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Abstract. Mg-Zn-Mn (ZM) alloy shows great potential in biomedical applications due to its 

biocompatibility and bio-essential element composition, as well as its favourable mechanical 

and degradation properties. This paper aims to explore the effect of Zn on corrosion behaviour 

of ZM alloys via finite element (FE) prediction and in-vitro testing. Microstructure analysis 

showed that Zn had the grain refinement effect, and the second phase of Mg-Zn between grains 

increased with the increase of Zn content, which improved the mechanical properties of the 

alloy significantly at the cost of acceptable reduction in plasticity. After a continuum damage 

mechanics (CDM)-based degradation model was applied to the FE package, the corrosion 

process of the ZM alloys was predicted. The results indicated that the grain boundary had poor 

corrosion resistance while the second phase facilitated delaying corrosion expansion. 

Furthermore, in-vitro tests were carried out and consistent results were obtained, i.e., the grain 

refinement made the entire corrosion process more uniform and severe corrosion in local areas 

was avoided, and the intergranular second phase was beneficial to delay the corrosion process. 

This study suggested that Mg-Zn-Mn alloy has satisfactory mechanical strength and 

controllable corrosion rate, which should be a promising candidate for future biomedical 

applications.  

1.  Introduction 

Magnesium (Mg) alloys possess the advantages of light weight, high specific strength, good 

biocompatibility and degradability, their application in degradable medical implants has attracted 

much attention [1]. However, high corrosion rate is currently a major problem faced by Mg alloys as 

implants. Alloying has proven to be an effective method to enhance the corrosion resistance and 

mechanical properties of Mg alloys [2]. Biocompatibility and bio-essential elements, such as Zinc (Zn) 

and Manganese (Mn), would be the preferred choice. Zn has the remarkable strengthening effect on 

Mg alloy and thus improve the mechanical properties. Meanwhile, the corrosion process of Mg alloy 

can be delayed by the formation of a protective zinc phosphate layer during immersion [3,4]. Mn has 

the grain refinement effect and it can improve the yield strength of Mg alloy slightly. Moreover, the 

corrosion resistance of Mg alloy can be enhanced by reducing impurities and heavy-metal elements 

with a small quantity of Mn addition [5]. Therefore, alloying elements Zn and Mn were selected in this 

study to improve both the mechanical property and corrosion resistance of Mg alloys. 
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Finite element method (FEM) is believed to be a promising tool for the degradation prediction of 

biomaterials, particularly for Mg alloys [6]. Certain appropriate physical or phenomenological 

degradation models have been implemented into the finite element (FE) code for the degradation 

prediction [7]. Owing to the advantages of easier parameters determination and lower computational 

cost compared to the physical ones, the phenomenological continuum damage mechanics (CDM) 

based model is being used widely nowadays. This model has been proved to be an effective approach 

for modelling various biodegradation processes inside animal/living tissues with complex structures 

and complicated geometry [8]. Therefore, an improved CDM-based model considering micro-galvanic 

degradation and anisotropic plasticity under load-bearing conditions is adopted in this study.  

Therefore, the main objective of this study is to explore the effect of Zn on corrosion behaviour of 

biodegradable Mg-Zn-Mn (ZM) alloys via FE prediction and in-vitro testing. Extruded ZM alloys with 

different contents of Zn were prepared as the specimen materials, compression tests were carried out 

to obtain the mechanical properties for strength evaluation and FE simulations. Microstructure was 

characterized and the CDM-based degradation model was employed for degradation prediction. 

Finally, in-vitro immersion tests were performed for the verification of FE predictions. 

2.  Materials and Methods 

2.1.  Materials preparation 

The ZM alloy ingots have the nominal composition of Mg-0.5Mn with different contents of Zn (1.0, 

2.0 and 3.0 wt.%) were prepared by melting pure Mg and Zn, Mg-10Mn (wt. %) master alloys in an 

electrical resistance furnace under the protection gases of CO2 and Ar. Afterward, The ingots were 

homogenization treated at 340 °C for 24 h, cylindrical bars with diameter of 100 mm were then 

machined from the homogenized ingot and preheated to 350 °C for extrusion at the designated speed 

of 1 mm/s in a single pass. Finally, extruded Mg–xZn–0.5Mn (x=1, 2, 3) alloy bars with diameter of 

10 mm, hereinafter donated as ZM1, ZM2 and ZM3 respectively, were obtained.  

