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EffEct of tin (Sn) Addition on thE corroSion BEhAvior of hydroxyApAtitE (hAp)  
coAtEd Mg/MgSn AlloyS uSing diffErEnt coAting MEthodS

this study investigates the effect of tin (Sn) addition on the corrosion behavior of hydroxyapatite (HaP) coated Magnesium 
(Mg) /MgSn alloys by using two different coating methods. Mg/Mg alloys have gained significant attention in recent years due to 
their lightweight, high strength, and potential for use in a wide range of industrial applications. However, their corrosion properties 
during cathodic reactions with abundant hydrogen evolution have limited their widespread use, particularly in biomedical appli-
cations. in this study, pure Mg, Mg2Sn, Mg3Sn, Mg4Sn, and Mg5Sn alloys were prepared by powder metallurgy method. then 
samples were coated by two different methods, dip-coating and electro-deposition. Potentiodynamic polarization and hydrogen 
evolution reaction analysis were performed to evaluate the corrosion rate and the hydrogen volume released from the alloys. the 
results indicate that the addition of Sn does not significantly increase the corrosion resistance of MgSn alloys. However, the current 
density and hydrogen evolution of the alloys are apparently improved after the coating process. the better corrosion resistance was 
observed for the Mg with higher composition, which are Mg4Sn and Mg5Sn. overall, the study demonstrates that coating hAP onto 
the surface of MgSn alloys is able to improve their corrosion behavior and suppress the hydrogen evolution rate (HeR) of the MgSn 
alloys. this improvement in other ways will increase their potential for industrial applications specifically in biomedical applications. 
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1. introduction

Mg-based alloys have shown great promise as biodegrada-
ble materials for biomedical applications due to their outstanding 
properties, biocompatibility, and potential for reducing long-term 
implant-related complications. the unique combination of high 
strength, low density, and biodegradability has positioned Mg 
and its alloys as viable alternatives to conventional permanent 
metallic implants, particularly in orthopedic and cardiovascular 
applications [1,2]. However, the widespread clinical implemen-
tation of Mg-based implants still faces significant challenges 
related to their rapid corrosion and subsequent hydrogen evolu-
tion, especially in physiological environments.

one approach to address the limitations of pure Mg is 
through alloying with suitable elements, which offers opportuni-
ties for tailoring the alloy’s properties to meet specific application 
requirements. among the alloying elements explored, Sn has 
garnered significant attention for its potential to enhance the 
corrosion resistance, biocompatibility and mechanical proper-

ties of Mg alloys. Sn with a solubility limit in Mg exceeding 
5 wt.%, may significantly influence the microstructure and 
thereby modify the corrosion behavior of Mg-based alloys [3-7]. 

the incorporation of Sn into MgSn alloy is anticipated to 
lead to the formation of intermetallic compounds, precipitates, 
and grain boundary segregation, each of which can influence the 
corrosion kinetics and hydrogen evolution behavior. in fact, the 
addition of Sn in MgSn alloys can significantly influence the 
coating process of HaP onto the MgSn alloy surface [8-10]. it is 
well-known that HaP [Ca10(Po4)6(oh)2] is a bioactive ceramic 
material that is widely used for its excellent biocompatibility and 
osteoconductive properties. other than that, ca3(Po4)2 coatings 
used in metal implantations have shown an enhancement in the 
biocompatibility of the implant by enhancing bone growth within 
the part of implanted. when coating HaP onto the MgSn alloys, 
the presence of Sn modifies the reactivity of the alloy, leading to 
the generation of specific surface sites that promote nucleation 
and deposition of HaP particles. this may consequently promote 
a uniform and dense coating. one of the notable studies claimed 
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that the corrosion products of HaP and magnesium hydroxide 
(Mg(oh)2) can completely cover the pits in the investigation of 
porous Mg5Sn-(Ha+tCP) composites, increasing the corrosion 
resistance over Mg-5Sn alloy [11-12].

