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Abstract 
 
The work presents monitoring of the corrosion rate for pure magnesium and the binary magnesium alloy Mg72Zn28. Alloying elements 
with a purity of 99.9% were used. The melting was performed under the protection of inert gas - argon in an induction furnace. The liquid 
alloy was poured into a copper mold. In order to make amorphous ribbons, the obtained samples in the form of rods were re-melted on a 
melt spinner machine. The next step was to perform corrosion tests in Ringer's solution. Corrosion tests were carried out at a temperature 
of 37°C and pH 7.2. The purpose of using Ringer's solution was to recreate the conditions for the body fluids of the human body. The use 
of the following research methods, such as: OCP (open circuit potential), LSV (linear sweep voltammetry) and EIS (electrochemical 
impedance spectroscopy), was aimed at determining the corrosion resistance of the tested materials. Tests carried out in Ringer's solution 
showed that pure magnesium has significantly worse corrosion resistance than the binary Mg72Zn28 alloy. The conducted research also 
confirmed that the cathodic reaction takes place faster on the surface of amorphous ribbons. It was also confirmed that for both crystalline 
materials there is diffusion of chloride ions through the corrosion product layer. SEM-EDS tests were performed on the surface of an 
amorphous ribbon of the Mg72Zn28 alloy after corrosion in Ringer's solution. 
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1. Introduction 
 

Magnesium alloys are used in medicine as biodegradable 
materials [1]. Magnesium as a pure component undergoes 
corrosion, therefore an alloying additive in the form of zinc 
is introduced [2]. The introduction of zinc results in improved 
corrosion resistance, while the addition of calcium accelerates 
the wound healing process and is a building block of human bone 
[3, 4]. The Young's modulus for magnesium is 41–45 GPa, a 
parameter similar to that of human bone, which has a Young's 
modulus of 3–20 GPa. This parameter is definitely more favorable 
in relation to the transfer of stresses in relation to materials such 
as stainless steel, whose Young's modulus is 189–205 GPa, and Ti 
alloys, whose Young's modulus is 110–117 GPa [3, 5]. 

In addition, these ingredients are compatible with the human 
body, where they occur naturally [6]. Moreover, Mg alloys do not 
negatively affect imaging using magnetic resonance imaging and 
computed tomography, which also makes them suitable for use in 
the biomedical field as biodegradable implants [3]. Implants made 
of magnesium alloys with the addition of zinc are slowly 
biodegradable in the human body and do not cause allergic 
reactions and are not toxic to the human body [7]. Monitoring the 
corrosion resistance for biodegradable magnesium alloys 
is extremely important due to the area of their application [8]. 
These materials must have adequate corrosion resistance so that 
the applied part does not degrade too early during the healing 
process of the damaged tissue or bone [9]. 

In their previous work, scientists conducted tests on samples 
of three-component magnesium, calcium and zinc alloys [4]. 

http://creativecommons.org/licenses/by/4.0/
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The paper presents test results for the MgZnCa and ZnMgCa 
alloy. The tests were carried out for both crystalline and 
amorphous alloys. The results of corrosion tests showed that 
ribbons with an amorphous structure are characterized by better 
corrosion resistance compared to samples with a crystalline 
structure Kubásek and Vojtěch [10] also conducted corrosion tests 
on two-component MgZn alloys with a crystalline structure 
in a physiological solution (9 g/l NaCl). In the paper [9], 
the presented conclusions show that the addition of zinc in the 
content (1 and 3 wt.%) improves the corrosion resistance 
of a two-component magnesium-based alloy. In other works, 
scientists point out that the corrosion of magnesium is largely 
influenced by alloy additions in solid solution [11–14]. However, 
the solubility of the alloying elements in crystalline magnesium is 
limited, which means that the corrosion mechanisms can be 
modified, but not completely changed [11]. In the work [11] 
scientists draw attention to the evolution of hydrogen, which 
remains a problem during the corrosion of crystalline magnesium 
alloys. In the work [15] scientists show that a larger range of 
alloying elements in the amorphous single-phase structure allows 
the production of specific metallic glasses with significantly 
improved corrosion properties. This means that there may be 
metallic glasses of magnesium alloys in which the evolution of 
hydrogen during progressive corrosion is significantly reduced or 
even completely prevented [11]. Moreover, since there is no 
dislocation-based plastic deformation mechanism in amorphous 
alloys, bulk metallic glasses [16–19] show much better strength 
and flexibility parameters. In the work [20] six unique Ca-based 
metallic glasses were developed. Metallic glasses are designed to 
consist exclusively of the biocompatible elements Ca, Mg and Zn 
for their potential use as bioresorbable metals in the orthopaedic 
field [20]. In vitro biocorrosion studies using a combination of 
polarization and mass loss techniques have shown that the 
corrosion rate of these alloys is relatively high and, in some cases, 
can be controlled depending on the chemical composition 
of the alloy being tested [20]. 