2.2.  Mechanical testing 

Compression specimens with the dimension of Ø10 mm× 15 mm were cut from the extruded alloy 

bars. CMT5105GL Testing Machine was performed for compression testing at a displacement rate of 

1.0 mm/min. At least three replicates were carried out for each testing. True stress-strain curves of the 

ZM alloys were obtained, then the mechanical properties, such as Young's modulus, yield stress and 

ultimate compressive stress, were acquired for strength evaluation and for subsequent FE simulations.  

2.3.  Microstructure characterization, immersion test and corrosion rate evaluation 

Microstructure of the extruded ZM alloys was characterized by a scanning electron microscope (SEM, 

Phenom G2). Specimens were ground with SiC papers progressively down to 1600 grit and polished 

with diamond pastes, followed by etching in a solution of 5% Nitric acid for 20~25 s to reveal the 

microstructures of Mg matrix, grain boundary and second phases.  

Specimens with the dimension of Ø10 mm× 4 mm cut from the extruded ZM alloys were used for 

in-vitro immersion tests. All specimens were ground, polished, cleaned in ethanol under the 

stimulation of ultrasonic for 5 minutes, then dried by air blower. Immersion tests were conducted at a 

physiological temperature of 36.5 ± 1 °C controlled by water bath in simulated body fluid (SBF) 

solution for 2 days. After immersion, the specimens were ultrasonically cleaned in ethanol and dried in 

open air. Then the surface morphologies contain corrosion products were observed by the SEM. Each 

test was repeated three times to ensure the reliability of the results. 

In addition, the corroded specimens were further cleaned by chromate bath consisting of 200 g/L 

CrO3 and 10 g/L AgNO3 to remove corrosion products, and then cleaned with alcohol and dried. Then 

the corrosion rate (CR) was evaluated by mass loss using the following equation: 

                                                         ( ) ( )CR K A T D=      (1) 
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where K is a constant value of 87600, Δω is the mass loss (g), A is the initial exposed surface area 

(cm2), T is the immersion time (h), and D is the density of the tested alloy (g/cm2).  

2.4.  CDM-based model for degradation prediction 

In this study, a CDM-based model which considers not only micro-galvanic degradation but also stress 

degradation was implemented into FE package ABAQUS for the degradation prediction of ZM alloys 

under load-bearing conditions [3,8]. The CDM-based model introduces a damage variable D to 

indicate the degree of weakening in the mechanical properties due to corrosion. An effective stress 

tensor   is introduced. The D is composed of micro-galvanic degradation DM and stress degradation 

DS, and given as 

 = M SD D D+                             (2) 

Wherein the evolution law of micro-galvanic degradation can be formulated as 

 =M M M eD k L                             (3) 

where kM is the kinetic parameter of the degradation process, M  is the material characteristic 

dimension and eL  is the FE mesh characteristic length.  

In addition, the evolution law of stress degradation can be expressed as 

 
*( )( (1 ))R

S e S eqD L S D = −  if 
* 0eq th                               (4) 

 0SD =  when 
*

eq th                             (5) 

where 
*

eq  is the effective stress and th  denotes the threshold value of the critical effective stress. S 

and R are material constants related to the kinetics of the stress degradation; S  is a characteristic 

dimension of the stress degradation process.  

The above CDM-based degradation model was then compiled and embedded into ABAQUS. 

Microstructural configurations, including the Mg matrix, grain boundary and second phase that 

depicted from SEM were served as the geometrical models in the FE package. Kinetic parameters and 

characteristic dimensions obtained through in-vitro tests, as well as the material constants that 

acquired from the compression tests were employed in the CDM-based degradation model. Details 

about the simulation procedure can refer to our published work [3]. 

3.  Results & Discussion 

3.1.  Microstructure and mechanical properties 

Fig. 1 demonstrated the SEM microstructure of the extruded ZM alloys. Owning to the extrusion 

process and the grain refinement of Zn element, the grain size of the extruded alloys decreased 

markedly, and the grain size was further refined with the increasing of Zn content, e.g., 30-35 μm at 1 

wt.% Zn and 15-20 μm at 3 wt.% Zn. In addition, the grain size in ZM1 varied greatly and only a 

small amount of particulate phase was precipitated in the matrix; while with the increase of Zn content, 

a large number of particulate phases were precipitated along the grain boundary. EDS result confirmed 

that the particulate phase was Mg-Zn phase.  
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Fig. 1. Microstructure of the extruded ZM alloys: (a) ZM1, (b) ZM2 and (c) ZM3. 

