellent biocompatibility, 
mechanical compatibility and biodegradability [1−3]. 
However, conventional Mg alloys exhibit a 
relatively poor balance between strength and 
ductility as well as corrosion rate, which has greatly 
blocked their extensive application in engineering 
and biomedical fields [4−7]. Therefore, it is an 
urgent challenge to simultaneously improve the 
mechanical and anti-corrosion properties of Mg 
alloys. 

Alloying can effectively modify the micro- 
structure, strength, and corrosion behavior of Mg 
alloys [8−11]. Mg−Bi-based alloys with thermally 
stable Mg3Bi2 phase are promising candidates to  
be developed as high strength and ductility as  
well as excellent corrosion resistant biomedical  
Mg alloys [12,13]. MENG et al [14] reported a 
micro-alloying Mg−Bi-based alloy that exhibits an 
outstanding tensile elongation of 0.43 at room 
temperature, which is attributed to the refined  
grain microstructure through grain-boundary pinning 
effect of nano-scaled Mg3Bi2 and micro-scale 
Mg2Bi2Ca phases as well as the weakened 2112〈 〉 // 
extrusion direction (ED) texture. Similarly, the 
high-speed extruded Mg−5Bi−3Al alloy possessed a 
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higher tensile yield strength (TYS) without any loss 
of ductility owing to the formation of numerous 
Mg3Bi2 phase along the 〈0110〉Mg direction during 
subsequent aging [15]. Furthermore, TOK et al [16] 
demonstrated that the Mg−1.2Ca−xBi alloys present 
excellent corrosion resistance with the Bi addition 
of 0.5 wt.%, while further Bi addition from 1.5 to 
12 wt.% accelerated the degradation rate due to the 
significant micro-galvanic effect. In addition, our 
previous works [17,18] validated that the corrosion 
rate of Mg−0.5Bi-based alloy presents relatively 
low corrosion rate of ~0.59 mm/a. Therefore, low- 
alloyed Mg−0.5Bi alloy system was selected as the 
base alloy in this study. 

Element yttrium (Y), with a standard electrode 
potential equal to that of Mg (−2.732 V), can 
significantly refine the grain size, induce the 
formation of second phase particles in the matrix 
and Y2O3 protective film [19,20], which are 
conducive to improve the mechanical properties and 
corrosion resistance of the alloys simultaneously. 
However, high Y alloying will deteriorate the 
corrosion resistance due to the severe micro- 
galvanic corrosion. In addition, previous study [21] 
reported that adding Zn to Mg alloys can promote 
solid solution strengthening and precipitation 
strengthening. Besides, Zn can effectively improve 
the tolerance of trace impurities, such as Fe and Ni, 
and then effectively reduce the occurrence of 
galvanic corrosion. Previous studies showed that 
excessive Zn led to the accelerated degradation of 
Mg alloys [22,23]. Therefore, low content Y and Zn 
are selected as alloying elements to further modify 
the microstructure and tailor the properties of the 
present Mg−0.5Bi-based alloy system. 

The purpose of the present study is to develop 
an extruded low-alloyed Mg−0.5Bi−0.5Y−0.2Zn 
alloy, which possesses a proper balance between 
tensile properties and corrosion resistance. The 
microstructural characteristics and the resultant 
corrosion behavior and tensile properties of the 
extruded alloy are investigated in detail. 
 
2 Experimental 
 
2.1 Material preparation 

Mg−0.5Bi−0.5Y−0.2Zn (wt.%) (BWZ000) alloy 
was prepared by melting pure Mg, Bi, Zn and 
Mg−30wt.%Y in an electric resistance furnace 
under the protection gas composed of SF6 and CO2. 

The molten alloy was heated at 1023 K for 20 min 
and then cast at 993 K into a steel mold preheated  
at 473 K. Then, the cast ingot was homogenized 
(593 K for 1 h and 773 K for 24 h), followed by 
water-quenching, and finally, hot extrusion was 
carried out under an extrusion ratio of 25:1 and 
extrusion temperature of 673 K. 
 