Moreover, the addition of Sn to the MgSn alloy may also 
amend the crystallographic orientation of the HaP layer. Sn can 
interact with the HaP crystals during the coating process, leading 
to changes in the preferred crystallographic orientation of the 
HaP coating. these modifications may affect the mechanical 
properties and long-term stability of the coated layer. these 
systems could be a promising alternative for designing and de-
veloping new provisional implants for the human body [13-16].

Recently, most of the studies have been performed focusing 
on only one approach, which is either focused on alloying the 
Mg or surface modification. in this research, we developed a new 
Mg alloy followed by making use of simple coating processes, 
which is certainly capable of reducing corrosion and promoting 
the growth of new bone tissue. two different coating methods 
have been applied on MgSn alloys to assess the better surface 
modification method for biomedical applications and the corro-
sion behavior of HaP-coated Mg/MgSn alloys was evaluated by 
potentiodynamic polarization and hydrogen evaluation methods.

2. Materials & experiment 

2.1. powder metallurgy

Mg powder used in this study has a purity of 99.5%. the Sn 
powder used is obtained from Sigma aldrich with a purity rate of 
99%. Four different MgSn alloys were produced in this research. 
the alloys are designed to contain 2 wt.%, 3 wt.%, 4 wt.%, and 
5 wt.% of Sn. Prior compaction process, all the powder mixtures 
were rolled in order to ensure the mixture was homogeneously 
mixed. the rolling mill was set at 100 rpm for 10 minutes. the 
powder then has been compacted using a manual hand pallet 
press at 1500 psi. Samples then being sintered in a tube furnace 
at 450°C after obtaining the green body. the temperature raised 
by 10°C/min within 2 hours of soaking time. 

2.2. optical microscopy

the samples have been ground using silica carbide grinding 
paper, starting from the lowest grid of 400, 600, and 800 and the 
highest grid with the size of 1200. then samples are observed 
under an optical Microscope. A Metal Physics trinocular 
Metallurgical metallographic microscope oPto-edU model 
a13.0202 has been used in this research. 

2.3. Electrochemical tests

For uncoated samples, the three-electrode cell was used 
for the electrochemical test. the reference electrode used is 

a saturated calomel electrode (SCe). Meanwhile, the counter 
electrode was a platinum plate and the working electrode was 
the sample with a surface area of 1.110 cm2 exposed to sodium 
chloride (NaCl). the samples were immersed and tested in the 
solution for around 7 to 10 minutes. tafel extrapolation approach 
has been applied to obtain the corrosion current density (icorr, 
ma/cm2) of the Mg and MgSn.

2.4. coating procedure

there are two types of coating methods have been applied 
in this research, dip-coating and electrodeposition method. 
HaP powder has been diluted in distilled water for both of the 
methods and acted as the coating medium. For the dip-coating 
method, all the MgSn alloys were dipped for 5 minutes and then 
baked for 30 minutes for drying purposes. Meanwhile, for the 
electrodeposition method, samples were immersed by applying 
some value of currents for 5 minutes.

2.5. hydrogen Evolution reaction analysis

all the HaP-coated samples were evaluated by hydrogen 
evolution reaction (HeR) test methods. with the application 
of a simple HeR setup, samples were immersed in 0.1M NaCl 
solution. the hydrogen gas that evolved was captured in the 
burette and the volume of the H2 gas was calculated by subtract-
ing the final volume from the initial volume of NaCl solution. 
the same procedure has been done in our previous research 
studies [17]. 

