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EFFeCT OF TIN ADDITION ON THe DeGRaDaBILITY aND CORROSION PROpeRTIeS  
OF a NeW Zn-1.0 WT.% Mg ALLOY

In this study, to investigate effects of tin addition on the microstructures and corrosion properties, Zn-1Mg-xSn (x = 1.0, 2.0 
and 5.0 wt.%) ternary zinc alloys were prepared. The experimental results indicated that the Zn-1Mg-2.0 wt.% Sn alloy has the bet-
ter mechanical properties compared with pure zinc and Zn-1Mg alloy. The tensile strength of the alloy material is 173.2±3.7 MPa, 
the yield strength is 120.7±2.4 MPa, the elongation is 5.64±0.08% and the hardness is 76.9±0.8 HV. The average degradation rate 
of the alloys immersion in SBF solution for 60 days is 0.16±0.03 mm/year, and the Zn-1Mg-2.0 wt.% Sn alloy hemolysis rate 
is only 0.81±0.02%. It is confirmed that the addition of tin is effective to improve the mechanical properties and degradation of 
Zn-1Mg alloy. It may be a candidate of the clinical application requirements of the degradable implant materials in orthopedics.
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1. Introduction

With the development of society, there are millions of 
people with fracture problems caused by accidents such as car 
accidents or natural disasters every year, and it is showing an up-
ward trend year by year [1]. At present, the most common method 
for clinical treatment of fractures is to implant artificial bone 
implants, such as titanium alloy, stainless steel, cobalt-chromium 
alloy, etc. [2-5]. Since the implantable material cannot exist in 
the human body for a long time, a second operation is required 
to remove it from the human body, which not only increases the 
economic burden, but also increases the postoperative risk of the 
patient [6,7]. Therefore, the advantages of biodegradable bio-
medical metal materials have received extensive attention from 
academia [8-10]. The biodegradable metal materials currently 
studied are mainly divided into three categories: magnesium 
alloys, iron alloys and zinc alloys [8,11,12].

In recent years, Zn-Mg alloy has received extensive atten-
tion in the field of biomedicine due to its good mechanical prop-
erties and biocompatibility. Zinc has a hexagonal close-packed 
(HCP) structure and is used to make several alloys due to its 
galvanizing and sacrificial properties [13]. Galvanic corrosion 
was observed in all binary Zn alloys with intermetallic phases. 

Zn acted as the anode in Zn-Fe [14], Zn-Cu [15], and Zn-Ag 
[16] alloys while Zn was the cathode in other alloys. Tang et al. 
[17] added Cu and Mg to pure Zn for alloying treatment, which 
improved the mechanical properties of pure Zn, and the corrosion 
rate met the requirements of biodegradable biomedical materials, 
and at the same time increased the cell proliferation rate. Li et al. 
[18] implanted zinc alloy into the bone marrow cavity of mouse 
femur. The experimental results showed that zinc alloy meets 
the degradation rate requirements of orthopedic repair implant 
materials, and an appropriate Zn2+ concentration can promote 
the formation of new bone. Bowen et al. [19] implanted pure 
zinc into the abdominal aorta of mice. The experimental results 
showed that Zn can reduce the incidence of cardiovascular ste-
nosis. For zinc alloy research, there are Zn-Mg [20] and Zn-Li 
[21-23]. For bone implant zinc alloy research, there are now three 
types: Zn-Mg [24], Zn-Ca and Zn-Sr [18] reported. There are 
other elements beneficial to bone health as additional elements 
for research, such as Mn [25], Fe [14], Cu [15], Ag [16] and so on. 

Tin has a low melting point, does not easily react with air 
and water at room temperature, has good ductility, has no physi-
ological toxicity, and has a good sterilization effect. At the same 
time, the tin element is also an essential trace element for the 
human body, participating in the synthesis of protein and nucleic 
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difference between Zn-1Mg-1.0 wt.% Sn and Zn-1Mg-2.0 wt.% 
Sn. Therefore, it can be concluded that the prepared ternary alloy 
does not produce ternary solid solution.