2.2 Microstructure observation 

The microstructural characterization of the 
extruded alloy was carried out using scanning 
electron microscopy (SEM) and electron back- 
scatter diffraction (EBSD). The Nano Measurer 1.2 
software was used to measure the average grain  
size. Phase composition was detected by X-ray 
diffractometer (XRD) and the scanning angle was 
10°−80°. 
 
2.3 Corrosion measurements 

All corrosion tests in this study were 
performed in SBF solution. Hydrogen evolution test 
was performed by immersing the sample at 37 ℃ 
and collected hydrogen was used to calculate the 
corrosion rate (Pi) by the following equation [17]:  
Pi=2.279VH                                             (1)  
where VH is the average volume of H2 produced per 
day on a sample surface with an area of 1 cm2. 

The electrochemical tests including potentio- 
dynamic polarization (PDP) test and electrochemical 
impedance spectroscopy (EIS) test were carried out 
at room temperature using an electrochemical 
workstation, and 8 valid samples were tested for 
each alloy in order to ensure the authenticity of the 
data. 

The corrosion morphologies of the samples 
with and without corrosion products were observed 
by SEM. The samples were immersed for various 
time and the corrosion products were cleaned by 
20 mg/mL H2CrO4 solution in ultrasonic wave. 
Then, the composition of corrosion products was 
determined by X-ray photoelectron spectroscopy 
(XPS). 
 
2.4 Tensile properties measurements 

The tensile properties of the extruded alloy, 
including ultimate tensile strength (UTS), tensile 
yield strength (TYS) and elongation (EL), were 
tested on an INSTRON5982 electronic universal 
testing machine, and samples with dimensions of 
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3.5 mm in width, 2 mm in thickness, and 15 mm in 
gauge length were tested at strain rate of 0.001 s−1. 
Three samples of the studied alloy were prepared 
for testing to ensure the accuracy and stability of 
the experiment. 
 
3 Results and discussion 
 
3.1 Microstructural characterization 

Figure 1 shows the EBSD orientation map in 
the ED−TD plane, (0001) pole figure and grain  
size distribution map of the extruded alloy. The 
microstructure of BWZ000 alloy is mainly 
composed of dynamic recrystallized (DRXed) 
grains with an average grain size (AGS) of 
(10.55±1.06) μm. As shown, certain extensile twins 
with a volume fraction of about 17.39% could be 
observed in the extruded BWZ000 alloy, which  
may be produced by relieving stress concentration 
during extrusion. LIU et al [24] conducted the 
scanning Kelvin probe force microscopy (SKPFM) 
to analyze the potential difference between Mg 
matrix and twins, and the results showed that the 
area with twins exhibited more negative potential 
than Mg matrix. Thus, the existence of twins can 
also induce the micro-galvanic corrosion. As can be 
seen from the polar diagram (Fig. 1(b)), the studied 
alloy presents a typical extrusion texture with the 
base plane parallel to the ED and the maximum 
texture intensity is 7.39. 

SEM micrographs and XRD pattern of the 
extruded alloy are shown in Fig. 2. As indicated, 
some submicron-scaled particles mainly distributed 
in the grain interior rather than the grain boundary 
could be observed. According to the EDS spectra 
and map of enlarged view, the second phase was 
mainly composed of Mg, Bi and Y elements,  
which corresponded to the peaks of 29° and 42° in 
XRD pattern. 

3.2 Corrosion resistance 
Figure 3(a) presents the hydrogen volume 

evolution record and the hydrogen evolution rate 
for the studied alloy immersed in SBF solution at 
37 ℃. According to the slope of curve, we divide 
the hydrogen evolution process into three stages. At 
Stage I, the hydrogen evolution rate increases 
nearly linearly with prolonging immersion time, 
which implies that the activation of the micro- 
galvanic corrosion is related to presence of 
twinning area with higher energy and certain grain 
regions with lower atom density. At Stage Ⅱ, the 
slope of hydrogen evolution curve tends to be  
stable, which is attributed to the dynamic balance 
between the regeneration and break-down of 
corrosion product film. Prolonged immersion time 
(Stage III) results in a dramatically increased slope 
in hydrogen evolution curve, corresponding to a 
calculated corrosion rate of 3.617 mm/a, which 
demonstrates the weak protection of corrosion 
products film. 