3. results and discussion

3.1. As-sintered Mg and MgSn with different Sn 
concentrations

Fig. 1 shows the sample of a) pure Mg and b-e) MgSn alloys 
with different concentrations of Sn (2 wt.%, 3 wt.%, 4 wt.%, and 
5 wt.%). Pure Mg sample shows a uniform grain distribution of 
Mg. However, Mg2Sn and Mg3Sn start showing non-uniform 
grain and pit sizes within the Mg matrix. Meanwhile, for Mg4Sn 
and Mg5Sn, the presence of pits and porous structures can be 
clearly indicated. it is believed that the occurrence of Sn ele-
ments in Mg leads to the formation of intermetallic compounds, 
Sn precipitates, and grain boundary segregation within the Mg 
matrix. on the other hand, these Sn precipitations also seem to 
promote the decrease in Mg grain sizes. this may consequently 
affect the mechanical properties of the alloys.

Fig. 2 is the potentiodynamic polarisation graph of pure 
Mg and MgSn alloys in a 0.1M NaCl solution. From the graph, 
it can be understood that the addition of Sn as an alloying element 
in Mg does not significantly improve the corrosion resistance 
of Mg. as can be seen, the presence of Sn increases the cathodic 
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Fig. 3 presents the volume of hydrogen evolved from the pure Mg 
and MgSn alloys in 0.1M NaCl solution. all the sintered samples 
were immersed in the solution for 1440 minutes. the pure Mg 
sample is still the lowest or the most passive in the hydrogen 
reaction, demonstrating the same data pattern in the current 
density results. However, the trend of increasing the volume of 
hydrogen in pure Mg is still continuing even until the highest 
immersion time (which was 1440 min). Meanwhile, the Mg5Sn 
alloy is slowing down the evolution of the hydrogen, starting at 
360 minutes. the rate of evolution is highest from the start of 
immersion as compared to other MgSn alloys.

3.2. coated Mg and MgSn alloys

table 1 presents the optical microscopic images of 
HaP-coated Mg and MgSn alloys. the pure Mg and MgSn 
alloys that had been coated by the dip-coating method showed 
a clear grain boundary on the surface. this is because the ef-
fectiveness of the coating method is lower as compared to the 
electro-deposition method. the pits and Sn precipitation can 
apparently be seen, and most of the area appears to be the same 
as the as-sintered samples. in the pure Mg sample, the coated 
HaP just covers the area of the Mg matrix. Meanwhile, for all the 

Fig. 1. optical microscopy images of as-sintered sample a) pure Mg, b) Mg2Sn, c) Mg3Sn, d) Mg4Sn, and e) Mg5Sn

Fig. 2. Cathodic polarization of as-sintered pure Mg, Mg2Sn, Mg3Sn, 
Mg4Sn and Mg5Sn alloy samples in 0.1 M NaCl. Samples were polar-
ised at a scan rate of 1 mV/s

reaction of all the MgSn alloys. the most significant current 
density increased in Mg with 5 wt.% of Sn. 

the clinical implementation of Mg-based implants is facing 
a significant challenge related to the hydrogen evolution reac-
tion in physiological environments. therefore, it is important to 
observe the evolution of hydrogen in the designed MgSn alloys. 
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samples that have been coated by the electro-deposition method, 
the hazy images of HaP can be seen and are mainly distributed 
along the grain boundaries.

3.3. hydrogen evolution of coated Mg  
and MgSn alloys

Fig. 4 and Fig. 5 show the hydrogen evolution of HaP-coat-
ed Mg and MgSn alloys (dip-coating and electrodeposition 

methods, respectively). the trend of both line graphs is relatively 
similar. However, the most interesting analysis that can be made 
is when the most passive hydrogen evolution occurred in the 
HaP-coated Mg5Sn alloy. all the results are presented in reverse 
order as compared to all the uncoated hydrogen evolution data. 
this indicates that the presence of Sn can accelerate the forma-
tion of protective surface oxide layers, such as Mgo and Sno2. 
these layers act as a barrier against corrosive media. with the 
presence of these oxide layers, it might consequently enhance 
the corrosion resistance and slow down the hydrogen evolution 

table 1
the optical microscopic images of HaP coated Mg and MgSn alloys in different coating methods

Sample
Method of coating

dip-coating Electro-deposition

pure Mg

Mg2Sn

Mg3Sn

Mg4Sn

Mg5Sn
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of MgSn alloys. on the other hand, the formation of these oxide 
layers is also particularly crucial for biomedical applications, 
where the implant‘s degradation rate needs to be controlled to 
match the tissue healing rate.