Fig. 2 shows the optical microscope (OM) image and 
(EDS) image of the as-cast pure Zn and Zn-1Mg-xSn alloys. 
It can be seen from the figure that the grains of Zn-1Mg-xSn 
alloys are more obvious than those of pure zinc, and the grains 
are refined to a certain extent. The Zn-1Mg-xSn alloys sample 
was attached to the scanning electron microscope through the 
EDS energy spectrum analyzer of the Zn-1Mg-xSn alloys grain 
boundary. The experimental results show that the elements inside 
the crystal grains are Zn and Mg, indicating that Mg enters the 
crystal grains in the form of solid solution. The main elements 
at the grain boundaries are Zn, Mg and Sn. According to the 
analysis of OM, EDS and XRD patterns and conjunction with 
the literature [20], the precipitation of Mg2Zn11 and MgSn2 
phases at the grain boundaries hinders the grain growth process 

Fig. 2. As-cast metallographic microstructure and EDS: (a) Pure Zn; (b) Zn-1Mg-1.0 wt.% Sn; (c) Zn-1Mg-2.0 wt.% Sn; (d) Zn-1Mg-5.0 wt.% Sn

Fig. 1. X-ray diffraction energy spectrum of Zn-Mg-xSn alloys
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and refines the grains. Compared with pure zinc and Zn-1Mg, 
the metallographic structure of the Zn-1Mg-xSn alloys have 
been improved, and the grain size has been refined, because 
the Mg2Zn11 phase and Mg2Sn phase precipitated at the grain 
boundary hinder the solidification process the crystal grains 
grow, thereby increasing the number of crystal nucleation sites 
and benefited to alloys strengthener.

TABLE 1 shows the comprehensive mechanical proper-
ties of pure zinc, Zn-1Mg [31] and as-cast Zn-1Mg-xSn alloys. 
Compared with pure zinc and Zn-1Mg, the tensile strength (TS), 
yield strength (YS), microscopic hardness and elongation of Zn-
1Mg-xSn alloys have been improved. The overall mechanical 

properties of Zn-1Mg-xSn alloys are on the rise, but with the 
increase of Sn content, the mechanical properties of the alloys 
first increase and then decrease. The improvement of mechani-
cal properties of Zn-1Mg-xSn alloys is due to the presence of 
Mg2Sn, MgZn2 and Mg2Zn11 phases in the alloy crystal, which 
leads to lattice distortion, impeding dislocation movement, in-
creasing the difficulty of crystal slip, and improving the strength, 
toughness and hardness of the alloy. Meanwhile, Mg2Sn phase 
is brittle phase. With the increase of Sn content, the elongation 
of Zn-Mg-xSn alloys has little change. Various mechanical 
properties show that the comprehensive mechanical properties 
of Zn-Mg-xSn alloys are good. Fig. 3 shows the tensile fracture 

TABLE 1

Mechanical properties of pure zinc, Zn-1Mg-1.0 wt.% Sn, Zn-1Mg-2.0 wt.% Sn, Zn-1Mg-5.0 wt.% Sn

Materials (wt.%) Tensile strength (MPa) Yield strength (MPa) Elongation (%) Hardness (HV)
Pure Zn 31.5±1.0 22.4±0.5 0.87±0.02 28.0±0.2

Zn-1Mg-1.0 wt.% Sn 167.9±3.2 122.2±2.7 4.23±0.05 75.5±0.7
Zn-1Mg-2.0 wt.% Sn 173.2±3.7 120.7±2.4 5.64±0.08 76.9±0.8
Zn-1Mg-5.0 wt.% Sn 163.8±3.5 119.8±2.2 5.81±0.10 64.0±0.5

Zn-1Mg [31] 145.0±3.0 95.0±2.0 1.50±0.03 65.0±0.5

Fig. 3. SEM image of tensile fracture morphology: (a) pure zinc; (b) Zn-1Mg-1.0 wt.% Sn; (c) Zn-1Mg-2.0 wt.% Sn and (d) Zn-1Mg-5.0 wt.% 
Sn; (e)Zn-1Mg
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sion, the surface of pure zinc is still relatively smooth, without 
corrosion cracks and deep corrosion pits. Increased corrosion 
for Zn-1Mg-1.0 wt.% Sn compared to pure Zn, but overall it is 
relatively smoother. There are deeper corrosion pits in the alloy, 
and the corrosion is more serious. After 30 days of immersion, 
the surface corrosion of pure zinc increased, and the pitting cor-
rosion continued to expand and turned into surface corrosion. The 
corrosion degree of Zn-1Mg-1.0 wt.% Sn deepens, and corrosion 
cracks appear, and the corrosion of Zn-1Mg-2.0 wt.% Sn is deep-
ened, corrosion cracks appear, the corrosion area is enlarged, and 
the corrosion surface has many larger corrosion pits and particles. 
The corrosion of Zn-1Mg-5.0 wt.% Sn is the most serious, and 
some of the alloy matrix appears loose and peeled. After 60 days 

of immersion, corrosion cracks even appeared on the surface 
of pure zinc, and Zn-1Mg-1.0 wt.% Sn was corroded, and the 
cracks became corroded surfaces, and the corrosion was further 
intensified. Zn-1Mg-2.0 wt.% Sn further aggravated the corrosion 
along the corrosion cracks, and the surface part of the substrate 
seemed to fall off. The surface corrosion of Zn-1Mg-5.0 wt.% 
Sn is further intensified, the base alloy is severely peeled off, and 
the good corrosion morphology cannot be maintained.