 
3.3 Electrochemical performance 

Figure 4 shows anode and cathode branches  
of polarization curves, corresponding φcorr (φcorr is 
the corrosion potential) and Pi curves of the 
extruded alloy immersed in SBF solution for 
various time. As for anode branch, obvious pseudo- 
passivation could be observed when the immersing 
time reaches 36 h. Previous reports [4,8,25] have 
explained that this phenomenon is related to the 
formation of protective product film. Meanwhile, 
the value of φcorr at 36 h (−1.35 V (vs SCE)) is  
more positive than that at 0.5 h (−1.53 V (vs SCE)) 
and 168 h (−1.44 V (vs SCE)), implying a weaker 
electrochemical activation. The cathode branch in 
the polarization curve is related to the hydrogen 
evolution process of the alloy [26]. It can be seen 
that, the cathode branch slope, namely hydrogen  

 

 
Fig. 1 EBSD orientation map in ED−TD plane (a), (0001) pole figure (b) and grain size distribution map (c) of extruded 
Mg−0.5Bi−0.5Y−0.2Zn alloy 
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Fig. 2 SEM micrograph (a), XRD pattern (b) of extruded Mg−0.5Bi−0.5Y−0.2Zn alloy, enlarged view of second phase 
with EDS spectra (c) and corresponding EDS maps for second phase (d) 
 

 
Fig. 3 Hydrogen volume evolution (a) and corresponding corrosion rate (b) of studied alloy after immersing in SBF 
solution at 37 ℃ for 180 h 
 

 

Fig. 4 Anode (a), cathode (b) branches of polarization curves, and φcorr and Pi curves (c) of extruded Mg−0.5Bi− 
0.5Y−0.2Zn alloy after immersing in SBF solution for 0.5, 36 and 168 h 
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evolution rate, firstly increases and then decreases 
with the increased immersion time. In order to 
further study the corrosion performance of the 
studied alloy for various time, the corrosion rate Pi 
was calculated by the following equation [27]:  
Pi=22.85CJcorr                                            (2)  
where C is a constant taken as 0.1 cm3/(mA·a), and 
Jcorr is the corrosion current density and is obtained 
by polarization curve fitting and the fitting results 
are shown in Table 1. As the immersion time is  
36 h, the lowest value of Pi (0.14 mm/a) could be 
obtained. 
 
Table 1 Fitting results of polarization curves for 
BWZ2000 alloy 

Immersion 
 time/h βa/mV βc/mV Jcorr/(mA·cm−2) 

0.5 10.37 241.00 1.90×10−2 

36 30.95 161.70 6.29×10−3 

168 96.98 287.46 1.24×10−2 
βa and βc are the Tafel constants of anode and cathode, respectively 

 
Figure 5(a) illustrates the Nyquist plots of the 

extruded alloy in SBF solution for 0.5, 36 and  
168 h. During the short time immersion (0.5 h), the 
extruded alloy exhibits a capacitance circuit 
representing the charge transfer process in high 
frequency region, a capacitance circuit representing 
the product film formation process in intermediate 
frequency region and a low frequency inductive 
loop attributing to the relaxation of the adsorbed 
material on the surface of α-Mg matrix. And two 
wave peaks can be observed in the Bode plot of 
phase angle versus frequency as shown in Fig. 5(b). 
As the immersing time reaches 36 h, the low 
frequency loop of the alloy disappears and the 
dimension of the capacitor loop increases, which is 
related to the reduction of the active area on the 
alloy surface due to the formation of the passive 
film. With further increase in immersing time to 
168 h, the reappearance of the low frequency loop 
manifests that the protective corrosion product film 
deteriorates, which reflects the increase of corrosion 
rate. Additionally, a large impedance modulus |Z|  

 

 
Fig. 5 Nyquist plots showing electrochemical impedance spectroscopy (EIS) with plots of local area appended on upper 
left corner (a), Bode plot of phase angle versus frequency (b), and Bode plot of impedance versus frequency (c) for 
extruded alloy measured in SBF solution at room temperature for 0.5, 36 and 168 h, and equivalent circuits (d) used to 
fit the EIS spectra 
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reflects better corrosion resistance. As shown in 
Fig. 5(c), the alloy after immersion for 36 h has the 
maximum |Z| value. 

