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Abstract: Magnesium alloys have good biocompatibility, but their mechanical properties and corrosion resistance may not be 
satisfied for using as degradable materials within bone due to its high corrosion rate in the physiological environment. Nano β-TCP 
particles were added into Mg-Zn-Zr alloy to improve its microstructure and the properties. As-extruded Mg-3Zn-0.8Zr alloy and 
Mg-3Zn-0.8Zr/xβ-TCP (x=0.5%, 1.0% and 1.5%) composites were respectively fabricated. The grains of Mg-Zn-Zr/β-TCP 
composites were significantly refined. The results of the tensile tests indicate that the ultimate tensile strength and the elongation of 
composites were improved with the addition of β-TCP. The electrochemical test result in simulation body fluid shows that the 
corrosion resistance of the composites was strongly enhanced comparing with that of the alloy. The corrosion potential of 
Mg-3Zn0.8-Zr/1.0β-TCP composite is −1.547 V and its corrosion current density is 1.20×10−6 A/cm2. 
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1 Introduction 
 

Biodegradable materials are very salutary in 
medical application[1]. They play a temporary 
supportive role in the restoration of tissues and can 
degrade gradually after healing. Therefore, they can be 
used as permanent implants, which may not cause 
mismatches between the implant and the body nor 
physiological inflammatory, and a secondary surgery is 
also unnecessary. At present, most biodegradable 
implants are polymer, and some metallic implants are 
appearing[2]. Taking the mechanical strength into 
account, the latter ones have more advantages. 
Magnesium alloys are dissolvable in aqueous solution, 
especially in that containing chloride ions due to their 
low corrosion potential[3−4]. Thus, they are generally 
considered as promising materials for biodegradable 
orthopaedic implants[5] and vascular stents[6]. Recently, 
a series of Mg-based biodegradable implants were 
developed[7−13]. Furthermore, a biodegradable Mg stent 
was used in clinical experiments, which demonstrated 

the feasibility of Mg based vascular stents[14]. However, 
the high corrosion rate of Mg alloys results in rapid 
consumption of hydrogen[13] and increasing pH value, 
which badly affects the pH-dependent physiological 
process around the implant. Moreover, the implants with 
high corrosion rate lose their mechanical integrity before 
the tissues get entirely healed. Previous studies showed 
that purification could reduce the corrosion rate of Mg. 
However, the application of pure Mg in orthopedics and 
the repairing of load-bearing bone is confined because of 
its low yield strength[13]. Therefore, it is necessary to 
develop Mg alloys with good corrosion resistance and 
high strength for the application in biomedical 
engineering. 

Alloying elements can be added to improve the 
mechanical properties and the corrosion properties of 
pure Mg. With the aim of maintaining the 
biocompatibility and biodegradability of Mg alloys, 
SONG[13] studied the in vitro corrosion rates of several 
binary Mg alloys, and indicated that Ca, Mn and Zn 
could be suitable selections. Recently, some 
investigations demonstrated that Mg-Zn[9] alloy could  
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gradually degrade within tissues and had good 
biocompatibility in vivo. Zr is confirmed to have a series 
of suitable properties to be used as metallic biomaterials 
such as low density, high corrosion resistance and 
biocompatibility[15]. Furthermore, adding Zr element 
into Mg-Zn alloys can effectively refine their grains. Mg 
alloys containing Zn and trace amount of   Zr were 
chosen in this study to fabricate Mg-Zn-Zr alloys. 

Recent research indicated that the addition of 
ceramic reinforcement can enhance the mechanical and 
corrosion resistance properties of Mg alloys[11, 16]. 
β-tricalcium phosphate (β-TCP) is a bioactive material 
which has good biocompatibility and biodegradability. 
Moreover, the degrading of β-TCP can offer abundant 
calcium and phosphorus elements to the osteoblasts, and 
then promotes the formation of new bone. Nowadays, the 
application of β-TCP in composites focused on the 
fracture fixation material using polylactice acid as matrix 
and β-TCP particles as reinforcement[17−20]. Based on 
the aforementioned considerations, β-TCP particles are 
selected to improve the corrosion resistance and the 
mechanical properties of Mg-Zn-Zr alloys. 