In previous publications, the authors [21–23] developed tests 
in which, based on the selected GFA parameters, an amorphous 
structure was obtained for samples with a diameter of 2 to 11 mm, 
while the authors of the paper [24] obtained a diameter of 14 mm 
for the amorphous structure using the GFA parameters for the 
Mg65Cu7.5Ni7.5Ag5Zn5Gd5Y5 alloy. The thermoplastic forming 
window (TPF) of magnesium alloy-based BMG is very small. 
GFA can only be achieved at temperatures above the glass 
transition and below the first crystallization. The small TPF 
window and low critical thickness constitute a limitation in the 
production of Mg-based BMGs. Therefore, BMGs based on a 
magnesium alloy can be used for thin elements. 

Based on the literature analysis, the influence 
of the crystalline and amorphous structure on the corrosion 
properties of the two-component Mg72Zn28 alloy in Ringer's 
solution was analyzed. The results of these tests were compared 
to pure magnesium. 

 
 

2. Materials and specimen preparation 
 

The alloy additives used to obtain the Mg72Zn28 alloy had a 
purity of 99.9%. Melting was carried out in an induction furnace 

using inert gas - argon. The liquid casting alloy was poured into a 
metal copper mold to obtain cylindrical samples with a diameter 
of 20 mm and a height of 50 mm. The samples were then 
mechanically processed and their final dimensions were 10 mm in 
diameter and 50 mm in height. The obtained cylindrical samples 
were re-melted on a melt spinner, which resulted in obtaining 
amorphous ribbons with an average thickness of 100 to 150 µm. 
The wheel rotation speed of the melt spinner machine used was 
35 m/min. Figure 1 shows a diagram of a melt spinner device for 
producing metallic materials with an amorphous structure. 
 

 
Fig. 1. Scheme of the construction of the 'melt spinner' device 

for the production of metallic materials with an amorphous 
structure: 1 – induction coil, 2 – head, 3 – liquid material, 4 – 

ribbon, 5 – copper drum 
 
Corrosion tests were carried out in Ringer's solution 

simulating human body fluids under the following conditions - 
temperature 37°C and pH 7.2. The following components were 
used to prepare Ringer's solution: NaCl 8.6 (g/dm3), KCl 0.3 
(g/dm3) and CaCl2 anhydrous 0.25 (g/dm3). The obtained 
crystalline samples for pure magnesium and the binary Mg72Zn28 
alloy were polished on abrasive papers from grit 1200 to 4000 
before corrosion tests. After each polishing stage, the samples 
were rinsed in ethanol for 5 minutes in ultrasound. In order to 
determine the corrosion resistance of the Mg72Zn28 alloy and pure 
magnesium, polarization curves (LSV—linear sweep 
voltammetry) were prepared. The potential scanning rate was 1 
mV/s. Measurements were carried out in aerated Ringer's solution 
at a temperature of 37°C and pH 7.2. The spectra in the EIS 
technique used were measured at OCP, where the amplitude of 
the interfering signal was 10 mV and the frequency range was 
from 100 kHz to 0.03 Hz. ZView software was used to adjust the 
electrical equivalent circuit. The matching was made on the basis 
of obtained experimental EIS spectra of the Mg72Zn28 alloy 
immersed in Ringer's solution at a temperature of 37°C and pH 
7.2. After 1800 seconds, a steady state was obtained for the 
sample immersed in Ringer's solution and measurements of EIS 
spectra were started for both crystalline samples (before the melt 
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spinning process) and amorphous ribbons (after the melt spinning 
process). An AUTOLAB PGSTAT 128 potentiostat was used to 
perform the measurements. The scheme of the station where 
corrosion tests carried out is shown in Figure 2. 
 