The equivalent circuits in Fig. 5(d) are used  
for characterizing the above-mentioned interfacial 
processes. In the circuits, Rs, Rct, Rf and RL are the 
solution resistance, charge transfer resistance, film 
resistance and inductance resistance, respectively. 
CPE1 and CPE2 are the capacitances of double layer 
and products film, respectively. L is the inductance. 
The corresponding fitting results are listed in 
Table 2. As seen, the Rf of BWZ000 alloy reaches 

the maximum at 36 h (2536 Ω·cm2) compared with 
0.5 h (1890 Ω·cm2) and 168 h (1710 Ω·cm2), which 
implies that the protection of the product film is 
enhanced after immersion for 36 h. The polarization 
resistance (Rp) is usually used to describe the 
corrosion resistance of the alloy, and the value of Rp  

could be calculated by the following equations [8]:  
Model A: Rp=Rs+Rf+Rct                               (3)  

Model B: ct L
p s f

ct L

= + +
+

R RR R R
R R

 
 
     

        (4) 
 

The Rp value of the BWZ000 alloy increases 
firstly from 2114.49 to 2792.39 Ω·cm2 and then 
decreases to 2303.03 Ω·cm2. This phenomenon 
reflects that the corrosion resistance of the studied 
alloy increases when immersing for 36 h, and then 
deteriorates after long-time immersion, which is 
accordant with the hydrogen evolution and 
polarization curve results. Details will be discussed 
later. 
 
3.4 Corrosion morphology 

Figure 6 shows SEM micrographs of the 
studied alloy with corrosion products after immersion 

 
Table 2 Fitting results of EIS spectra for BWZ2000 alloy 

Immersion 
 time/h 

Rs/ 
(Ω·cm2) 

Rct/ 
(Ω·cm2) 

CPE1/ 

(F·cm−2) n1 
Rf/ 

(Ω·cm2) 
CPE2/ 

(F·cm−2) n2 
RL/ 

(Ω·cm2) 
L/ 

(H·cm2) 
Rp/ 

(Ω·cm2) 
0.5 13.14 126.3 2.07×10−5 0.65 1890 1.22×10−5 0.95 1880 14027 2114.49 
36 10.99 181.4 1.62×10−5 0.71 2536 1.44×10−5 0.91 − − 2792.39 

168 13.98 62.24 2.73×10−8 0.96 1710 1.1×10−4 0.53 − − 2303.03 
n1 and n2 are the dispersion coefficients of CPE1 and CPE2, respectively  
 

 
Fig. 6 Surface SEM micrographs of BWZ000 alloy with corrosion products after immersing in SBF solution for 0.5 h (a), 
36 h (b), 168 h (c) and cross-section micrograph of studied alloy with corrosion products after immersing in SBF 
solution for 168 h (d) 
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for different time. As indicated, during short time 
immersion of 0.5 h, some loose flocculent corrosion 
products stack on the surface with some 
micro-cracks in the α-Mg. As the immersion time 
increases to 36 h, the corrosion products completely 
cover the substrate and the density of the product 
film is significantly improved, although some 
microcracks are still visible on the surface, which 
indicates that protective corrosion products are 
formed at this stage. With the immersion time 
extending to 168 h, corrosion product film is 
ruptured due to the presence of a great number of 
widened and deepened network cracks on the 
surface. This phenomenon is mainly due to the 
hydrogen generated in corrosion pit breaking 
through the oxide layer. Meanwhile, the thickness 
of the corrosion product film was measured after 
immersion for 168 h. The result shows that the 
product layer thickness of the studied alloy reaches 
78.6 μm. The protective effect of product film with 
wide and deep cracks is extremely weak during this 
period, so the thicker product layer represents the 

