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Abstract: Microstructure and biodegradation behavior of as-cast and hot extruded Mg−5Zn−1Y alloy containing different amounts 
of calcium (0.0%, 0.1%, 0.5%, and 1.0%, mass fraction) were explored. The extrusion process was conducted at three different 
temperatures of 300, 330, and 370 °C. Chemical composition, phase constitution, microstructure, and biodegradation behavior of the 
alloys were investigated. The macro- and micro-scopic examination revealed that the addition of Ca refines the grain structure and 
forms an intermetallic phase, Ca2Mg6Zn3. The hot extrusion process resulted in breaking the intermetallic phases into fine particles 
routed to the extrusion direction. Moreover, dynamic recrystallization happened in almost all alloys, and more bimodal 
microstructure was formed in the alloys when the alloys were extruded at 370 °C. Polarization curves showed no passive region, 
which indicated that active polarization dominated in the alloys; therefore, grain refining through Ca addition and dynamic 
recrystallization over hot extrusion operation increased biodegradation rate. The results show that the as-cast Mg−5Zn−1Y−0.1Ca 
alloy provides the highest corrosion resistance, and the extruded Mg−5Zn−1Y−0.5Ca alloy at 300 °C shows the lowest 
biodegradation rate among the extruded alloys. Therefore, hot extrusion does not always improve the biodegradation behavior of 
magnesium alloys. 
Key words: magnesium alloys; extrusion temperature; biodegradation; recrystallization; bimodal microstructure 
                                                                                                             
 
 
1 Introduction 
 

Magnesium (Mg) and its alloy, due to their close 
density and mechanical properties to those of the    
bone [1], as well as the biocompatibility, biodegradability, 
and non-toxicity in the human body [2,3], are considered 
as the new generation and suitable alternative orthopedic 
biodegradable materials for the commercial biomaterials 
such as stainless steel, titanium and its alloys, 
cobalt−chromium alloys [4]. In addition, the long-term 
use of Mg alloys in the body does not cause any side 
effects such as allergic reactions and sensitivity [5]. 
However, the major limitation of these alloys is the low 
corrosion resistance in the human body which reduces 
the mechanical integrity of the implant before the bone is 
fully healed [6]. Various techniques like alloying [7], 
heat treating [8], mechanical working [9,10], and surface 
modification and coating [11] have been tried to control 
the corrosion rate of such materials. In general, 
aluminum (Al), zinc (Zn), manganese (Mn), calcium 
(Ca), yttrium (Y), zirconium (Zr), and rare earth (RE) are 

common alloying elements to improve physical and 
mechanical properties of Mg. Alloying elements must 
carefully be chosen to maintain the biocompatibility of 
Mg in biomedical applications. For instance, Al as the 
main alloying elements to boost the strength and 
corrosion resistance of Mg-based alloys decreases 
phosphate in tissue and reduces its absorption in the 
digestive system, resulting in a gradual decline of wits, 
leading to toxification of living cells if the concentration 
exceeds the permissible level [12,13]. Alloying not only 
significantly reduces the risk of toxicity but develops 
biodegradability and biocompatibility of Mg. Zn [14] 
and Ca [15] are two essential elements in the human 
body which improve the mechanical strength and 
corrosion resistance of Mg. Also, their existence does not 
cause cytotoxicity in the body [16]. Considering Ca as 
the main component of bone, its usage in Mg implant 
accelerates bone growth. On the other hand, 
simultaneous release of Mg2+ and Ca2+ ions from the 
implant material benefits bone healing [14,17]. Y 
improves technological characteristics, such as   
casting [18] and ductility [19], and enhances mechanical  
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and corrosion properties of Mg alloys [20,21]. 
Wrought Mg components are usually shaped by hot 