In this study, Mg-Zn-Zr based composites 
reinforced with different contents of β-TCP were 
successfully synthesized, and the influence of β-TCP on 
the microstructure and the properties of Mg-Zn-Zr alloy 
was investigated. 
 
2 Experimental 
 
2.1 Material preparation 

High purity Mg (99.99%), Zn (99.99%), 
Mg-30Zr(mass fraction, %) alloy and nano β-TCP 
particles with a diameter of about 100 nm were used to 
prepare Mg-3Zn-0.8Zr alloy and Mg-3Zn-0.8Zr/xβ-TCP 
(x=0.5, 1 and 1.5, mass fraction, %) composites. The 
nano β-TCP particles were synthesized by chemical 
reactions in the aqueous solutions of Ca(NO3)2 and 
(NH4)2HPO3, respectively. The chemical deposition was 
carried out at 25 °C, and the pH value of the aqueous 
solutions was controlled to be about 8 by adding NaOH 
solution during the course of the reaction. The chemical 
compositions of the melted Mg-Zn-Zr alloy and 
Mg-Zn-Zr/xβ-TCP composites are listed in Table 1. 

The melting was carried out in a vacuum inductive 
furnace (ZG-10) under the protection of argon gas. When 
the temperature rose to 780 °C, it was kept in a magnetic 
stirring for about 10 min, then the melt was cast into 
ingots with a diameter of 60 mm at about 680 °C. After a 
homogenizing annealing at 420 °C for 13 h, the ingots 
were extruded at 400 °C into bars with an extrusion  
ratio of 56. Then the extruded bars were aged at 150 °C 
for 24 h. 

Table 1 Compositions of samples (mass fraction, %) 

Sample No. Zn Zr β-TCP Mg 

1 3 0.8 0 Bal. 

2 3 0.8 0.5 Bal. 

3 3 0.8 1.0 Bal. 

4 3 0.8 1.5 Bal. 

 
2.2 Microstructure and mechanical properties 

The samples with a size of d8 mm × 3 mm were cut 
from the extruded bars of Mg-Zn-Zr alloy and 
Mg-Zn-Zr/β-TCP composites respectively for 
microstructure observation. All samples were polished 
by SiC papers up to 1000 grit, and then ultrasonically 
cleaned in the absolute ethanol and distilled water for 5 
min each, and etched in a solution of 5 g of picric acid, 
0.5 mL of acetic acid, 5 mL of distilled water and 25 mL 
of ethanol, then ultrasonically cleaned in the alcohol for 
5 min. Microstructure observation was conducted on a 
optical microscope (OLYMPUS U-TV0.5XC-3) and a 
scanning electron microscope (FE-SEM, JSM-6700F) 
equipped with energy dispersive spectrum (EDS). X-ray 
diffraction analysis (XRD，D/MAX-2000PC) was used to 
examine the phases of the alloy and composites. 

Mechanical testing samples were cut from the 
extruded bars along the extrusion direction, with a size of 
d20 mm× 4 mm. Tension tests were carried out on a 
WDW-100 electron universal testing machine with a 
strain rate of 1 mm/min. For each type of the samples, 
three tests were conducted. A sclerometer (Japan 
HMV-2T) was used to mensurate the Vickers hardness 
of the samples with an utmost load of 9.8 N and a 
loading time of 20 s. 
 
2.3 Electrochemical measurements 

The electrochemical measurements of the samples 
were performed in simulated body fluid (SBF) at 37 °C 
in a three electrode measurement system (CHI660C), in 
which a saturated calomel electrode (SCE) was used as 
the reference, a graphite electrode as counter electrode 
and the sample as the working electrode. Wafer 
specimens for the electrochemical test were encapsulated 
into epoxy resin with a surface of 10 mm×10 mm 
exposed to the SBF. The testing surface was polished by 
SiC papers up to 1000 grit, and then ultrasonically 
cleaned in the absolute ethanol and distilled water for 5 
min each. Potentiodynamic polarization curves were 
measured at a scan rate of 10 mV/min. 
 