 
Fig. 2. Scheme of the stand used for corrosion tests: 1 – counter 

electrode (sectional view), 2 – reference electrode, 3 – electrolyte 
(Ringer's solution), 4 – tested material sample (working 

electrode), which is surrounded by a platinum mesh (counter 
electrode) 

 
SEM tests were performed on TESCAN MIRA GMU and 

EDS tests were performed on AZtec Live Advanced from Oxford 
Instruments. 
 
 

3. Results 
 

The results of XRD tests of a sample cast from the Mg72Zn28 
alloy into a steel mould (marked as crystalline) are shown 
in Figure 3. The structure of the sample marked as starting sample 
has a crystalline structure. The presence of two phases can 
be observed, i.e. a-Mg and Mg102.08Zn39.6. However, the XRD 
pattern of the ribbon cast also from the Mg72Zn28 alloy using the 
melt spinning method is shown in Figure 4. The ribbon showed 
an amorphous structure. 
 

 
Fig. 3. X-ray diffraction results for Mg72Zn28 crystalline sample 

(before melt spinning process) 

 
Fig. 4. X-ray diffraction results for Mg72Zn28 amorphous sample 

(after melt spinning process) 
 

To determine the corrosion resistance of Mg and Mg72Zn28 
alloy, the dynamic polarisation curves were performed 
in the Ringer’s solution, Figure 5. The pure Mg and magnesium 
alloys exhibit the active corrosion. In the anodic branch, the sharp 
increase in the current density is observed. The increase in the 
anodic current density is related with the dissolution 
of magnesium according with the reaction (1). 
 
Mg → Mg2+ + 2e‾ (1) 
 

Electrons released in the anodic dissolution of magnesium 
are consumed in the reduction reaction of water, and hydroxy ions 
are formed, reaction (2). 
 
2H20 + 2e‾ → H2 + 2OH‾ (2) 
 

Magnesium ions react with the hydroxyl ions and magnesium 
hydroxide Mg(OH)2 is formed as a corrosion main product. 
It should be noticed that the highest values of cathodic current 
density are measured for Mg72Zn28 amorphous specimen, red 
curve in Figure 5. In contrast, the lowest values of current density 
in the cathodic region were measured for pure magnesium, 
the green dashed curve in Figure 5. Compare to the pure Mg, 
higher current density in the cathodic domain was obtained 
for the crystalline specimen, blue curve Figure 5, The highest 
values of the current density in the cathodic branch were 
measured for amorphous specimen Mg72Zn28, red curve in Figure 
5. This result indicates that the water reduction reaction occurs 
preferentially on the surface of amorphous alloy Mg72Zn28 alloy. 
The formation of OH- ions causes the alkalization of the alloy 
surface, and Mg(OH)2 is formed. This leads to a shift 
of the polarization curves toward higher potential values, red 
curve Figure 5. In the anodic domain the current density slowly 
increases with increasing of potential values for pure Mg 
and for crystalline Mg72Zn28 alloy, green dashed and blue curves 
Figure 5. However, for the amorphous Mg72Zn28sample (red 
curve), the current plateau is visible in the potential range 
between -1.30 V and -1.20 V. The current density measured at the 
potential -1.25 V is 0.083 mA/cm2, 0.123 mA/cm2 and 
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0.321 mA/cm2 for amorphous Mg72Zn28 alloy, crystalline 
Mg72Zn28 alloy and pure Mg, respectively. 
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Fig. 5. Polarization curves performed for Mg72Zn28 and pure Mg 
alloys in Ringer’s solution at 37°C, pH 7.2 

 
The course of polarization curves indicates that the 

amorphous Mg72Zn28 alloy sample is more resistant to corrosion 
than the crystalline sample. The values of anodic current density 
in the passive range are lower compared to crystalline Mg72Zn28 
alloy and pure Mg, Figure 5. 