working processes, including extrusion, rolling, forging 
and even deep drawing in the temperature range of 
250−450 °C under no protective atmosphere [22]. In 
general, hot-worked components, due to their fine- 
grained and nonporous microstructure, possess more 
superior mechanical properties than castings [23]. 
ZHANG et al [24] investigated the effect of Y on the 
corrosion behavior of the extruded Mg−Y alloy and 
reported that an increase in Y content refines 
microstructure especially after the extrusion, leading to a 
decreased corrosion resistance. ZENG et al [25] studied 
the microstructure and corrosion behavior of extruded 
Mg−Ca alloy. They found that although increasing Ca 
content refines the grains and produces an improved 
corrosion resistance, it increases the volume fraction of 
Mg2Ca cathode area, resulting in accelerated corrosion of 
α-Mg matrix through galvanic effect. They also reported 
that in order to keep good corrosion resistance of Mg−Ca 
alloy, the addition of Ca is preferred to be less than 1%. 
This might be a guideline for the design of Ca-containing 
Mg alloys having good corrosion resistance. SUN     
et al [19] studied the effect of extrusion temperature on 
the microstructure and mechanical properties of Mg− 
3.0Zn−0.2Ca−0.5Y alloy. Increased dynamic 
recrystallized (DRX) grains under the increased 
extrusion temperature was reported. HOU et al [26] and 
GUI et al [27] investigated the microstructure and 
corrosion behavior of extruded Mg−3Sn−1Zn−0.5Mn 
and Mg−3.0Gd−2.7Zn−0.4Zr−0.1Mn alloys in simulated 
body fluid (SBF), respectively at a fixed temperature and 
extrusion rate. They reported that extrusion process 
causes microstructure refinement, leading to a positive 
effect on the corrosion resistance of the alloys. BEAK  
et al [28] investigated the effect of 0.1% and 0.5% Ca on 
microstructure and corrosion properties of AZ61 alloy 
extruded at 300 °C with the extrusion ratio of 1:30. 
TONG et al [29] studied the effect of cerium (Ce) and 
lanthanum (La) addition on microstructure and corrosion 
behavior of Mg−5.3Zn−0.6Ca alloy extruded at 300 °C. 
They showed that alloying process results in the 
formation of secondary phases with higher 
electrochemical potentials (cathode) compared to α-Mg 
(anode). The secondary phases are broken during the 
extrusion and develop more microgalvanic cell, leading 
to a decreased corrosion resistance. There are also some 
studies reporting the improved effects of extrusion on 
corrosion behavior of Mg alloys [26,27]. It is also 
believed that mechanical working does not always 
improve the corrosion resistance of Mg alloys [28,29]. 
Therefore, it is worth to investigate the effect of 
extrusion process on the corrosion behavior of 
biodegradable Mg alloys. To the authors’ knowledge, no 

research may be found to investigate the effect of 
extrusion temperature on corrosion behavior of ternary or 
quaternary Mg alloys in SBF. In addition, there are 
discrepancies in reports regarding the corrosion behavior 
of extruded Mg alloy. In this work, therefore, to attain 
the advantages of alloying elements as well as the 
extrusion process, the effect of 0−1.0% Ca and different 
extrusion temperatures, on the corrosion behavior of 
Mg−5Zn−1Y alloy in SBF are investigated. 
 
2 Experimental 
 
2.1 Alloy preparation, extrusion process and sample 

preparation 
In order to prepare Mg94−xZn5Y1Cax alloys, 

commercially pure Mg (99.95%), Zn (99.75%), and Ca 
(99.90%) ingots, and Mg−30Y master alloy (Table 1) 
were first melted in a graphite crucible at 750 °C using 
an induction furnace. The melted alloys were then cast 
into a simple cylindrical steel mold, with a diameter of 
30 mm and height of 130 mm, preheated to 200 °C. Due 
to the high affinity of Mg to oxygen, all melting stages, 
including heating, alloying and casting were conducted 
under a shield of high purity argon gas. The cast alloys 
were analyzed by inductively coupled plasma optical 
emission spectrometry (ICP-OES, Varian VISTA-PRO 
with a quartz torch) to ensure achieving the required 
chemical composition. They were then heated at 385 °C 
for 18 h, followed by quenching in warm water with 
40 °C to prepare homogenized materials for the extrusion 
process. Afterward, the homogenized samples were 
extruded at three different temperatures of 300, 330, and 
370 °C with a fixed extrusion ratio of 1:6, and a constant 
displacement speed of 1 mm/s. The extruded samples 
were left to cool to ambient temperature in air. 
 
Table 1 Chemical composition of Mg−30Y master alloy (mass 

fraction, %) 

Y Fe Ni Cu Si Al Zn Mn Mg

29.840 0.019 0.002 0.003 0.006 0.005 0.004 0.006 Bal.

 

2.2 Microstructure characterization 
Specimens were cut from the as-cast and extruded 

samples to characterize the microstructure. The 
specimens were ground with SiC papers up to a final 
5000 grit, then polished using diamond paste followed by 
etching using Picral solution (1 g picric acid + 2.5 mL 
acetic acid + 2.5 mL H2O + 17 mL ethanol) for 20 s. An 
optical microscope (OM, Carl Zeiss Jena), a scanning 
electron microscope (SEM, Tescan, MIRA3) equipped 
with an energy dispersive X-ray spectroscopy (EDS) 
device, and X-ray diffraction (XRD, Unisantis) technique 
were utilized for the characterization. Macroscopic 
images were also prepared to reveal grain structure and 
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to compare grain size of alloys after the sample 
preparation, and etching with Picral etchant (2 g picric 
acid + 5 mL acetic acid + 5 mL H2O + 25 mL ethanol) 
for 10 s. The average grain size of the samples was 
determined using the linear intercept procedure 
according to the standard ASTM E112-13. 
 