Fig. 7 is a graph of the hemolysis rate of pure zinc and  
Zn-1Mg-xSn alloys. Experimental results show that the hemoly-
sis rate of pure zinc and Zn-1Mg-xSn alloys are lower than the 
safety threshold (5%), indicating that pure zinc and Zn-1Mg-xSn 
alloys will not damage red blood cells during the degradation 

Fig. 6. Corrosion morphology of pure zinc and Zn-1Mg-xSn alloys immersed in SBF solution at 37°C for 7 days: (a) pure zinc;  
(b) Zn-1Mg-1.0 wt.% Sn; (c) Zn-1Mg-2.0 wt.% Sn and (d) Zn-1Mg-5.0 wt.% Sn; corrosion morphology after immersion for 15 days: (e) pure zinc;  
(f) Zn-1Mg-1.0 wt.% Sn; (g) Zn-1Mg-2.0 wt.% Sn and (h) Zn-1Mg-5.0 wt.% Sn; corrosion morphology after immersion for 30 days:  
(i) pure zinc; (j) Zn-1Mg-1.0 wt.% Sn; (k) Zn-1Mg-2.0 wt.% Sn and (l) Zn-1Mg-5.0 wt.% Sn; corrosion morphology after immersion for 60 days: 
(m) Pure zinc; (n) Zn-1Mg-1.0 wt.% Sn; (o) Zn-1Mg-2.0 wt.% Sn and (p) Zn-1Mg-5.0 wt.% Sn



1215

process, leaded to severe hemolysis. Compared with pure zinc, 
the hemolysis rate of Zn-1Mg-1.0 wt.% Sn and Zn-1Mg-2.0 
wt.% Sn alloy is significantly reduced and less than the safety 
threshold (5%) [25], while the hemolysis rate of Zn-1Mg-5.0 
wt.% Sn alloy is not much different than that of pure zinc, but is 
better than that of pure zinc. The hemolysis rate increased with 
the increase of tin content. This indicates that the precipitation 
of Mg2+ in Zn-1Mg-xSn alloys increases the pH value of the 
culture dish and destroys the RBC, resulting in an increased 
hemolysis rate.

Fig. 7. Hemolysis rate of pure zinc and Zn-1Mg-xSn alloys

Fig. 8 is platelet adhesion morphology between pure zinc, 
Zn-1Mg [18] and Zn-1Mg-xSn alloys. It is showed that the 

platelets attached to the surface of pure zinc and Zn-1Mg alloy. 
Observation indicated no pseudopodia are formed and only 
a small number of platelets are broken. The number of platelets 
attached to the surface of Zn-1Mg-1.0 wt.% Sn is very small, and 
there is no aggregation phenomenon. The number of platelets on 
the surface of Zn-1Mg-2.0 wt.% Sn is small, there is no aggrega-
tion, there is no obvious prosthetic foot, but some platelets are 
broken. There is no aggregation on the surface of Zn-1Mg-5.0 
wt.% Sn, the platelets are in an isolated state, and the morphol-
ogy changes greatly, but the number of platelets on the surface 
is very small. The reason is that the precipitation of Mg2﹢ in the 
Zn-1Mg-xSn alloys result in a significant change in the local 
pH of the petri dish, resulting in red blood cells due to internal 
and external cells. Osmotic pressure rises and rupture occurs, 
leading to hemolysis. It can be seen from the platelet adhesion 
morphology that with the increase of Sn content, the number of 
platelets adhering to the surface of the sample increases, and 
the morphology changes from spherical to dendritic from the 
beginning. It has found that the number of platelet adhesion is 
small and no cell ruptures. It has the better blood compatibility 
and a good hemolysis rate. This may have potential applications 
in vascular stent materials.

4. Conclusions

In this research, the developed new Zn-1Mg-xSn (x = 0, 
1.0, 2.0, 5.0 wt.%) alloys have potential biomedical application. 
Following conclusions can be drawn:
1.	 Compared with pure zinc and Zn-1.0 wt.% Mg, the 

comprehensive mechanical properties of Zn-1Mg-xSn 
alloys are significantly improved, and with the increase 

Fig. 8. Platelet adhesion morphology of pure Zn, Zn-1Mg and Zn-1Mg-xSn: (a) Pure Zn; (b) Zn-1Mg-1.0 wt.% Sn; (c) Zn-1Mg-2.0 wt.% Sn; 
(d) Zn-Mg-5.0 wt.% Sn; (e) Zn-1Mg




