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Abstract
In the present study, Mg5Sn–xZn (x = 0, 1, 2, 3, 4, and 5 wt%) alloys in superior biocorrosion properties were produced 
successfully. A novel mixing technique which prevents contact of magnesium with oxygen has been applied in order 
to produce Mg–Sn–Zn alloys by hot pressing. According to the obtained results, it was observed that a homogeneous 
microstructure could be obtained, and the formed secondary phases were uniformly distributed at the grain boundaries. 
At the same time, it was determined that addition of Zn had a grain refiner effect on microstructure. Therefore, corrosion 
resistance increased with increasing Zn ratios. Apatite structures were formed on specimen surfaces during degradation 
as protective layers. The highest corrosion resistance was obtained from TZ54 alloy, in which the apatite structures formed 
intensively. The addition of Zn to the alloys had no toxic effects on human neuron cells in terms of biocompatibility, but 
was effective for cell growth.
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1 Introduction

New biomaterials are continuously being produced in the 
biomedical field as a result of developing technology. Due 
to the low mechanical properties of polymer materials, 
which were one of the first biomaterials, and the lack of 
sufficient flexibility of ceramic materials, the areas of usage 
of these biomaterial groups are limited, encouraging 
research into novel biomaterials [1]. Metallic biomaterials, 
such as stainless steels and titanium alloys, the strength 
and fracture toughness of which are superior to those of 
polymers and ceramics, are used in the cardiovascular, 
dental, and orthopaedic fields due to their superiority [2].

Metallic biomaterials maintain mechanical integrity 
during tissue healing [2]; however, some release toxic 
ions that cause severe allergic reactions, such as local 

anaphylaxis and inflammation, which can cause life-threat-
ening conditions during degradation [3]. These conven-
tional biometals, which are used as temporary implants, 
do not degrade in the physiological environment and 
must be removed by a surgical procedure after healing. 
The demand for temporary implant materials, such as 
screws, plates, or stents, is constantly increasing; however, 
the fact that surgery must be repeated after the improve-
ment is a concern for patients [4]. Material scientists and 
engineers are therefore investigating novel biodegradable 
materials that will replace conventional biomaterials [5].

Biodegradable materials melt following completion of 
the healing process, and therefore no further surgery is 
required to remove these implants [4, 6]. Such materials 
must degrade in the body; thus, it is important that the 
soluble products can be metabolised and biologically 
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absorbed [6]. Biodegradable implants must have several 
specific features including adequate stability, moderate 
and homogeneous degradation, full bone regeneration 
within 12–15 months, and biocompatibility [7]. Magne-
sium (Mg) and Mg alloys are among the most obvious 
choices for biomaterials due to their biocompatibility and 
superior corrosion resistance [8, 9]. The density of these 
alloys is in the range of 1.74–2.0 g/cm3, which is much 
lower than that of conventional titanium (Ti)-based bio-
materials (4.4–4.5 g/cm3) and relatively similar to bone 
density (1.8–2.1 g/cm3) [10]. The elasticity modulus of 
Mg (41–45 GPa), which is higher than the fracture tough-
ness of ceramic biomaterials, is similar to that of human 
bone. The daily intake of Mg for a normal human body is 
300–400 mg, a necessary element for human metabolism 
[11]. Mg ions (cofactors) not found in protein structure 
are essential for the activation of many enzymes and the 
stabilsation of DNA and RNA structures [12]. It is thought 
that Mg-based alloys meet some of the requirements of a 
biomaterial [10]; however, during the early biodegrada-
tion phase in the body, when rapid losses in strength are 
considered, the strength of pure Mg is not high enough 
[13]. For this reason, novel Mg alloys should be produced 
via the addition of new alloying elements to Mg in order to 
improve biocompatibility and corrosion properties.

The alloying elements, Sn and Zn, have attracted atten-
tion since they belong to the group of basic elements in 
the human body. When these elements form a certain 
ratio of alloy with Mg, they have a significant effect on the 
microstructure, corrosion resistance and biocompatibility. 
There have been many studies regarding the production 
of Mg–Sn alloys by the casting method. A definite conclu-
sion of these studies is that Sn addition up to 5% by weight 
increases corrosion properties; however, with addition of 
Sn above this value, toxic effects occur in cells, and the 
corrosion resistance decreases [14]. The reason for choos-
ing 5% Sn in determining Mg5Sn–xZn alloy composition 
in the present study is that the addition of a greater ratio 
results in an increased amount of  H2 gas being released 
by the galvanic corrosion of the alloy, lowering the cor-
rosion resistance and facilitating faster processing of the 
corrosion mechanism. In similar studies on the corrosion 
of Mg–Sn alloys, the chosen Sn ratio has not been above 
5% by weight [14, 15]. Furthermore, in cell culture studies, 
Mg–Sn alloys produced by the addition of Sn above this 
ratio have been found to damage MG63 cells (bone) [16]. 
With the addition of the Zn, which is known to play an 
active role in the growth of human cells, it is possible to 
produce more advanced Mg alloys [17, 18].