2.3 Biodegradation assessment 

Electrochemical polarization and immersion tests 
were performed to assess the in-vitro biodegradation 
behavior of the as-cast and extruded samples in 
simulated body fluid (SBF) with the chemical 
composition of 8.035 g/L NaCl, 0.355 g/L NaHCO3, 
0.225 g/L KCl, 0.231 g/L K2HPO4.3H2O, 0.311 g/L 
MgCl2·6H2O, 0.292 g/L CaCl2, 0.072 g/L Na2SO4, 39 mL 
of 1 mol/L HCl and 6.118 g/L (CH2OH)3CNH2 [30]. pH 
of the SBF was adjusted to 7.4 using a pH meter (SANA 
SL−901). For the polarization test, a potentiostat/ 
galvanostat apparatus (BHP 2064) connected to a PC 
with a scan rate of 1 mV/s started from −2.5 to −1 V was 
used. Specimens sized 10 mm × 10 mm were cut from 
the as-cast and extruded (parallel to the extrusion 
direction) samples, ground with SiC papers up to a final 
2500 grit, washed with distilled water and dried using 
blowing hot. A standard cell that consists of a working 
electrode (the prepared specimens), a saturated calomel 
reference electrode (SCE), and a counter electrode 
(platinum electrode), containing 50 mL SBF at 37 °C 
was used to perform the experiment and plot the 
corresponding polarization curves. Corrosion rate (Pi, 
mm/a) of the specimens was calculated by Eq. (1) [8] 
using corrosion current density (Jcorr, A/cm2) extracted 
from the curves. 
 
Pi=2.285×104×Jcorr                                          (1) 
 

Immersion test was carried out according to ASTM 
NACE / ASTM G31-12a. Specimens with the diameter 
and length of 10 mm were cut from the as-cast and 
extruded samples and prepared according to the 
procedure explained above for the electrochemical test. 
The specimens were weighed with a digital scale, having 
an accuracy of ±0.0001, then immersed in a beaker 
containing 200 mL SBF for 168 h. They were removed 
from the SBF in an interval of 24 h, soaked in a solution 
composed of 180 g/L chromium trioxide, 10 g/L silver  

nitrate and 20 g/L barium nitrate for 2 min to remove the 
corrosion products, then rinsed and dried, and weighed 
again. Before the specimens were re-immersed, pH of 
the SBF was measured using the pH meter. With the aid 
of Eq. (2), the corrosion rate (Pw, mm/a) corresponding 
to the immersion test was calculated. In Eq. (2), m is the 
mass loss (mg), D is the density of alloy (g/cm3), A is the 
surface area of the specimens (cm2), and t is the 
immersion time (h). Both electrochemical polarization 
and immersion tests were repeated for two and three 
times, respectively, to obtain and report the reliable 
results. 
 

w
87.6 m

P
DAt

                                 (2) 

 
3 Results and discussion 
 
3.1 Chemical composition of alloys 

Table 2 presents chemical composition of the 
investigated alloys, suggesting the ZW51 nomination for 
the alloys having different Ca contents. It also supports 
the nominal composition of the alloys, revealing 
appropriate procedures for the alloying, processing and 
casting of the molten metal for the fabrication of the 
investigated alloys. 

 
3.2 Microstructure characterization of as-cast, 

homogenized and extruded alloys 
Figure 1 shows typical macroscopic images of the 

as-cast alloys. It can be clearly seen that increasing Ca 
content causes more refined microstructure alloy. It is 
interesting to note that the ability of each alloying 
element to refine the microstructure can be found 
through growth restriction factor (GRF); the higher the 
GRF, the more the refined microstructure. Compared to 
GRF of the common alloying elements like Sn (9.25), Zn 
(5.31), Al (4.32), Y (1.70), and etc, Ca has a high amount 
of GRF (11.91) and it successfully refines grains of 
magnesium alloy [31]. In addition, the formation of a 
constitutional undercooling at an area immediately 
adjacent to the solid/liquid interface results in grain 
growth confinement [32]. On the other hand, increasing 
the number of alloying elements in an alloy reduces the 

 
Table 2 Chemical composition of Mg−5Zn−1Y−xCa alloys (x= 0.0, 0.1, 0.5, and 1.0) 

Alloy 
Mass fraction/% 

Zn Y Ca Fe Mn Al Cu Si Mg

Mg−5Zn−1Y 4.931 0.923 0.003 0.003 0.005 0.057 0.008 0.018 Bal.

Mg−5Zn−1Y−0.1Ca 4.698 0.815 0.089 0.003 0.005 0.058 0.008 0.010 Bal.

Mg−5Zn−1Y−0.5Ca 4.632 0.893 0.532 0.003 0.005 0.073 0.008 0.002 Bal.

Mg−5Zn−1Y−1Ca 4.549 0.908 1.036 0.003 0.005 0.066 0.008 0.006 Bal.
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Fig. 1 Typical macroscopic images of as-cast Mg−5Zn−1Y−xCa alloys: (a) x=0; (b) x=0.1; (c) x=0.5; (d) x=1.0 

 

solubility of the elements into matrix compared to the 
binary alloy. It is more probably a low variation in grain 
size can be seen in a low Ca content alloy. 

Figure 2 represents the typical OM images of the 
Mg−5Zn−1Y alloy having different Ca contents. The 
images reveal that the cast alloys are composed of a 
fully-equiaxed dendritic structure, confirming the high 
cooling rate and non-equilibrium solidification. 
Moreover, the presence of black areas embedded in the 
matrix suggests a limited solution of the alloying 
elements in Mg. Furthermore, the higher the content of 
Ca, the finer and the more the continuity precipitations 
and the higher their amounts. 