3 Results and discussion 
 
3.1 Microstructure and mechanical properties 

Normally, as for the composites, the grain 
refinement can be achieved by adding ceramic particles 
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to the Mg alloys. The results show that the average grain 
size of the as-cast Mg-3Zn-0.8Zr/1.0β-TCP composite is 
much smaller than that of the as-cast Mg-3Zn-0.8Zr alloy 
as shown in Fig.1. Furthermore, the grain size 
systematically decreases with increasing the amount of 
β-TCP from about 80 μm (Fig.1(a)) to about 30 μm 
(Fig.1(b)). The result demonstrates that the presence of 
β-TCP particles has a positive influence on the 
refinement of grain size. Referring to the classical theory 
of heterogeneous nucleation, the refinement of grain size 
can be explained by the addition of β-TCP particles. 
With the addition of β-TCP particles, the solid/liquid 
interfacial energy is reduced and the embryo turns into 
the shape of a spherical cap with a wetting angle θ. 
Therefore, for a given volume of solid, the energy barrier 
to nucleation is decreased and thereby the nuclei can be 
formed at higher undercooling. In other words, 
heterogeneous nuclei can form at a higher temperature 
than homogeneous nuclei. It is obvious that the grains of 
samples are refined after hot-extruding with a large 
extrusion ratio (see Fig.2). 
 

 
Fig.1 OM images of as-cast samples: (a) Sample 1;         
(b) Sample 3 
 

Figure 3 shows the XRD patterns of the β-TCP 
powder, Mg-Zn-Zr alloy and sample 3. The XRD pattern 
of β-TCP shows that all the strong peaks of β-TCP 
appear in the range from 10° to 42°. By analyzing the 
XRD pattern of Mg-Zn-Zr alloy, it is found that all the 
peaks are caused by the Mg matrix phase and the MgZn2 

second phase. In the diffraction pattern of 
Mg-3Zn-0.8Zr/1.0β-TCP composite, the peak of β-TCP 

 

  
Fig.2 OM images of extruded samples: (a) Sample 1;         
(b) Sample 3 
 

 
 
Fig.3 XRD patterns of β-TCP powders, Mg-Zn-Zr alloy 
(sample 1) and Mg-Zn-Zr/1.0β-TCP composite (sample 3) in 
as-extruded state 
 
is not apparent, because the amount of the β-TCP is little. 
The result of the XRD analysis demonstrates that no 
other phases are detected from the reaction between the 
matrix and the reinforcement. 

Figure 4 shows the SEM images of Mg-Zn- 
Zr/β-TCP composites with different β-TCP contents. It 
can be observed that β-TCP particles distribute along the 
grain boundaries and within the grains of the alloy matrix 
phase, and a small amount of clustering β-TCP particles 
can be observed in the composite. Their corresponding 
EDX results are also shown in Fig.4, which demonstrates 
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Fig.4 SEM images and corresponding EDX analysis for marked points of samples: (a, b) Sample 2; (c, d) Sample 3; (e, f) Sample 4 
 
the presence of β-TCP particles in composites. 

Previous researches demonstrated that the 
reinforcement with a micron dimension can improve the 
tensile strength of the Mg-based composite, but its 
plasticity would decline[21]. When the size of 
reinforcement particle is reduced to nanometer scale, the 
tensile strength and plasticity of the composites would be 
both enhanced[22], which agrees with that of this 
experiment. As shown in Fig.5, the tensile strength and 
plasticity of sample 3 are enhanced by 35 MPa and 
1.87%, respectively, compared with those of sample 1. It 
is generally believed that nanoparticles can be used as 
heterogeneity nucleus to promote the formation nuclei of 
α-Μg and limit the growth of the grains. In the process of 
deformation, the existence of grain boundaries hinders 
the dislocations from slipping, resulting in dislocation 
accumulating. So it is needed to increase the stress for 

the macroscopical plastic deformation. From above, it 
can be concluded that the grain refinement can impede 
dislocation movement, and then increase the strength of 
the material. Furthermore, the MgZn2 phase formed 
during aging and β-TCP particles distributing along the 
grain boundaries can be considered strengthening phases 
which are used as barrels to prevent dislocations from 
moving and enhance the strength of matrix. With the 
addition of β-TCP ceramic particles, the grains of 
Mg-Zn-Zr matrix are refined, in which the formation and 
expansion of crack are not apt to occur, that is the reason 
why the material with a finer grain size has a higher 
plasticity. However, when the content of β-TCP is more 
than 1.0%, the elongation of composite is decreased by 
27%. It can be explained by the enhanced agglomeration 
of β-TCP particles and the formation of pores and  
defects. The mechanical properties demonstrate that the 
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Fig.5 Average tensile properties of samples with different 
β-TCP content 
 
composite with a suitable quantity of β-TCP particles is 
adapted to biomedical application. 
 