It has been determined from the literature that the pro-
duction of biomedical Mg alloys is generally carried out by 
the casting method, and the number of studies using the 
conventional P/M method is almost negligible due to the 

high reactivity of Mg with oxygen. However, it is a well-
known fact that products with a better microstructure can 
be obtained by providing homogenous grain distribution 
in the materials produced by the P/M method [19, 20], 
and that the corrosion resistance of biomedical materials 
is directly related to the microstructure [21]. Therefore, 
the aims of the present study were the application of new 
methods to enable the production of Mg alloys by the P/M 
technique, creating biomaterials with superior biocorro-
sion properties, determining Zn effect on degradation 
behaviour of Mg–Sn–Zn alloys and investigating the toxic 
effects of these alloys on human neuron cells (SH-SY5Y).

2  Materials and methods

2.1  Material production

Mg powder (− 45 µm, 99.8%), Sn powder (− 10 µm, 99.9%) 
and Zn powder (− 10 µm, 99.9%) were used in present 
study. Sn was added to the Mg powder at a constant rate 
(5 wt%) and Zn at different rates (0, 1, 2, 3, 4, 5 wt%). The 
Mg powders were coated with paraffin wax up to 20% of 
the volume in a vacuum cabin to protect the contact of 
Mg with air. A Precisa precision scale with  10−4 accuracy 
was used to measure powder weights. Table 1 shows the 
chemical compositions of the Mg5Sn–xZn alloys. In this 
system where the pressing and sintering processes were 
simultaneously applied, the sintering process was carried 
out in graphite molds at 635 °C under 50 MPa pressure for 
30 min in a high purity, protective argon gas atmosphere.

2.2  Microstructure investigation

The alloys were applied to 100, 320, 400, 600, 800, 1000, 
1200, and 1500 grit grinding stages for preparation for 
metallographic examination. Processes of cleaning with 
absolute ethyl alcohol, drying in desiccator and polishing 
with 1-µm diamond suspension were carried out accord-
ing to the literature [15, 22] The alloys were etched with 

Table 1  The chemical compositions of the Mg5Sn–xZn alloys

%wt Sn %wt Zn %wt Mg Standard 
nomencla-
ture

5 0 Balance TZ50
5 1 Balance TZ51
5 2 Balance TZ52
5 3 Balance TZ53
5 4 Balance TZ54
5 5 Balance TZ55



Vol.:(0123456789)

SN Applied Sciences (2020) 2:173 | https://doi.org/10.1007/s42452-020-1988-9 Research Article

using a mixture of 95% ethyl alcohol and 5% nitric acid 
 (HNO3), which is well used in Mg-based alloys [23–25]. 
After etching, the alloys were cleaned with distiled water 
and absolute ethyl alcohol. For microstructure investiga-
tion of the alloys, scanning electron microscope (SEM), 
energy dispersive spectroscopy (EDS) device and X-ray 
diffractometer (XRD) analysis were applied.

The success of sintering process was determined 
by measuring the relative density of specimens. In the 
calculation of relative density, the literature study was 
taken into consideration [20]. Theoretical density values 
were calculated according to rule of mixture. The densi-
ties were measured by the Archimedes water displace-
ment method. Relative densities were obtained by the 
ratio of the measured density value to the theoretical 
density.

2.3  Corrosion tests

Corrosion tests were carried out according to ASTM-
G31-72 standards [26, 27]. The corrosion behaviours of 
the Mg5Sn–xZn alloys in Hank’s solution were deter-
mined by considering the amount of released  H2 gas 
and % weight losses. The chemical composition of Hank’s 
solution is given in Table 2. The surface areas of each 
alloy were calculated in  cm2 to determine the amount of 

images on the SEM/EDS device; gold filament coating 
was applied to the specimens prior to EDS inspection.