higher matrix dissolution. 
According to the XPS spectrum analysis 

results of the corrosion products (Fig. 7), the peak 
values of the high-resolution spectra for Mg 1s of 
the studied alloy for different time both locate at 
1307.2 eV, corresponding to Mg(OH)2. The peaks of 
Ca 2p are the same for 0.5 and 36 h, determined as 
Ca(OH)2 in the binding energy table, which is 
mainly originated from the Ca2+ in SBF solution. 
After immersion for 36 h, the O 1s spectrum of 
alloy could be separated into two peaks with 
banding energy of 531.5 and 533.3 eV, which 
correspond to OH− and O2−, respectively. However, 
the corrosion products contain only OH− after 
immersion for 0.5 h. The corrosion process could be 
expressed by the following reactions [13]: 
 
Mg→Mg2++2e                           (5) 
 
2H2O+2e→2OH−+H2↑                     (6) 
 
Mg2++2OH−→Mg(OH)2                               (7) 
 
Ca2++2OH−→Ca(OH)2                                (8) 

 

 
Fig. 7 High-resolution XPS results of corrosion products on surface of studied alloy after immersing in SBF solution for 
0.5 and 36 h: (a) Mg 1s; (b) Ca 2p; (c) O 1s; (d) Y 3d 
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The fresh matrix surface is directly contacted 
with SBF solution to produce Mg(OH)2. Mean- 
while, Ca2+ in solution combines with OH− to form 
Ca(OH)2. It should be noted that the Y 3d spectrum 
peak at 158.5 eV suggests the existence of Y2O3 in 
the corrosion products after immersing for 36 h, 
which is also detected in AZ91−0.3Y alloy [28]. 
The atoms dissolved in Mg lattice during corrosion 
process produce a reaction to form Y3+ [19]: 
 
Y→Y3++3e                              (9) 
 

Finally, Y is oxidized to form Y2O3 and 
precipitates on the surface film to enhance the 
protection and improve the corrosion resistance of 
the alloy. 

SEM morphologies of the extruded alloy after 
removing corrosion products and immersing in SBF 
solution for various time and EBSD orientation map 
of basal oriented grains are shown in Fig. 8. During 
the initial immersing period of corrosion (0.5 h), the 
corrosion pits could be observed on the surface, 
which may be related to the micro-galvanic 
corrosion caused by the twins and precipitate 
phases. Many reports [7,29] indicated that twins are 
crystallographic defects, which can accelerate the 
anodic dissolution as cathode of primary battery. 
And the potential difference between precipitate 
phases and the matrix induces the galvanic 
corrosion. The uncorroded area marked by the blue 
rectangle on the alloy surface is similar to the 

distribution of basal oriented grains (Fig. 8(d)). As 
we all know, the atomic density of (0001) is lower 
than that of (1010)  and (1120)  crystal planes. In 
general, a lower atomic density is related to a 
less-closely packed plane, a lower binding energy 
and a higher surface energy, so the corrosion rate of 
(0001) crystal plane is lower than that of (1010)  
and (1120)  ones. Filiform-like corrosion occurs 
after 36 h immersion, which is mainly attributed to 
the formation of protective corrosion product film. 
The product layer containing Y2O3 is formed on the 
surface of the studied alloy when the alloy is 
immersed for 36 h (Fig. 7). Moreover, the Pilling− 
Bedworth ratio (PBR) value has been used for 
quantitative analysis of oxide film stress and the 
PBR value of protective oxide is in the range of  
1−2 [30]. The PBR value of Y2O3 is 1.37, which 
confirms that the presence of Y2O3 is effective to 
prevent the pitting process from prolonging in 
longitudinal direction. 