As shown in Figure 6, the corrosion potential for the 
crystalline alloy gradually increases and after 1800 seconds of 
immersion in Ringer's solution it reaches a value of -1370 mV 
(blue curve). After immersing the amorphous alloy in the 
electrolyte solution, the corrosion potential initially decreases and 
then increases, reaching a value of -1335 mV after 1800 seconds 
of immersion (red curve, Figure 6). The increase in corrosion 
potential when the alloys are immersed in Ringer's solution 
indicates the formation and growth of a passive layer. The 
difference in corrosion potential between the amorphous and 
crystalline samples is 35 mV. A higher value of the corrosion 
potential for an amorphous sample suggests that the passive layer 
growing on its surface is more stable, which increases its 
corrosion resistance. 
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Fig. 6. Evolution of the open circuit potential versus time of 

crystalline Mg72Zn28 alloy (blue curve) and amorphous Mg72Zn28 
alloy (red curve) 
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Fig. 7. Nyquist diagram with respective fitting line for Mg72Zn28 
alloy crystalline sample of immersion at open circuit potential 

in Ringer`s solution at 37°C 
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Fig. 8. Bode diagrams (a, b) with respective fitting line 

for Mg72Zn28 alloy crystalline sample of immersion at open circuit 
potential in Ringer`s solution at 37°C 

 
Figures 7 and 8 show the EIS spectra obtained for crystalline 

sample of Mg72Zn28 alloy in the Ringer’s solution. Figure 7 
presents the Nyquist diagram and Figure 8 presents the Bode 
diagram, respectively. EIS spectrum shows one capacitive loop. 
For fitting the experimental data, the electrical equivalent circuit 
presented in Figure 9 was used. This electrical circuit consists of 3 
elements: R1, CPE and R2. 
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The constant phase element CPE is define with the following 
equation (3) [4, 25]: 
 

 
(3) 

 
where: 
CPE-T – the capacitance parameter in F∙cm-2∙sϕ-1 which 

depends on the electrode potential, 
n – is related to the angle of rotation of purely capacitive line 

on the complex plane plots: 
α = 90°(1- ϕ). When n = 1, the purely capacitive behavior 

of electrode is obtained. Equation (3) represents pure capacitance 
for n = 1, infinite Warburg impedance for n = 0.5, pure resistance 
for n = 0, and pure inductance for n = -1, respectively. 
 

R1 R2

CPE1

 

   

    
    

  

     
    

  

         
 

 
   
   

 
Fig. 9. The equivalent circuit used for fitting experimental EIS 

Mg72Zn28 alloy crystalline sample immersed in Ringer`s solution 
at 37°C 

 
In equivalent circuits (Figure 9), R1 is the electrolyte 

resistance, and R2 and CPE1 are the resistance and capacitive 
reactance resulting from charge transfer, respectively. R2 directly 
indicates the anticorrosion ability, and CPE1 can be used 
to evaluate the degree of penetration of the electrolyte into 
the surface layer, which is related to the thickness, density, 
and defect structure of the  layer [26]. The fitting parameters 
for the developed equivalent circuit shown in Figure 9 
are presented in Table 1. 
 
Table 1. 
Fitting parameters obtained from the EIS measurements 
of Mg72Zn28 alloy crystalline sample alloy immersed in Ringer’s 
solution at 37°C. For fitting the equivalent circuit presented 
in Figure 9 was used. 

Element R1 
(Ω∙cm2) 

CPE1-T 
(F∙cm-2∙sϕ-1) 

CPE1-n 
(F∙cm-2∙sϕ-1) 

R2 
(Ω∙cm2) 

Value 21.09 0.00014335 0.75 1761 
Error 0.063 1.0939E-06 0.0014 9.2 

Error (%) 0.30 0.80 0.19 0.52 
 

The value CPE1-n equal 0.75 indicates that the corrosion 
layer formed on the surface of Mg72Zn28 crystalline alloy exhibit 
rather capacitive behaviour. 

Figures 10-11 show the EIS spectra obtained for the 
amorphous sample of Mg72Zn28 alloy in the Ringer solution. The 
EIS spectrum shows two capacitive loops, one visible at the high 
frequency range and the second at the low frequency range, 
respectively.  
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Fig. 10. Nyquist diagram with respective fitting line for Mg72Zn28 

alloy amorphous sample of immersion at open circuit potential 
in Ringer`s solution at 37°C 
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Fig. 11. Bode diagrams (a, b) with respective fitting line 

for Mg72Zn28 alloy amorphous sample of immersion at open 
circuit potential in Ringer`s solution at 37°C 