2.3.1  Determination of % weight loss

Specimens were subjected to grinding processes between 
100 and 1500 grit. After grinding, each specimen was thor-
oughly cleaned with distilled water and absolute ethyl 
alcohol and allowed to dry in a desiccator. The weight of 
each specimen was measured after drying. For each alloy, 
Hank’s solution was predetermined in a 250-mL beaker 
and the alloys of different composition were placed in 
separate beakers. Every 24 h, the specimens were taken 
from the corrosion liquid, rinsed with distilled water, and 
thoroughly cleaned with absolute ethyl alcohol. The speci-
mens were placed in a desiccator for 1 h to completely 
remove moisture. After the drying process, the weights 
of the specimens were measured, the corrosion fluids 
in each beaker were renewed, and the specimens were 
returned to the corrosion environment. Measurements 
continued until 240 h. Equation 1 was used to determine 
the weight loss of each alloy [14]. Degradation rates (mm/
year) of the specimens were obtained using Eq. 2 [29]. The 
terms specified in Eq. 2; constant coefficient K = 8.76 × 104, 
specimen weight loss W (g), specimen total surface area A 
 (cm2), corrosion exposure time T (h), and specimen den-
sity D (g/cm3) are defined as [29].

2.3.2  Hydrogen gas measurements

The hydrogen gas released during the degradation of the 
alloys in Hank’s solution was measured as described in 
the literature [22, 30, 31]. A 250-mL beaker was used for 
each alloy and a 50-mL graduated cylinder with 0.01 mL 
sensitivity was used in the system. The Hank’s solution, 
the volume of which was determined by the surface 
area of the specimens, was measured using a graduated 
cylinder and the specimens were dropped herein. The 
250-mL beaker and cylinder were inverted 180°. There-
fore, the specimens were located at the mouth of the 
graduated cylinder and at the bottom of the beaker. The 
specimens were positioned in this way in a specifically 
manufactured heating cabinet at a constant physiologi-
cal temperature of 37 °C. The heating system operated 

(1)Total weight loss (%) =
(First weight − last weight) of specimen

First weight of specimen
× 100

(2)Corrosion rate (mm∕year) =
(K ∗ W)

(A ∗ T ∗ D)

Table 2  The chemical composition of Hank’s solution (g/L) [28]

Chemical for-
mula

Quantity (g/L) Chemical for-
mula

Quantity (g/L)

NaCl 8.00 MgSO4·7H2O 0.20
KCl 0.40 Na2HPO4·12H2O 0.12
CaCl2 0.14 KH2PO4 0.06
NaHCO3 0.35

corrosion liquid to be applied. For the % weight losses 
and  H2 measurements, the amount of corrosion liquid 
was adjusted so that the ratio of the amount (mL) of 
Hank’s solution to the surface area  (cm2) of the alloy 
was 20:1 (mL/cm2). Each of the Mg5Sn–xZn alloys of 
different compositions was prepared in 10 × 10 × 3 mm 
dimensions for corrosion tests. After corrosion testing, 
the new phases formed on the surface of the specimens 
were determined by XRD analysis, and the elemental 
distribution of the microstructure was determined by 
EDS analysis. Since the conductivity of the specimens is 
reduced after corrosion testing and it is difficult to obtain 
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at a precision of 0.1 °C and controlled the temperature 
in two different zones of the heating cabinet. The cor-
rosion fluid was renewed every 24 h. Over time,  H2 gas 
began to accumulate at the top of the scale. To deter-
mine the amount of  H2 gas deposited in the graduated 
cylinder, the amount of liquid in the graduated cylinder 
was measured when the specimens were left in the heat-
ing cabinet and every 24 h for a total of 240 h.

2.4  Cell culture tests

Cells were maintained in 500  mL RPMI 1640 medium 
supplemented with 10 mL fetal bovine serum per 89 mL 
medium plus 1 mL penicillin-streptomycin. Powders of 
Mg5Sn–xZn alloys of 6 different compositions were added 
to 50-mL tubes containing medium and allowed to dis-
solve for a few weeks.

Human neuron cells (SH-SY5Y) were obtained from the 
Central Laboratory of Bingöl University in cryotubes stored 
at − 80 °C. The cells were transferred to 15-mL tubes con-
taining medium and centrifuged at 2500 rpm for 3 min to 
pellet the cells. The medium was removed and replaced 
with 4 mL fresh medium, which was then transferred to a 
T-25 cell culture flask. The cells were placed in an incuba-
tor at 5%  CO2, 37 °C and allowed to adhere, followed by 
the daily removal of dead floating cells and renewal of the 
medium.