Figure 3 shows the SEM images of the Mg−5Zn− 
1Y−xCa alloys. The images disclose that the cast alloys 
contain a dendritic structure confirming non-equilibrium 
solidification. The presence of some precipitates 
embedded in the matrix suggests a limited solution of the 
alloying elements in Mg. The images further show how 
the precipitates are distributed throughout the 
microstructure. The micrographs also reveal no 
significant changes in the microstructure of the alloys 
after the addition of 0.1% Ca, but the appearance of 
small amounts of new participates (Point B in Fig. 3(b), 
in gray color) denoted as A can be reported. Furthermore, 
comparing the micrographs suggests that increasing Ca 
content results in a significant change in the 
microstructure as well as growth in the dimension and 
volume fraction of the precipitates (Figs. 3(c) and (d)). In 
other words, the higher the content of Ca, the more the 
continuity of the precipitates. In addition, the magnified 

parts represent the formation of only one type of 
precipitate in Ca-free alloy (Fig. 3(a)) and two different 
precipitates with various morphologies in the Ca-bearing 
alloys (Figs. 3(c) and (d)). One in light color positioned 
at the grain boundaries as well as the ternary points in the 
form of bone structure, denoted as A, and the other one in 
gray color with lamellar morphology located at the grain 
boundaries, denoted as B. 

Figure 4 represents the typical EDS spectra for the 
precipitates A and B, pointed out in Fig. 3(b), and the 
matrix. Figure 4(a) indicates the presence of three main 
peaks corresponding to Mg, Zn and Y elements in the 
precipitates marked as A which presents the formation of 
a ternary intermetallic in all alloys. From the quantitative 
analysis given Fig. 4, the formation of I-phase (Mg3YZn6) 
can be inferred. In contrast, the spectrum and 
quantitative analysis corresponding to the precipitate B, 
shown in Fig. 4(b), reveal the formation of a different 
ternary intermetallic phase. Figure 4(c) presents the 
spectrum of the matrix. The mole fraction presented in  
Fig. 4(b) implies that the intermetallic Ca2Mg6Zn3 is 
formed. It is believed that the mass ratio of Zn to Y and 
mole ratio of Zn to Ca are determinants for the formation 
of intermetallic phases. If the former is higher than 
4.38:1, then I-phase is precipitated, but if it is between 
1.1:1 and 4.38:1, both I- and W-phases (Mg3Zn3Y2) are 
formed. 

On the other hand, if the latter is higher than 1.23:1, 
then Ca2Mg6Zn3 phase is formed, and if it is less than 
1.23:1, in addition to Ca2Mg6Zn3, more Ca is consumed 
and Mg2Ca is formed [33]. Therefore, considering the 
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Fig. 2 Typical OM images of as-cast Mg−5Zn−1Y−xCa alloys: (a) x=0; (b) x=0.1; (c) x=0.5; (d) x=1.0 

 

 

Fig. 3 SEM images of Mg−5Zn−1Y−xCa alloys: (a) x=0; (b) x=0.1; (c) x=0.5; (d) x=1.0 
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Fig. 4 EDS analysis results of as-cast Mg−5Zn−1Y−0.1Ca 

alloy: (a) I-phase; (b) Ca2Mg6Zn3 phase; (c) Matrix 

 
chemical composition of the experimented alloys, the 
mass ratios of Zn to Y for all alloys are between 5.10:1 
and 5.74:1, indicating the formation of just I-phase. In 
contrast, the mole ratios of Zn to Ca for the alloys are in 
the range of 2.69:1−32.15:1, representing the formation 
of I and Ca2Mg6Zn3 phases. The proposed formation of 
the intermetallics is verified by XRD analysis (Fig. 5) in 
which the formation of I-phase in Mg−5Zn−1Y alloy and 
both I and Ca2Mg6Zn3 phases in Mg−5Zn−1Y−Ca alloys 
are confirmed. 

Figure 6 shows the typical optical micrographs of 
the homogenized alloys. As can be seen, the dendritic 
structure disappeared in both Ca-free (Fig. 6(a)) and 
almost in Mg−5Zn−1Y−0.1Ca (Fig. 6(b)) alloys. In 
addition, compared to the corresponding as-cast   
alloys (Figs. 2(a) and (b)), the more homogeneous 

 

 

Fig. 5 XRD patters of as-cast Mg−5Zn−1Y−xCa alloys 
 
microstructures with very lower but more globular 
intermetallics are formed. The structure of other alloys 
(Figs. 2(c) and (d) is also influenced to some extent, and 
the continuity of the intermetallics is partly reduced  
(Figs. 6(c) and (d)). 

Figure 7 shows optical micrographs of the extruded 
alloys at different temperatures. Figures 7(a−c) represent 
optical micrographs of the extruded Mg−5Zn−1Y alloy 
at the temperatures of 300, 330, and 370 °C. As can be 
seen, I-phase particles are broken and distributed along 
the extrusion direction at 300 °C, and DRX 
simultaneously occurs. At higher temperatures, in 
addition to modifying the grains, the energy for grain 
growth was provided and the growth took place. 