Nevertheless, for all the samples, hydrogen evolution 
decreased even after the dip-coating process. it can be said that 
by the electrodeposition method, the improvements are doubled, 
and the most effective coated alloy is HaP-coated Mg5Sn. the 
hydrogen evolution decreases from 3.9 ml/cm2 to 1.6 ml/cm2.

Fig. 4. the hydrogen evolution of HaP-coated Mg and MgSn alloys 
after dip-coating

Fig. 5. the hydrogen evolution of HaP-coated Mg and MgSn alloys 
after electro-deposition coating

3.4. discussion

the addition of Sn as an alloying element can significantly 
impact the properties and corrosion behavior of the MgSn alloy. 
Sn is a versatile alloying element that can modify the micro-
structure, mechanical properties, corrosion resistance, and bio-
compatibility of Mg alloys. Sn forms a solid solution structure 
within the Mg matrix, forming a homogeneous microstructure 
in the MgSn alloy. the incorporation of Sn into the Mg lattice 

can alter the grain size, grain boundaries, and precipitation 
behavior. this may also influence the mechanical properties of 
the MgSn alloy.

in terms of corrosion behavior, one of the main advantages 
of Sn addition is its ability to improve the corrosion resistance 
of Mg-based alloys. this also applies to the process of hydro-
gen evolution at the cathode area during corrosion [18-19]. 
this research confirmed that Sn has successfully reduced the 
HeR by promoting a more uniform corrosion mechanism and 
suppressing localized hydrogen evolution. the presence of Sn 
may affect the formation of a protective surface oxide layer, 
such as Mgo, Mg(oh)2, and Sno2. these types of oxide layers 
apparently will become a barrier against any corrosive media. 
on the other hand, some research done by coating caP on Mg 
alloys showed that their surface morphologies changed from a 
plate-like structure to an agglomerated particle after 24 hours of 
immersion. in fact, the structure was fully covered with a newly 
grown apatite layer after 7 days of immersion. this compact 
and denser coating structure definitely provides a more uniform 
layer and consequently, will provide more corrosion resistance 
for the samples [20].

the enhanced corrosion resistance and reduced hydrogen 
evolution due to Sn can lead to lower levels of harmful by-
products during the degradation process, making the MgSn 
alloy more biologically compatible. However, proper control 
of Sn content can tailor the degradation rate to match the tissue 
healing process, allowing for a temporary implant that gradually 
degrades as new tissue forms [21-22].

in conclusion, the addition of Sn as an alloying element can 
significantly impact the properties of the MgSn alloy, making it 
a versatile material for various engineering applications, particu-
larly biodegradable implants and biomedical devices. the fine-
tuning of the Sn content allows tailoring the alloy’s properties 
to achieve the desired balance of mechanical strength, corrosion 
resistance, and biocompatibility. However, even though Sn itself 
is generally considered to be biocompatible, higher concentra-
tions of Sn may have cytotoxic effects. therefore, a vigilant 
balance must be designed in the Sn content to ensure optimal 
biocompatibility of the MgSn alloy with the HaP coating.

4. conclusions

1. the effect of Sn on the coating of HaP on MgSn alloy 
plays a crucial role in determining the performance and 
biocompatibility of the coated implants. 

2. Proper optimization of the Sn content and coating process 
parameters is essential to achieve a well-adhered and uni-
form HaP layer on the MgSn alloy, ensuring its successful 
application as a biodegradable implant for bone regenera-
tion and other orthopaedic purposes. 

3. although the corrosion properties of the sintered Mg and 
MgSn alloys are not significantly affected, the MgSn hy-
drogen evolution rate has been successfully suppressed by 
the surface modification procedure. 
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