When the cells reached 80% confluence, they were 
detached from the flask using 1 mL trypsin, and medium 
containing serum was added to inactivate the trypsin. The 
cells were centrifuged for 2 min at 2500 rpm for pelleting 
and resuspended in fresh medium. The cells were subse-
quently seeded in a 96-well plate at a volume of 100 µL 
(at least 10,000 cells) and placed at 37 °C, 5%  CO2 for 24 h.

In each well of the first row, 100 µL media was aspirated, 
leaving the cells on the bottom of each well. Mg5Sn–xZn 
alloys were dissolved in RPMI 1640 medium at a constant 
concentration (250  µg/mL) to determine the toxicity 
effect of these alloys on human neuron cells (SH-SY5Y). 
Previously prepared Mg5Sn–xZn alloy solutions in medium 
were added to each well at a volume of 200 µL (3 columns 
per alloy composition). Beginning from the first column, 
the solution was mixed into second row by taking 100 µL 
from first row; accordingly, the dose of the alloy solution 
was halved in each row. Fluid transfer ended at seventh 
row. Last row was left as the control without fluid transfer. 
The same procedure was applied to the other columns. 
The 96-well plates were returned to the incubator and the 
alloy solutions were allowed to act on the cells for 24 h. A 
volume of 3 µL WST-1 was added to each well to deter-
mine the degree of effect of the alloy solutions on the cells. 
After a 3-hour incubation, the absorbance of each well was 
measured at 450 nm using an ELISA plate reader and the 

viability of SH-SY5Y cells was assessed. Statistical analysis 
of the data was performed using the Graphpad Prism 5 
software. The statistical comparison of the groups was car-
ried out using Dunnett’s test, and statistical significance 
was analysed using one-way ANOVA. A significance level 
was set at p < 0.05. The measurements in each group were 
performed in at least triplicate.

3  Results and discussion

3.1  Evaluation of density and relative density data 
of the alloys

Figure 1 shows the density and relative density values of 
Mg5Sn–xZn alloys produced by the hot pressing. Density 
values of the alloys always increased with increasing Zn 
ratios which were very close to the theoretical density val-
ues. It can be understood from Fig. 1 that relative density 
values of all alloys were over 99% and sintering process 
were succesfull. In a similar study by Turan et al. [32], it was 
reported that successful sintering process was carried out 
with obtaining relative density values over 99%.

3.2  XRD results before and after immersion

The phase compositions of the Mg5Sn–xZn alloys were 
examined by XRD analysis (Fig. 2a). Hot pressed-sintered 
all alloys had typical α-Mg and  Mg2Sn phase. TZ55 alloy 
also contains one more phase (MgZn phase). No peaks of 
the MgO phase were found, indicating that oxidation can 
be prevented throughout the entire production process, 
from paraffin coating of the Mg powders, to mixing with 
other powders and the P/M sintering of alloys. The peak 
intensity of  Mg2Sn phase was the same in all patterns. 
Hovewer, the peak intensity of α-Mg phase decreased 
with increasing Zn content, which indicated a formation 

Fig. 1  Density and relative density values of alloys
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of MgZn phase. Existence of these phases were sup-
ported by XRD analyses in similar literature studies [18, 
33]. In present study, MgZn phase was not observed in 
patterns of Mg5Sn–xZn alloys containing less than 5% by 
weight of Zn. In a similar study Ha et al. [34], the MgZn 
phase was not found by XRD analyses containing up to 

5% by weight of Zn. In another studies on Mg–Zn alloys 
[17, 35, 36], it has been determined that the presence of 
peaks of the MgZn phase are present in the XRD patterns 
of materials containing greater than 5% Zn.

The XRD patterns after immersion of Mg5Sn–xZn alloys 
in Hank’s solution for 240 h are given in Fig. 2b, indicating 

Fig. 2  XRD patterns of alloy 
specimens; a before immer-
sion, b after immersion in 
Hank’s solution for 240 h
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that corrosive products contain a calcium phosphate-
based ceramic hydroxyapatite (HA), magnesium hydrox-
ide (Mg(OH)2), and a kind of magnesium-doped apatite 
(Ca, Mg)3(PO4)2. According to a study by Kuwahara et al. 
[37], magnesium-doped apatite was found in corrosion 
residues after immersion in Hank’s solution. It was men-
tioned that this type of amorphous magnesium-doped 
apatite may occur during the corrosion process in the 
corrosion layer. In a similar study by Zhang et al. [38], 
HA and Mg(OH)2 peaks were obtained when XRD analy-
sis was applied to Mg–Zn alloy after immersion. In the 
present study, it was observed that the Mg(OH)2 peaks 
decreased and the HA peaks increased in the specimens 
as determined by XRD analysis; however, the formation of 
new (Ca, Mg)3(PO4)2 peak intensities in the regions where 
the Mg(OH)2 peaks are decreased can also be observed 
in Fig. 2b. It is thought that the Mg(OH)2 structures in the 

passive film layer are dissolved in Hank’s solution and com-
bined with phosphate structures to form the new apatite 
peaks. The formation of apatite structures is described in 
detail in the analysis of  H2 gas formation during corrosion.