 
The experimental EIS spectra obtained for amorphous specimen 
were fitted by means of electrical equivalent circuit presented in 
Figure 12. The circuit for this alloy consists of the following 
elements: R1—solution resistance, R2—change transfer 
resistance and R3—resistance of the surface layer, CPE1—
constant phase element related to the double layer capacity, 
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CPE2—constant phase element related to the surface layer formed 
at the surface of amorphous Mg72Zn28 alloy. 
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Fig. 12. The equivalent circuit used for fitting experimental EIS 

Mg72Zn28 alloy amorphous sample immersed in Ringer`s solution 
at 37°C 

 
The value of phase constant element QPE1-n equal 0.79 

confirms the capacitive properties of the passive film formed on 
the surface of amorphous Mg72Zn28 alloy, Table 2. However, the 
presence of high concentration of Cl- ions in the Ringer solution 
cause damage of the passive layer, dissolution of the metallic 
matrix, formation of the corrosion products mainly magnesium 
oxide and hydroxide. The QPE2-n value equal 0.55 confirms that 
the diffusion of Cl- ions through the hydroxides layer can take 
place. The fitting parameters for the developed equivalent circuit 
shown in Figure 12 are presented in Table 2 for amorphous 
sample of Mg72Zn28 alloy. 
 
Table 2. 
Fitting parameters obtained from the EIS measurements 
of Mg72Zn28 alloy amorphous sample alloy immersed in Ringer’s 
solution at 37°C 

Element Value Error Error (%) 
R1 

(Ω∙cm2) 15.6 0.015497 0.09934 

R2 
(Ω∙cm2) 288.5 1.6091 0.55775 

QPE1-Q 
(F∙cm-2∙sϕ-1) 0.00032577 1.7648E-06 0.54173 

QPE1-n 
(F∙cm-2∙sϕ-1) 0.79 0.0040641 0.51345 

R3 
(Ω∙cm2) 1128 8.7057 0.77178 

QPE2-Q 
(F∙cm-2∙sϕ-1) 6.9145E-5 3.0419E-07 0.43993 

QPE2-n 
(F∙cm-2∙sϕ-1) 0.55 0.001691 0.30818 

 
EDS scans were performed on the surface of an amorphous 

ribbon made of the Mg72Zn28 alloy after corrosion in Ringer's 
solution. The EDS maps shown in Figure 13 revealed the 
presence of magnesium, zinc and oxygen. Additionally, corrosion 
products, consisting mainly of magnesium, zinc and oxygen, are 
visible on the ribbon surface. The analysis of EDS maps shows 
that the concentration of magnesium and zinc in the corrosion 
products is lower than on the ribbon surface, while the opposite is 
true in the case of oxygen. This analysis is confirmed by the 
results presented in Figure areas four and five. Area one concerns 
the ribbon surface without corrosion products and area six 
concerns the surface of the ribbon with corrosion products. The 
analysis of the EDS results shows that the corrosion products 
probably consist mainly of magnesium and zinc oxides. 

 

a)  

b)  

c)  

d)  
Fig.13. The EDS map EDS map of the surface of an amorphous 

ribbon made of Mg72Zn28 alloy after corrosion in Ringer's solution 
with elemental distribution. (a) EDS map of the distribution of 
magnesium, zinc and oxygen on the surface of an amorphous 

ribbon, (b) magnesium distribution, (c) oxygen distribution and 
(d) zinc distribution 
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a)  
 

b)  
 

c)  
Fig. 14. (a) SEM top-view images of the ribbon made of 

Mg72Zn28 amorphous alloy after corrosion in Ringer's solution. (b-
c) Spectrum obtained from EDS analysis for two area one and six, 

marked in (a) 
 
 

4. Conclusions 
 

From the experimental results the following conclusions can 
be drawn: 
1) The reduction reactions occur preferentially on the surface 

of amorphous alloy Mg72Zn28 alloy. 
2) The lowest value of the current density in the passive range 

and the increases of the OCP versus time for the amorphous 
specimen suggests this specimen undergoes the passivation 

and its dissolution is slower than the crystalline Mg72Zn28 
alloy. 

3) Dissolution of the amorphous Mg72Zn28 alloy consist of two 
steps: break down the passive film, formation of the 
corrosion products and diffusion of ions through the 
corrosion layer. 

4) Corrosion products are a mixture of magnesium and zinc 
oxides. 
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