In other words, the original grains grow, and new 
grains form, comprising a duality in grain size 
distribution, called bimodal structure [34]. Looking at the 
microstructure of this alloy extruded at higher 
temperatures (Fig. 7(b)), a bimodal structure can be 
distinguished. This behavior is very pronounced at 
370 °C (Fig. 7(c)). It should be noted that with the 
increase in the temperature of the extrusion, enhanced 
breaking and elongated intermetallics along the extrusion 
direction can be observed [35]. 

Figure 8(a) shows the SEM image from the 
extruded Mg−5Zn−1Y alloy at 330 °C, representing 
elongated intermetallic precipitates. The magnified 
image embedded in Fig. 8(a) highlights an elongated 
precipitate, denoted as A. The quantitative result of EDS 
analysis presented in Fig. 9(a) further reveals that it is 
I-phase. Figures 7(d−f) show OM images of the extruded 
Mg−5Zn−1Y−0.1Ca alloy at the temperatures of 300, 
330, and 370oC. It is believed that with increasing Ca 
content a structure with a different nature of dislocation 
arrangement and plastic behavior is formed [36]. This is 
apparent because Ca is solved in α-Mg matrix partly; 
consequently, it forms a solid solution which causes the 
different behaviors of dislocations motion compared with 
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Fig. 6 Optical micrographs of homogenized Mg−5Zn−1Y−xCa alloys: (a) x=0; (b) x=0.1; (c) x=0.5; (d) x=1.0 

 

 

Fig. 7 Optical micrographs of extruded alloys with 0.0% Ca at 300 °C (a), 330 °C (b), and 370 °C (c); with 0.1% Ca at 300 °C (d), 

330 °C (e), and 370 °C (f); with 0.5% Ca at 300 °C (g), 330 °C (h), and 370 °C (i); with 1.0% Ca at 300 °C (j), 330 °C (k), and 

370 °C (l) 
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Fig. 8 SEM images of extruded Mg−5Zn−1Y−xCa alloys at 330 °C: (a) x=0; (b) x=0.1; (c) x=0.5 

 

 

Fig. 9 EDS analysis results of extruded Mg−5Zn−1Y−0.5Ca alloy at 330 °C at point A (a) and point B (b) marked in Fig. 8 

 
that when the alloy is free of Ca. In other words, the 
same strain has a different effect in each alloy. On the 
other hand, the density of dislocations in 0.1% and 0.5% 
Ca-containing extruded alloys is more definite than that 
of Ca-free alloy. So, applying the same temperature for 
producing DRX in the microstructure having a higher 
density of dislocations is not enough and DRX partially 
occurs. Therefore, it can most probably be stated that 
fully DRX occurs with increasing temperature. The 
increased Ca2Mg6Zn3 phase in the microstructure, due to 
the addition of Ca, and also the breaking and distribution 
of this intermetallic together with I-phase during 
extrusion process acts as the barriers and further restricts 
dislocations movement. This causes the dislocations to 
pile-up at the precipitates resulting in raising the energy 
of the system and occurrence of DRX to decrease the 
energy. Completion of DRX trend can be simply 
observed from Figs. 7(d−f) for Mg−5Zn−1Y−0.1Ca 
alloy and Figs. 7(g−i) for Mg−5Zn−1Y−0.5Ca alloy with 
increasing extrusion temperature. 

Moreover, it can be remarked that extrusion at 
370 °C provides a complete DRX and results in fine  
and equiaxed grains throughout the microstructure. 
Figures 8(b) and (c) represent the SEM images of the 

extruded Mg−5Zn−1Y−0.1Ca and Mg−5Zn−1Y−0.5Ca 
alloys, respectively, at 330 °C, indicating the presence of 
elongated I-phase and Ca2Mg6Zn3 phase. The 
quantitative EDS result presented in Fig. 9(b) confirms 
that the precipitates denoted as B, are Ca2Mg6Zn3 phases. 
From Fig. 7, it can be seen that the size of the 
precipitates is higher than 5 μm. It is believed that the 
interface between such particles and matrix can be 
appropriate locations for nucleation of DRXed    
grains [37]. In other words, dislocations are piled-up at 
the interface and are rearranged to form a DRX nuclei 
named as particle stimulated nucleation (PSN). 
Increasing Ca content to 1%, brings about more 
continuous intermetallics, as can be seen in Figs. 7(j)−(l), 
and the extrusion force is not able to break them 
completely into small pieces. Due to more interface area 
between the intermetallics and matrix in this alloy, the 
more refined microstructure is formed. Furthermore, as 
shown in Figs. 7(j)−(l), the alloy extruded at 300 °C 
contains finer DRX grains (an average of 6.7 μm) 
compared to that processed at 330 °C (an average of  
9.5 μm) and 370 °C (an average of 10 μm). Table 3 
provides the grain size of the as-cast and extruded alloys. 
The sizes also indicate that increasing extrusion 
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temperature causes the recrystallized grains to grow; 
however, this behavior is inversely followed by the 
alloys containing 0.1% and 0.5% Ca, which is attributed 
to the higher recrystallization temperature for the alloys. 
 