 

True stress-strains curves of the ZM alloys obtained from compression tests are shown in Fig. 2. It 

can be seen that the strength of the alloy increased significantly with the increasing of Zn content, i.e., 

the yield and compressive strengths were increased from 80.5 MPa and 333.8 MPa to 155.6 MPa and 

402.5 MPa respectively with the Zn content increased from 1% to 3% (at. %). The increase of strength 

is attributed to the grain refinement effect and the intergranular second phase strengthening. 

Meanwhile, an acceptable reduction in plasticity was achieved, i.e., 0.236 for ZM1 and 0.197 for ZM3.  
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Fig. 2. True stress-strain curves of ZM alloys under compression. 

3.2.  Degradation prediction and verification 

As described in Section 2.4, microstructural configurations of ZM alloys that depicted from SEM were 

employed as the geometrical FE models for degradation prediction. As shown in Fig. 3, unit cell with 

a side length of 30 µm is constructed, in which the Mg matrix, grain boundary and second phase are 

included, representing in yellow, red and blue respectively. The predicted results are shown in Fig. 4, 

and it can be seen that the grain boundary had poor corrosion resistance during the entire corrosion 

process, while the matrix and second phase were the opposite. Even in the early stage of corrosion, 

most of the grain boundaries were corroded for all the 3 specimens. Then the corrosion gradually 

expanded to the matrix along the grain boundary, while the second phase played a role in 

blocking/delaying the corrosion expansion. Therefore, for ZM1, in which basically no second phase 

existed, the matrix had obvious corrosion in the middle stage of corrosion; for ZM2 and ZM3, only 

partial of the matrix was corroded around the grain boundary. With the continuous erosion of the SBF 

(e.g., t=1.0), most of the surface area of ZM1 had obvious corrosion, and most of the matrix of ZM2 

and ZM3 was corroded and only the second phase itself had not been corroded. In general, ZM2 and 

ZM3 possessed the better corrosion resistance than ZM1.  
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Fig. 3. FE models for degradation prediction of ZM alloys: (a) ZM1, (b) ZM2 and (c) ZM3. 

 

Furthermore, in-vitro immersion tests were carried out for verification. Fig. 5 shows the corrosion 

morphologies of ZM alloys after 2 days immersion in SBF. It can be found that many trench-like 

corrosion paths appeared on the surface after washing and air-drying the soaked specimens. ZM2 and 

ZM3 had the uniform corrosion performance, while ZM1 had obvious local corrosion with some small 

pieces of flaking. Although the grain boundary corrosion effect was intensified due to smaller grain 

size introduced more grain boundaries, the grain refinement made the entire corrosion process more 

uniform and severe corrosion in local areas was avoided. Meanwhile, the increase in Zn content 

introduced more intergranular second phase of Mg-Zn, which was beneficial to the delay of corrosion 

process. The corrosion rate shown in Fig. 6 also confirmed that the ZM2 and ZM3 had the better 

corrosion resistant than that of ZM1. These testing results were consistent with the previous FE 

predictions, thus well verifying the validity of the proposed CDM-based degradation model. 

 
Fig. 4. Degradation prediction of ZM alloys: (a-c) ZM1 at t=0.1, 0.5 and 1.0 respectively; (d-f) ZM2 at 

t=0.1, 0.5 and 1.0 respectively; (g-i) ZM3 at t=0.1, 0.5 and 1.0 respectively. 
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Fig. 5. Corrosion morphology of (a) ZM1, (b) ZM2 and (c) ZM3 alloys after 2 days immersion in SBF. 

 

 
Fig. 6. Corrosion rates of ZM alloys after 2 days immersion in SBF. 

4.  Conclusions 

(1) Zn has the grain refinement effect, and the second phase of intergranular Mg-Zn increased with the 

increase of Zn content, which improved the mechanical properties of the alloy significantly at the cost 

of acceptable reduction in plasticity. 

(2) FE predictions showed that the grain boundary had poor corrosion resistance while the second 

phase facilitated delaying corrosion expansion, consistent results were obtained from the in-vitro tests. 

Therefore, the proposed CDM-based model is valid for the degradation prediction of ZM alloys. 

(3) This study suggested that Mg-Zn-Mn alloy has satisfactory mechanical strength and 

controllable corrosion rate, which should be a promising candidate for future biomedical applications. 
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