3.2 Electrochemical measurements 

The electrochemical polarization curves of the alloy 
and composites in the SBF are shown in Fig.6. Normally, 
anodic polarization curves reveal the corrosion behavior 
of Mg alloys. A higher corrosion potential and a lower 
corrosion current density in the polarization curve 
indicate a lower average corrosion rate of the material. 
Table 2 lists the corrosion potential φcorr and the 
corrosion current density Jcorr which are derived from 
Fig.6. As for sample 3, the corrosion potential is 
heightened by about 100 mV compared with sample 1 
due to the incorporation of β-TCP, and it significantly 
reduces the corrosion current density of sample 1. It is 
demonstrated that sample 3 has a better corrosion 
resistance. Previous study showed that the corrosion 
mechanism of ZK60 alloys is a typical micro-galvanic 
corrosion using α-Mg phase as anode and MgZn phase as 
cathode[23]. The grain size of composites was refined by 
 

 

Fig.6 Polarization curves of samples in SBF at 37 °C 

Table 2 Electrochemical parameters of samples 

Sample No. φcorr/V Jcorr/(10−6A·cm−2)

1 −1.648 1.78 

2 −1.630 2.04 

3 −1.547 1.20 

4 −1.531 1.74 

 
adding β-TCP particles, and the organizational structure 
became more uniform as well, therefore, the activity of 
micro-galvanic battery consisting of matrix and second 
phase decreased. It indicates that the β-TCP particles can 
effectively increase the corrosion resistance of the matrix 
and control the formation of pitting corrosion. Moreover, 
the addition of β-TCP particles increases the density of 
Mg(OH)2 layer, which can slow down the corrosion of 
samples. It is feasible that the corrosion rate of 
Mg-Zn-Zr/β-TCP can be adjusted by adding suitable 
content of β-TCP particles, further investigation is 
needed. 
 
4 Conclusions 
 

1) Mg-3Zn-0.8Zr/xβ-TCP composites with 
favorable mechanical and corrosive properties were 
successfully prepared as a biomedical degradable 
material. 

2) The β-TCP particles distribution in the 
composites is homogeneous. Moreover, the composites 
present a higher ultimate tensile strength compared with 
the Mg-Zn-Zr alloy due to the fine grain size and the 
accumulating of the dislocation. 

3) With the increase of nano β-TCP, the corrosion 
potential of the composites increases, which means a 
superior corrosion resistance of the composites is 
obtained. It is expected that the Mg-Zn-Zr/β-TCP 
composites can be used as a candidate material at 
biodegradable implant application due to their 
appropriate microstructure and properties. 
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生物可降解Mg-Zn-Zr/β-TCP复合材料组织结构及性能 
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摘  要：镁合金具有优异的生物相容性，但在生理环境中过快的腐蚀降解速率制约其成为可降解植入材料。此外，

镁合金的力学性能也较低。通过添加纳米β-TCP颗粒来改善Mg-Zn-Zr合金的显微组织及性能，制备挤压态的

Mg-3Zn-0.8Zr合金和Mg-3Zn-0.8Zr/xβ-TCP (x=0.5, 1.0, 1.5)复合材料。添加纳米β-TCP增强体的复合材料其晶粒明显

细化。拉伸实验结果表明，添加β-TCP后，复合材料的极限拉伸强度和伸长率均有所提高。电化学测试结果表明，

复合材料在模拟体液中的抗蚀性较合金基体显著提高，其中Mg-3Zn0.8-Zr/1.0β-TCP复合材料的腐蚀电极电位为

−1.547 V，其腐蚀电流密度为1.20×10−6 A/cm2. 

关键词：β-磷酸钙；镁基复合材料；显微组织；力学性能；生物可降解 
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