3.3  SEM/EDS analysis before and after immersion

SEM and EDS analysis were used to investigate the micro-
structure of Mg5Sn–xZn alloys before and after immersion. 
SEM and EDS images of specimen surfaces before immer-
sion were given in Figs. 3a and 4a. When SEM images are 
examined, it is seen that the alloys have a nonporous 
microstructure. Obtaining the relative density values in 
Fig. 1 above about 99% supports these nonporous SEM 
images. Bright particles in microstructure were uniformly 
distributed throughout the grain boundaries. From the 
EDS analysis in the present study (Fig. 4a), gray areas were 

Fig. 3  SEM images of surface morphology of Mg5Sn–xZn alloys; a before immersion, b after immersion in Hank’s solution for 10 days
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rich in Mg and bright areas were rich in Sn. Zn content 
becomes richer in bright areas with increasing Zn ratio of 
Mg5Sn–xZn alloys. The elemental EDS analysis results are 
very close to the composition values determined for Sn 
and Zn alloying elements. As determined by XRD analy-
sis (Fig. 2a), gray areas were α-Mg phase and bright areas 
were  Mg2Sn phase and also MgZn phase with increasing 
Zn content. In the present study, all Sn and Zn were melted 
during the hot press process at 635 °C when Mg powders 
were still solid. According to phase diagrams [39], Sn and 
Zn were soluble in Mg at 635 °C. Solubility in Mg at room 
temperature is 2 wt% for Zn and 0 wt% for Sn. However, 
the specimens were cooled very fast to room temperature 
after sintering and the Sn atoms were completely precipi-
tated from the Mg during this decrease in temperature, 
forming a new phase  (Mg2Sn), while only the Zn atoms 
greater than 2 wt% were precipitated from the Mg, form-
ing a new phase (MgZn). The SEM images show that  Mg2Sn 
precipitates (bright particles) were formed at the grain 
boundaries in particular; this is due to the fact that diffu-
sion is easier at this position. In a similar study [23], it has 
been reported that rapidly decreasing soluble Sn atoms 
form  Mg2Sn precipitates due to the reduced temperature 
during solidification of Mg–Sn alloys produced by casting.

The surface morphologies of the Mg5Sn–xZn alloys of 
6 different compositions following immersion in Hank’s 

solution 10 days are given in Fig. 3b. The corrosive prod-
ucts can be seen as a white colour in the SEM images, and 
cracks are detected on the corrosion surfaces. It is thought 
that cracks formed on the specimen surfaces due to the 
 H2 gas evaluation, and the literature supports these ideas 
[37, 38]. In the TZ50 alloy, which does not contain Zn, more 
galvanic corrosion occurred. With an increasing amount of 
Zn, the pits in the corrosion surface were decreased and 
the morphology improved.

EDS images of the surface morphologies of Mg5Sn–xZn 
alloys after 10 days of immersion in Hank’s solution are 
given in Fig. 4b. It is clear that there is a corrosion layer 
containing Mg, O, Ca, and P on the specimen surface, and 
it is thought that these layers are formed by HA, Mg(OH)2, 
and (Ca,Mg)3(PO4)2, the peaks of which were determined 
through XRD analysis. EDS analysis (Fig. 4b) of the TZ50 
alloy specimen without Zn shows that the surface layer is 
composed of Mg and O. H element could not be detected 
in the elemental analysis, since the atomic radius of H is 
too small to be detected; however, this structure is thought 
to contain intense Mg(OH)2. There are very small amounts 
of Ca and P elements on the surface structure of the same 
specimen, showing the existence of a small amount of 
HA. The higher Ca and P ratios in the specimens contain-
ing Zn indicate that the apatite structures containing Ca 
and phosphate ( PO−3

4
 ) are higher in these specimens. The 

Fig. 4  Areal EDS analysis from surface of Mg5Sn–xZn alloy specimens; a before immersion, b after immersion in Hank’s solution for 10 days
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percentages of P and Ca seen in the EDS results prove this 
(Fig. 4b). In a similar study by Zhang et al. [38], the Ca and P 
ratios obtained by EDS analysis from the HA structure after 
the corrosion process applied to Mg6Zn alloys are very 
similar to those obtained from Zn-containing specimens in 
the present study. Another result that can be derived from 
the EDS analysis of the specimens in the present study is 
that the formation of apatite structures increased on the 
surface, as can be seen from the elemental distributions 
obtained from the corrosion surfaces, which are protec-
tive structures due to increasing Zn in the specimens. 
It can be seen that these structures are concentrated in 
grain boundaries, and it is thought that apatite structures 
serve as a barrier and increase corrosion resistance. More 
detailed information is given in the section on the assess-
ment of  H2 gas measurement during degradation.