Table 3 Grain size of as-cast and extruded alloys 

Alloy 

Grain size/μm 

As-cast 
Extruded 

300 °C 330 °C 370 °C

Mg−5Zn−1Y 792.6 13.6 22.4 31.6 

Mg−5Zn−1Y−0.1Ca 731.1 30.4 18.1 10.8 

Mg−5Zn−1Y−0.5Ca 449.0 60.2 20.1 13.8 

Mg−5Zn−1Y−1Ca 308.7 9.9 11.4 13.6 

 
Figure 10 discloses the SEM images of 

Mg−5Zn−1Y−1Ca alloy, revealing the elongated and 
crushed I-phase (denoted as A) as well as elongated 
Ca2Mg6Zn3 phase (denoted as B). As can be seen, after 
the extrusion process the secondary phase is elongated, 
resulting in the occurrence of grooves between the 
matrix and secondary phases, which is due to the 
removing secondary phases as well as the difference 
between their elasticity modulus. 
 
3.3 Corrosion behavior of as-cast and extruded alloys 
3.3.1 Electrochemical polarization test 

Figure 11 shows the polarization curves, 
corresponding to the as-cast and extruded alloys, 
obtained from the electrochemical polarization test. The 
curve similarity suggests the presence of a comparable 
electrochemical corrosion mechanism in all alloys. It can 
be clearly found that corrosion potential of the alloys is 
mainly in a finite range, so corrosion current density of 
the alloys is required to consider for the evaluation of 
corrosion behavior. Table 4 lists the electrochemical 
parameters, including corrosion current density (Jcorr) and 
corrosion potential (φcorr), extracted from the curves,   
as well as corrosion rate (Pi), calculated using Eq. (1). 

Figure 11 also compares the corrosion rates of the as-cast 
and extruded alloys. For the Mg−5Zn−1Y alloy     
(Fig. 11(a)), it can be inferred that extrusion process at 
300 °C causes higher corrosion rate. This is attributed to 
the finer grain size (Figs. 7(a)−(c)) which provides more 
grain boundaries for the corrosion attack. In other words, 
as no passive region is present in the polarization curves, 
the grain boundaries are the initial sites to corrode due to 
the domination of active corrosion; consequently, the 
finer the grain size, the more the corrosion rate [8,38]. 
The grain growth at higher temperatures and formation 
of the bimodal structure provide fewer grain boundaries 
to corrode, resulting in an improved corrosion resistance, 
but not as much as that of the as-cast alloy due to its 
larger grain size. 

With the addition of 0.1% Ca, the corrosion 
behavior of the extruded alloy compared to that of 
Ca-free one finds the inverse results. Table 4 indicates 
that the as-cast Mg−5Zn−1Y−0.1Ca alloy possesses 
lower corrosion rate compared to the extruded alloy. In 
other words, the corrosion rate of the as-cast 
Mg−5Zn−1Y−0.1Ca alloy stands at the lowest level 
while applying extrusion process causes the corrosion 
rate of this alloy to increase. This behavior can be 
described by the microstructures of the as-cast and 
extruded alloys. The formation of the cathodic particles 
of Ca2Mg6Zn3 [17] at grain boundaries after the addition 
of 0.1% Ca leads to the development of microgalvanic 
cells, causing higher corrosion rate of the α-Mg matrix. 
Furthermore, according to the microstructures of the 
extruded alloy shown in Figs. 7(d)−(f), DRX occurs 
partially at 300 °C, but incompletely at 330 °C, while it 
is completed at 370 °C; thus totally finer and equiaxed 
grains can be observed. This phenomenon causes 
increasing grain boundaries with increasing extrusion 
temperature and due to the domination of active 
polarization, the corrosion rate of the alloy increases. 

In addition, Mg−5Zn−1Y−0.5Ca extruded at 300 °C 
shows the lowest corrosion rate among the extruded 

 

 

Fig. 10 SEM images of extruded Mg−5Zn−1Y−1Ca alloy at 300 °C (a), 330 °C (b) and 370 °C (c) 
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Fig. 11 Polarization curves and corrosion rate chart of alloys with 0.0% (a), 0.1% (b), 0.5% (c), and 1.0% (d) Ca (Cast: As-cast; E300: 

Extruded at 300 °C; E330: Extruded at 330 °C; E370: Extruded at 370 °C) 

 

Table 4 Electrochemical corrosion parameters of Mg−5Zn−1Y−xCa alloy 

Parameter Alloy condition Temperature/°C x=0.0% x=0.1% x=0.5% x=1.0% 

φcorr/V 

 