It should be mentioned that fall-off of grains 
will occur at the bottom of the filiform-like 
corrosion groove when immersion time is 168 h. 
The protection of the product film with a large 
number of network cracks deteriorated (Fig. 6(c)), 
leading to the severe galvanic corrosion between 
different grains with and without second phase 
particles. In addition, non-basal oriented grains with 
the volume fraction of 72.6% are preferentially 
corroded, which also causes severe intracrystalline 

 

 
Fig. 8 SEM morphologies of extruded BWZ000 alloy after removing corrosion products and immersing in SBF solution 
for 0.5 h (a), 36 h (b), and 168 h (c) with high-magnification SEM images of local areas (e, f) and EBSD orientation 
map of basal oriented grains (d) 
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corrosion. The grain boundary of Mg alloys is 
almost cathode compared with the grain interior  
due to the more negative standard electrode 
potential [29]. In the present alloy, the grain 
boundary is precipitate-free region, and most of the 
precipitates are distributed in the grain interior. 
Hence, grain boundaries could provide effective 
barriers to corrosion process. Finally, severe 
variation between grain boundary and interior leads 
to the loose structure in BWZ000 alloy, resulting in 
the fall-off of grains. 
 
3.5 Mechanical properties 

Figure 9(a) shows the tensile stress–strain 
curve of the BWZ000 alloy. The studied alloy 
demonstrates UTS of 304 MPa, TYS of 237 MPa 
and EL of 31%. The tensile properties and corrosion 
behaviors of extruded Mg−0.5Bi−0.5Y−0.2Zn alloy 
and some previously reported extruded Mg-based 
alloys are summarized in Fig. 9(c). From which, the 
TYS of studied alloy (TYS=237 MPa) is higher 
than that of some other alloys containing rare earth 
elements (RE), such as Mg−2Y−1Zn−0.4Zr−0.3Sr 

(TYS=195 MPa) [31], Mg−5.3Zn−0.6Ca−1.0Ce/La 
(TYS=202.7 MPa) [32] and Mg−0.05Sr−0.02La 
(TYS=172 MPa) [33] alloys. In general, the 
increment in strength is also accompanied with the 
decrement in ductility. The TYS and EL of 
Mg−1.74Gd−0.5Y−1.8Zn−0.4Zr alloy extruded at 
320 ℃ are 234.4 MPa and 23.8%, respectively, but, 
the EL increases to 26.5% with a decrease in TYS 
of 194.3 MPa when the extrusion temperature 
increases to 360 ℃ [34]. However, the studied alloy 
shows a better ductility (EL=31%) compared to that 
of the alloy with the similar strength, such as 
Mg−0.5Zr−1Sr (EL=6%) [35] and Mg−5Sn−3Ga 
(EL=21%) [36] alloys. It can be concluded that the 
present alloy exhibits a great synergy effect of 
strength and ductility. Firstly, uniform fine DRXed 
structure of BWZ000 alloy can improve the tensile 
strength by hindering the movement of dislocations. 
Secondly, submicron-scaled dynamic precipitation 
phases as shown in Fig. 2 could inhibit the 
movement of dislocations, leading to a certain 
strengthening effect. Moreover, the studied alloy 
has a maximum basal texture intensity of 7.39 based 

 

 
Fig. 9 Tensile engineering stress–strain curve (a), strain hardening rate versus true strain curve (b) of extruded 
Mg−0.5Bi−0.5Y−0.2Zn alloy and comparison of tensile properties and corrosion behavior of studied alloy with 
previously reported extruded Mg-based alloys in SBF solution (c) 
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on the (0001) pole figure shown in Fig. 1(b). The 
contribution of texture to TYS (σtex) can be 
calculated as  
σtex=Mτ0                                                 (10)  
where M is a constant and is 6.5 times the maximum 
texture intensity of (0001) pole figure, and τ0 is the 
critical resolved shear stress (CRSS) for the 
operative slip system. The value of τ0 is 0.66, which 
is taken from in the extruded low-alloyed Mg−1Bi− 
1Zn [37]. The contribution of texture to TYS is 
31.7 MPa. As we all know, the basal texture with 
the basal planes in most of grains preferentially 
orientates parallel to the ED, which makes the basal 
slip difficult to activate during tensile process, 
resulting in a strengthening effect. 

Besides, based on the Hall−Petch relation-  
ship [34]:  
σy=σ0+kd−1/2                                           (11)  
where σy and σ0 represent the yield strength and  
the material constant (21 MPa), respectively, d 
represents the average grain size ((10.55±1.06) μm), 
and k is the Hall−Petch slope (280 MPa·μm−1/2). In 
the present study, the increment in TYS by grain 
refinement of the extruded Mg−0.5Bi−0.5Y−0.2Zn 
alloy is about 107.2 MPa. 