3.4  Evaluation of weight loss measurements

Figure 5b shows the percentage weight loss measure-
ments of Mg5Sn–xZn alloys in Hank’s solution every 24 h. 

The greater the weight loss of a material in corrosion liq-
uid, the lower the corrosion resistance of the material and 
the higher the corrosion rate; thus, the specimen with the 
least weight loss would have the highest corrosion resist-
ance. From Fig. 5b, it can be seen that the corrosion rate 
decreases with time; this is because magnesium hydroxide 
and other apatite structures that form on the corrosion 
surface have protective and anti-degradation properties. 
In the literature [38], it is stated that corrosive products 
behave as a protective layer. Another point that is note-
worthy in the graph is that as the amount of Zn added to 
the Mg5Sn–xZn alloys reaches 4% by weight, the minimum 
weight loss occurs in the specimen and the highest corro-
sion resistance in Hank’s solution is obtained in the TZ54 
alloy. In the microstructure analysis section of the present 
study, it was mentioned that the intermetallic phases are 
homogeneously distributed in the grain boundaries and 
finer-grained structures are formed by the addition of Zn, 
which are thought to have a corrosion-enhancing effect. 
In a similar study, there was evidence that the formation of 
a finer grain in the microstructure increases the corrosion 

Fig. 5  a Measurement method of evolved hydrogen gas, b percentage weight loss measurements, c graph of  H2 gas evaluation from the 
unit area, d corrosion rates of Mg5Sn–xZn alloys in Hank’s solution
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resistance [15]. According to another study [40], micro-
structural parameters, such as phase distribution and grain 
size, affect the degradation behaviour of Mg-based alloys. 
As the alloy microstructure changes according to the pro-
duction method, the corrosion properties of Mg alloys also 
change. Owing to the rapid solidification, a homogenous 
and fine-grained microstructure can be formed, which 
increases the corrosion resistance of the alloys [40].

With an increase in Zn addition, the percentage weight 
loss rate decreased overall; however, although the TZ55 
alloy contains the highest proportion of Zn (5% by weight) 
as compared with the other alloys, the corrosion resist-
ance of this alloy is shown to be reduced (Fig. 5b). It is 
thought that the MgZn intermetallic phase caused this 
situation as determined by XRD analysis shown in Fig. 3 
and was formed only in the TZ55 alloy. In the literature 
[41], galvanic corrosion generally begins with a defect in 
the vicinity of the intermetallic phases under passive film. 
The behaviours of the Mg matrix, as an anode, and the 
cathode caused intermetallic secondary phase particles 
to be observed at the grain boundaries, accelerating the 
degradation events in these regions [17, 41]. For exam-
ple, during corrosion tests in the 3.5% NaCl solution of 
the AM60 alloy, galvanic corrosion began in the vicinity 
of the Al–Mn particles [41]. Cai et al. [17], investigated the 
corrosion properties of the alloys obtained by adding Zn 
to 3%, 5%, and 7% by weight. According to their results, 
MgZn phases were determined in alloys containing 5% 
and 7% Zn, and the corrosion resistance of these alloys 
decreased due to an increase in Zn ratio. The decrease in 
corrosion resistance was attributed to two reasons. Firstly, 
the intensity of MgZn peaks obtained by XRD analysis 
increased with increasing amounts of Zn. The increased 
amount of secondary phase produced more anodic and 
cathodic boundaries, thus causing more galvanic corro-
sion at these limits. Secondly, in these alloys produced 
by the casting method, the secondary phases distributed 
in the grain boundaries are in the form of a continuous 
web, increasing the anodic and cathodic boundaries and 
causing more galvanic corrosion to occur. In the present 
study, the SEM images of the Mg5Sn–xZn alloys produced 
by the hot pressing using the P/M technique (Fig. 4) show 
that the secondary phases are not continuous webs in the 
grain boundaries but instead occur in discontinuous form. 
Therefore, the corrosion resistance properties obtained in 
the present study are better than those reported in the 
literature [14, 15, 17, 34]. In another similar study regard-
ing the effect of secondary phases on corrosion resistance 
[14], corrosion rates were applied to Mg–Sn alloys con-
taining different amounts of Sn. It is known that there is 
an increase in the  Mg2Sn phase with an increase in the 
amount of Sn, which leads to more galvanic corrosion and 
a decrease in corrosion resistance.