As-cast − −1.62±0.05 −1.72±0.03 −1.66±0.06 −1.65±0.05 

Extruded 

300 −1.66±0.04 −1.62±0.04 −1.61±0.04 −1.70±0.05 

330 −1.72±0.05 −1.64±0.06 −1.59±0.03 −1.69±0.04 

370 −1.63±0.06 −1.65±0.04 −1.66±0.04 −1.59±0.06 

Jcorr/(μA·cm−2) 

As-cast − 73.16±2.62 43.98±3.42 86.13±3.28 100.29±3.42 

Extruded 

300 77.96±2.80 61.98±2.92 48.59±2.02 85.41±2.87 

330 74.87±2.52 66.67± 2.39 94.66±3.91 82.51±3.14 

370 74.12±2.82 97.84±3.29 99.33±3.07 80.92±3.12 

Pi/(mm·a−1) 

As-cast − 1.67±0.06 1.00±0.08 1.97±0.07 2.29±0.06 

Extruded 

300 1.78±0.06 1.42±0.06 1.11±0.05 1.95±0.07 

330 1.71±0.06 1.52±0.06 2.16±0.09 1.88±0.08 

370 1.69±0.07 2.24±0.07 2.27±0.07 1.85±0.07 

 
alloys. The addition of 0.5% Ca to the alloy causes more 
intermetallic Ca2Mg6Zn3 phase to emerge at grain 
boundaries resulting in more microcathodic areas and 
enhancing corrosion rate of the α-Mg matrix. Moreover, 
the microstructures displayed in Figs. 7(g)−(i) reveal that 

the Mg−5Zn−1Y−0.5Ca alloy extruded at 300 °C, 
compared to the alloys extruded at the other temperatures, 
does not experience the DRX process. Consequently, the 
coarser grains with fewer grain boundaries form in the 
alloys extruded at 300 °C; thus corrosion rate is reduced. 
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On the other hand, increasing temperature causes the 
formation of a bimodal structure which leads to the 
increased corrosion rate. So, elevating extrusion 
temperature brings about higher corrosion rate in this 
alloy. In contrast, extrusion of Mg−5Zn−1Y−1Ca alloy at 
the temperature of 300 °C causes a positive influence on 
the decreasing corrosion rate. This behavior can be 
described based on the microstructure of the extruded 
alloy (Figs. 7(j)−(l)). DRXed grains are observed in the 
alloy extruded at 330 and 370 °C, while a very lower 
number of grains are remarked in the alloy extruded at 
300 °C. Thus, it can be inferred that the lower the grain 
boundary, the higher the corrosion resistance of the 
extruded alloy. On the other hand, the intermetallic 
Ca2Mg6Zn3 phase is elongated along the extrusion 
direction; however, it is not entirely crushed into pieces 
(Fig. 10). So, the volume of the effective cathode is 
decreased, resulting in the improvement of corrosion 
resistance [17]. 
3.3.2 Immersion test 

Mass loss of the as-cast and extruded alloys as a 
function of Ca content and extrusion temperature are 
shown in Fig. 12. It can be concluded that two different 
parameters, i.e., the addition of Ca and extrusion process, 

compete to influence the corrosion rate. The former in an 
amount of 0.1% reduces the corrosion rate of the cast 
alloy for about 7% ((3.80±0.08)−(3.53±0.06) mm/a); 
however, further increase enhances it. The corrosion rate 
is calculated to be 20.62 mm/a (around 6 times) when the 
alloy contains 1% Ca (Fig. 12(d)). In contrast, the latter 
just improves the corrosion resistance of the alloy 
containing 1% Ca. In other words, the Mg−5Zn−1Y−1Ca 
alloy extruded at 300, 330, and 370 °C shows 8.24%, 
66.16%, and 73.42% reduction in the corrosion rate, 
respectively. It should be noted that the corrosion rate of 
the extruded alloy is still more than that of the as-cast 
alloy containing up to 0.5% Ca. 

Moreover, the Mg−5Zn−1Y−0.5Ca alloy extruded 
at 300 °C shows the lowest corrosion rate    
((2.86±0.05) mm/a) among the extruded alloys. The 
above findings highly support the electrochemical 
polarization outcomes, indicating conclusive results. The 
above different results obtained from the extruded alloys 
at different extrusion temperatures are originated from 
the microstructure evolution during the extrusion process 
as discussed in Section 3.3.1. 

Figure 13 shows some typical SEM images of the 
corroded surfaces as well as corrosion products of two 

 

 

Fig. 12 Mass loss of as-cast and extruded alloys with different Ca contents at different temperatures: (a) 0.0%; (b) 0.1%; (c) 0.5%;  

(d) 1.0% 
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Fig. 13 SEM images of corroded surfaces (a, b) and corrosion products (c, d) of Mg−5Zn−1Y (a, c) and Mg−5Zn−1Y−1Ca (b, d) 

alloys extruded at 330 °C, respectively 

 
Mg−5Zn−1Y and Mg−5Zn−1Y−1Ca alloys extruded at 
330 °C after immersion test. In addition to the uniform 
corrosion of the alloy, Fig. 13(a) clearly discloses the 
presence of a number of pits accumulated on the 
corroded surface of the Mg−5Zn−1Y alloy. The 
formation of such pits is attributed to the corrosion of 
I-phase, due to its more negative electrochemical 
potential in comparison to the α-Mg matrix in SBF [22], 
through the development of microgalvanic cells between 
α-Mg matrix as the cathode, and I-phase as the anode. 
Figure 13(b) shows the SEM image of the surface of the 
Mg−5Zn−1Y−1Ca alloy extruded at 330 °C after being 
corroded in SBF throughout immersion test. It is seen 
that the surface of the alloy is strongly corroded and, the 
level of corrosion is more pronounced compared to the 
Ca-free alloy shown in Fig. 13(a). 