In terms of ductility, fine grain structure has a 
higher strain coordination capability among grains, 
which leads to the more uniform plastic 
deformation. Strain hardening rate curve of 
BWZ000 alloy is shown in Fig. 9(b). The strain 
hardening rate decreases sharply at the initial stage, 
which is caused by a short elastic-plastic transition. 
Then, the extruded sample exhibits an almost 
steady strain hardening rate, related to dynamic 
recovery [38]. In order to study the work hardening 
ability of the whole process, work hardening 
exponent (n) is calculated by the following  
equation [39]:  
σ=k1εn                                                  (12)  
where σ, k1 and ε are the true stress, strength 
coefficient and true strain, respectively. The n value 
of BWZ000 alloy is 0.51. The high n value implies 
the excellent uniform deformation ability. 

The corrosion rate (Pi) comparison of the 
extruded Mg-based alloys after immersion in SBF 
solution is also shown in Fig. 9(c). The Pi value of 
studied alloy (0.14 mm/a) is lower than that of 
Mg−1Bi−1Zn−0.6Ca (Pi=0.32 mm/a) [37], Mg− 
1.86Zn−0.8Ca (Pi=0.38 mm/a) [3] and Mg−2Y− 

1Zn−0.4Zr−0.3Sr (Pi=0.35 mm/a) [31] alloys. 
Based on the above results, the extruded low- 
alloyed Mg−0.5Bi−0.5Y−0.2Zn alloy possesses a 
great balance between tensile properties and 
corrosion resistance. 
 
4 Conclusions 
 

(1) The extruded low-alloyed Mg−0.5Bi− 
0.5Y−0.2Zn alloy exhibits a uniform fine DRXed 
microstructure together with certain submicron- 
scaled particles mainly distributed in the grain 
interior, and the maximum basal texture intensity is 
7.39. 

(2) The corrosion modes change from pitting 
corrosion at the initial stage to filiform corrosion 
dominated after immersion for 36 h, which is 
mainly attributed to the formation of protective 
corrosion product film containing Y2O3. Finally, 
local grain fall-off at the bottom of the filiform 
corrosion groove occurs, which is the results of 
structural looseness due to the combined effects of 
break-down of corrosion product film, and 
enhances micro-galvanic corrosion effect and 
corrosion barrier effect induced by the grain 
boundary. 

(3) A great synergy of strength and ductility is 
achieved for the extruded low-alloyed Mg−0.5Bi− 
0.5Y−0.2Zn alloy. Excellent tensile properties are 
the combined outcome of the grain boundary 
strengthening, texture strengthening and strong 
strain-hardening ability. 
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摘  要：研发一种新型低合金化 Mg−Bi−Y−Zn 合金系，该合金系在 673 K 的挤压温度下成功成型。通过扫描电子

显微镜(SEM)、电子背散射衍射(EBSD)、电化学试验和拉伸试验研究挤压态合金的腐蚀行为和拉伸性能。挤压   

后，合金表现出几乎完全的动态再结晶组织和典型的挤压织构，在晶粒内可以观察到一些亚微米级析出相。在 SBF

溶液中，合金的腐蚀模式由最初的点蚀为主转变为中间过程的丝状腐蚀为主；最后经长时间浸泡后，腐蚀模式转

变为丝状腐蚀和局部晶粒脱落。挤压态 Mg−0.5Bi−0.5Y−0.2Zn 合金的屈服强度为 237 MPa，极限抗拉强度为

304 MPa，伸长率为 31%，平均腐蚀速率为 0.14 mm/a。由此可见，该合金表现出良好的拉伸性能和耐腐蚀性能匹

配度，这主要归因于其均匀的晶粒结构和亚微米级析出相。因此本文所研发的 Mg−0.5Bi− 0.5Y−0.2Zn 合金具有在

生物医药领域的广阔应用前景。 

关键词：Mg−Bi 基合金；挤压；腐蚀行为；力学性能 
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