In the present study, the TZ54 alloy produced by the hot 
pressing had a weight of 365.9 mg prior to immersion in 
Hank’s solution, and after 10 days of immersion, its weight 
decreased to 329.4 mg. The corrosion rate of this alloy was 
determined as 3.65 mg/day, which is much lower than the 
corrosion rate of the coated AZ31 alloy (8 mg/day), which 
is currently used as a biomedical material [42].

3.5  Evaluation of evolved hydrogen gas 
and corrosion rate

The graph of  H2 gas evaluation from the unit area of 
Mg5Sn–xZn alloys during immersion in Hank’s solution 
is shown in Fig. 5c. During the immersion time in Hank’s 
solution for 120 h, there was an increase in the amount of 
evolved  H2 gas. After 120 h of immersion, reductions in 
the evolved  H2 gas volume measured at intervals of 24 h 
continued until 240 h. Thus, the corrosion rate increased 
continuously for the first 120 h (5 days) but slowed down 
during the last 120 h (last 5 days). At the beginning of the 
immersion process, the specimen surface is protected due 
to the oxide/hydroxide film; however, this film begins to 
dissolve in basic medium or by degradation by  Cl− ions. 
The surface area of the specimen is increased as the 
surface dissolves; therefore, the  H2 gas outlet rate also 
increases. As a result of diffusion control after a certain 
time, the  H2 gas outlet rate remains constant. It is also pos-
sible to explain the relationship between the volume of 
evolved  H2 gas and the corrosion rate by referring to the 
corrosion mechanism. Magnesium is dissolved in Hank’s 
solution according to the reactions in Eqs. 3, 4, 5 and 6 
[14, 15].

As understood from Eqs. 3, 4, 5 and 6, the more Mg(OH)2 
forms as the corrosive product, the more  H2 gas is released. 
The graph of XRD analysis of the specimens after immer-
sion (Fig. 2b) shows that the highest peak intensity val-
ues for the Mg(OH)2 phase were obtained from the TZ50 
alloy without Zn. As expected, according to the graph 
in Fig. 5c, the maximum amount of evolved  H2 gas was 
obtained from this alloy. Passive Mg(OH)2 film struc-
tures also increase with increased corrosion. During the 
decrease in corrosion rate, it is thought that this passive 

(3)Mg → Mg2+ + 2e−(anodic reaction)

(4)2H2O + 2e− → 2OH− + H2(cathodic reaction)

(5)Mg2+ + 2OH−
→ Mg(OH)2(product formation)

(6)Mg + 2H2O → Mg(OH)2 + H2(total reaction)
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film is transformed into apatite structures with phosphate 
content, and the corrosion rate decreases due to the fact 
that these apatite structures are more stable. This situation 
has been explained in the literature as follows [38, 42].

The free  Cl− ions in Hank’s solution convert the structure 
of Mg(OH)2 into  MgCl2 as in Eq. 7 [43]. The  MgCl2 struc-
ture is dissolved in  Mg2+ and  2Cl− ions and settles on the 
surface of the specimen, leaving the  OH− in the environ-
ment [44]. As a result, free phosphate ions ( H2PO

−
4
, HPO−2

4
, 

and PO−3
4

 ) (Eq. 8) and  Ca2+ ions in Hank’s solution can react 
with  OH− to form HA and other apatite structures as deter-
mined by XRD analysis according to Eq. 9 [45]. Therefore, 
 Mg2+ ions in biological apatites are one of the main sub-
stitutes, and it is possible that the magnesium-doped apa-
tite structure is precipitated on the specimen surface [37]. 
As a result, corrosive products containing HA and other 
magnesium-doped apatites can reduce the corrosion rate 
by forming a protective layer on the surface via the filling 
of corrosion cracks [38].