This is because of the Ca addition which forms 
microcathodic sites of Ca2Mg6Zn3 compared to the α-Mg 
matrix and enhances the corrosion rate. In addition, as 
mentioned above, I-phase microanodic sites are corroded 
to form pits, simultaneously. Figures 13(c) and (d) 

demonstrate the corrosion products formed on both 
extruded alloys at 330 °C, Mg−5Zn−1Y, and 
Mg−5Zn−1Y−1Ca, respectively, after the immersion  
test. 

Figure 14 illustrates the EDS analyses of two points 
and the corresponding quantitative data for the corrosion 
products formed on the surface of the alloys discussed in 
Fig. 13. The mole ratio of Mg to O in the corrosion 
products formed on Mg−5Zn−1Y alloy (Fig. 14(a)), as 
well as the presence of Mg, Ca, P, and O in the corrosion 
products formed on Mg−5Zn−1Y−1Ca alloy (Fig. 14(a)), 
suggest that the corrosion products are mainly composed 
of Mg(OH)2 and calcium phosphate compound, 
respectively. The quantitative analysis shown in      
Fig. 14(b) proposes Ca/P mole ratio of 1.07:1, which is 
below the stoichiometric hydroxyapatite (HA, 1.67:1), 
indicating the formation of Ca-deficit hydroxyapatite. In 
other words, Ca is substituted by Mg ion in the HA 
lattice [39]. It can be seen from Fig. 14(b), more amount 
of HA is estimated, indicating Ca addition enhances the 
biodegradation of alloy. 
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Fig. 14 EDS analysis results taken from corrosion products 

formed on surface of Mg−5Zn−1Y (a) and Mg−5Zn−1Y−1Ca 

(b) alloys 

 
4 Conclusions 
 

1) Microscopic examinations showed that 
Mg−5Zn−1Y alloy is composed of the α-Mg matrix and 
intermetallic Mg3YZn6. Ca addition causes lamellar 
intermetallic Ca2Mg6Zn3 to form mostly at grain 
boundaries; the more the Ca content, the more the 
Ca2Mg6Zn3. 

2) The addition of Ca to Mg−5Zn−1Y alloy refined 
the corresponding microstructure and higher amount of 
Ca content led to the more refined microstructure. The 
domination of active polarization in Mg−5Zn−1Y−xCa 
alloy in SBF resulted in the higher corrosion rate in 
Mg−5Zn−1Y−1Ca alloy. 

3) The more intermetallic Ca2Mg6Zn3 phase, as well 
as the more refined microstructure, led to the higher 
biodegradation rate of Mg−5Zn−1Y−1Ca alloy among 
all the as-cast alloys in SBF. 

4) Mg−5Zn−1Y−0.5Ca alloy extruded at 300 °C 
showed lower biodegradation rate than other alloys due 
to the absence of DRX grains and presence of larger 

grains. 
5) Corrosion resistance of the Ca-free and 1% 

Ca-bearing alloys was improved with increasing 
extrusion temperature, although the corrosion rate of the 
extruded Ca-free alloy, due to its larger grain size and 
lower volume of the effective secondary phases cathode, 
was still higher than that of the as-cast one. 
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摘  要：研究不同钙含量 (0.0%、0.1%、0.5%和 1.0%，质量分数)的铸态和热挤压态 Mg−5Zn−1Y 合金的显微组

织和生物降解行为，挤压温度分别为 300、330 和 370 °C。研究合金的化学成分、相组成、显微组织和生物降解

行为。宏观和微观检测表明，钙的加入细化了晶粒结构，形成了金属间化合物相 Ca2Mg6Zn3。热挤压过程使金属

间化合物相破碎为细小颗粒，并沿挤压方向分布。而且，几乎所有的合金中都发生了动态再结晶，且在 370 °C 挤

压的合金中形成了更多的双态组织。极化曲线显示无钝化区，表明活性极化在合金中占主导地位，因此，通过添

加钙使晶粒细化和通过热挤压发生动态再结晶会增加合金的生物降解速率。研究结果表明，铸态 

Mg−5Zn−1Y−0.1Ca 合金的耐腐蚀性最好，而在挤压态合金中，300 °C 挤压的 Mg−5Zn−1Y−0.5Ca 合金表现出最

低的生物降解速率。因此，热挤压并非总是能改善镁合金的生物降解行为。 

关键词：镁合金；挤压温度；生物降解；再结晶；双态组织 
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