The reasons for the differences in corrosion rates 
between the start and end of corrosion tests are now 
understood. In the present study, as can be seen from 
the XRD analysis in Fig. 2b and the EDS analysis in Fig. 4b, 
Mg5Sn–xZn specimens with a greater amount of apatite 
structures in the surface morphology were exposed to less 
corrosion. It was determined that the apatite structures 
formed a protective layer on the surface, which decreased 
the corrosion rates (Fig. 5d) of the specimens. For this rea-
son, most apatite structures were formed on the surface of 
the TZ54 alloy. Accordingly, in the present study, the low-
est  H2 gas content was obtained from the TZ54 alloy, with 
a value of approximately 15 mL/cm2. In a similar study, 
Shuai et al. [15], applied immersion in Hank’s solution 
to determine the corrosion properties of Zn-containing 
MgSnZn alloys produced by the conventional P/M method 
and measured the volume of evolved  H2 gas from the 
surface of the alloys during corrosion. The lowest  H2 gas 
measurement of approximately 40 mL/cm2 was obtained 
from the Mg5Sn4Zn alloy. In the literature [46], it is men-
tioned that 1 mg Mg must be dissolved to release 1 mL  H2 
gas [11]. It is also known that the daily intake of Mg for a 
normal adult is between 300 and 400 mg [11]. In the pre-
sent study, the TZ54 alloy, in which the corrosion rate and 

(7)Mg(OH)2 + 2Cl− → MgCl2 + 2OH−

(8)H2PO
−
4
→ HPO−2

4
+ PO−3

4

(9)10Ca+2 + 6PO−3
4

+ 2OH−
→ Ca10

(

PO4

)

6
(OH)2

volume of evolved  H2 gas were lowest, lost approximately 
10% of the amount of Mg that should be taken daily.

Bar graphs of the corrosion rates of Mg5Sn–xZn alloys 
are given in Fig. 5d. The corrosion rate is generally reduced 
with increasing Zn content. The lowest corrosion rate is 
observed following immersion of the TZ54 alloy. With an 
increase in Zn content from 4 to 5 wt%, the corrosion rate 
increased. As previously mentioned, this is thought to be 
due to the MgZn phase, which could only be found in the 
XRD spectra of the TZ55 alloy. Yim et al. [47], applied an 
extra heat treatment to homogenise the microstructure 
of Zn-containing Mg5Sn–xZn alloys produced by the cast-
ing method and then subjected them to corrosion tests. 
Corrosion rates of Zn containing alloys at 1 wt%, 2 wt%, 
and 3  wt% were approximately 2.6, 2.8, and 3.7  mm/
year, respectively. As shown in Fig. 5d, the best corrosion 
properties obtained in the present study with the TZ54 
alloy were 1.49 mm/year, which was 42.6% less than that 
obtained by Yim et al. [47].

3.6  Cell viability analysis

The graph showing the 24-hour effect of Mg5Sn–xZn 
alloys on the viability of human neuron cells is given in 
Fig. 6. These alloys containing different ratios of Zn were 
dissolved in the medium to concentrations of 3, 7, 15, 31, 
62, 125, and 250 µg/mL. There was no effect on SH-SY5Y 
cell viability at any dose over a 24-hour period; however, 
cell viability increases due to increasing doses. It is known 
that Zn plays an important role in the growth of human 
cells [48]. Gu et al. [48], investigated the effects of binary 
Mg alloys produced by the casting method on fibroblasts 
(L-929 and NIH3T3), osteoblasts (MC3T3-E1), and blood 
vessel-related cells (ECV304 and VSMC). According to their 
results, increasing Zn concentrations showed increased 
viability in all cells. Increasing Sn concentrations were 
also found to have no toxic effects on L-929, NIH3T3, or 
MC3T3-E1 cells [48].

4  Conclusions

The Mg5Sn–xZn alloys were prepared succesfully by 
hot press sintering method. The XRD results show that 
the  Mg2Sn phase was observed in all Mg5Sn–xZn alloys. 
Hovewer, MgZn phase was formed only in the TZ55 alloy. 
The added Zn alloying elements provided a finer particle 
microstructure, thus improving the corrosion properties 
of the Mg5Sn–xZn alloys. As a result of immersion, the 
weight loss percentage and amount of evolved hydro-
gen gas decreased until 4 wt% Zn-containing specimens 
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and increased again in specimens containing 5 wt% Zn 
because of MgZn phase, so TZ54 alloy showed the best 
corrosion properties. Hydroxyapatite and magnesium-
doped apatite structures were also determined as protec-
tive layers on specimen surfaces, which were determined 
by XRD and EDS analyses. These structures were most 
commonly observed in the TZ54 alloy, in which the corro-
sion rate was the lowest. Apatite layers act as a protective 
layer during degradation. In addition to all these, it was 
determined that Mg5Sn–xZn alloys did not have a toxic 
effect on human neuron cells, but were effective for cell 
growth.
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