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Abstract 
 
The Ca50Mg20Zn12Cu18 was assessed with different methods in order to characterize its basic characteristics, and to determine whether the 

amorphous alloy of such composition would be applicable as an implant material. The XRD analysis was conducted to conclude the 

structure of the initial material. The Ca50Mg20Zn12Cu18 ingot sample demonstrates crystalline structure containing two main intermetallic 

phases, however as-cast plates show features of an amorphous material, revealing the characteristic amorphous halo on the x-ray patterns. 

It was confirmed by the scanning electron microscopy method and fracture images revealing chevron pattern morphology with shell type 

fracture. Corrosion resistance, was studied using the potentiostatic analysis. The amorphous samples show higher resistance than the 

crystalline one. Post corrosion surface of the Ca50Mg20Zn12Cu18 alloy exhibits high concentration of magnesium and calcium hydroxides, 

forming the globular structures in large aggregates of spherical units. 
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1. Introduction 

 

Various metal alloys are becoming more and more important 

in modern implantology, together with ceramics and polymers 

that are used as biomaterials to perform specific functions or act 

as complementary organs or tissues. These materials must be 

characterized by certain specific features, with biocompatibility 

and lack of toxicity at the forefront. In addition, their durability 

and general resistance to the aggressive environment (which is the 

interior of the human body) is also crucial [1]. Due to the 

requirements of titanium or stainless steel for biomaterials, they 

are irreplaceable, but their price and osseointegration still need to 

be refined. The research is also conducted with different classes 

of materials, among which there is bioactive glass or ceramics 

such as hydroxyapatite and apatite-wollastonite. Ceramics are 

highly biocompatible, because they contain natural ions for the 

body, such as Ca2+, K+, Na+ etc. which cause specific behavior 

between the implant and the body. Their disadvantage, however, 

is the lack of adequate strength, which makes them suitable only 

for small fillings such as ones used in dentistry [1]. 

The solution to this problem may be amorphous materials due 

to their metal-like strength properties, lightness and better 

corrosive properties than some of the crystalline alloys used. In 

his work, Zberg carried out in vivo studies using MgZnCa 

metallic glasses, which showed biocompatibility and lower 

hydrogen evolution [2]; [3]. Due to the combination of 

biocompatibility and mechanical properties, metallic glasses seem 

to be a good way to develop implantology [4]; [5]. 

During the selection of various components for the material of 

the eventual implant, various materials are taken into 

consideration. The most important point was to prepare the 

implant to employ a biodegradable role. This means that all of the 

materials would have to possess some characteristics making 

them beneficial for the body during mending period. The 

definition of biodegradability is the process of degradation of the 

material upon contact with the environment of an organism. 

Usually it means to be broken down by microorganisms [6]. 

Bones are mostly composed of calcium, that is why this element 

is used for the implant. Calcium is abundant in the human 

organism. It is crucial for the bones and teeth as it ensures their 

durability. Moreover ionized calcium fulfils very important 
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biological task influencing the blood coagulation process, the 

permeability of cell membranes, regulates the excitability of both 

the nervous and muscle system. This is vital because calcium 

contained in the implant will not affect the body in any way until 

it begins to break down, because it won’t be ionized before that. 

Moreover calcium controls the magnesium concentration, 

lowering it if necessary, hence preventing hypermagnesemia. As 

the mechanical properties are considered Ca and Mg alloys affect 

each other, where Ca improve corrosion resistance and grain 

refinement [7]. 

On the other hand magnesium is a natural Ca antagonist, 

meaning that it controls the calcium concentration and vice versa. 

Magnesium is vital for human body as it controls the enzyme 

activation. 

The two aforementioned materials are crucial for this kind of 

implant. That being said they alone may not possess adequate 

strength properties to employ such a function as the stresses and 

the wear of an implant are quite significant, which obviously is 

the case for crystalline materials. Moreover amorphous materials 

are known to possess better mechanical and corrosion resistance 

than their crystalline counterparts [8]; [9]. Thus it is only proper 

to add another alloying elements which would improve the quality 

and strength of such a device. One of such elements can be zinc. 

Mechanically speaking Zn improves yield stress and reduce 

hydrogen gas evolution during biocorrosion [7]. This is 

specifically important as hydrogen creates gas cavities [2]; [10]. 

Normally they are dealt with by simple puncture of the cavity, 

hence releasing the accumulated gas. Although this solution seem 

really simple, it may not be applicable in case of certain internal 

surgeries. 

Usually when such a cavity forms, but its size is still small, it 

poses no problem for the organism because the gas is quickly 

exchanged with the surrounding tissues. The issue arises when the 

tissues do not extract the gas quickly enough resulting in large 

cavity formation, such situations are detrimental as the excessive 

gas creates pressure inducing various problems such as 

mechanical disturbances of bone regeneration. There are different 

methods for tackling that problem, although one of the simplest 

ones seem to manipulate to the benefit of the alloy composition in 

order to reduce the hydrogen evolution [11]. 

The problem with material selection for implants is that they 

need to ensure its biocompability in order to avoid unnecessary 

damage for the organism. In case of the biodegradable implants it 

is sure that the material will corrode and degrade, since it is its 

goal. Thus it is crucial that the corrosion products should not be 

toxic. Moreover they should be easily absorbed and dissolved 

[12]. It was already mentioned that Ca, Mg and Zn may be used 

as microelements for the body during the healing process, yet 

there are various problems which have to be considered during an 

implantation. Despite all of the precautions taken to ensure the 

aseptic conditions the infections associated with the implantations 

remain as the most severe complications [13]. Usually they are 

caused by microorganisms creating a biofilm on the implant 

enabling the bacteria to resist the immune responses and 

antibiotics [14]; [15]. However there are several metal ions which 

possess antibacterial properties. One of such materials is copper. 

Of course Cu may be considered detrimental to the organisms as 

there are reports of its negative influence [16], yet it is an 

essential trace mineral which plays important role in bone growth 

and maintenance. Its deficiency may cause structural 

abnormalities of the skeleton such as for example osteoporosis 

[17]; [18]; [19]. That being said Cu may be a valid material for an 

implant as it ensures proper Cu amount and employs even more 

important work which is the anti-inflammatory function blocking 

the microorganisms from creating the biofilm near the implant. 

Usually Ag was considered to be an antibacterial material 

although Cu is characterized by its lower toxicity and higher 

cytocompability, yet it is not the most important reason. Copper is 

easily metabolized, meaning that it won’t increase copper serum 

level as opposed to silver [13]; [20]. In this research it is crucial to 

establish whether amorphous Ca50Mg20Zn12Cu18 alloys are 

superior to crystalline ones. Henceforth their structure, fracture 

morphologies after mechanical failure and corrosion resistance 

will be studied, as well as the chemical composition before and 

after corrosion tests. 

 

 

2. Experimental procedure 
 

The master alloy with a nominal composition of 

Ca50Mg20Zn12Cu18 in atomic percent was used. Alloy ingot was 

produced by induction melting mixtures of pure elements (Ca 

99.5%, Mg 99.8%, Zn 99.995%, Cu 99.95%) and Mg69Ca31 

alloy under an argon atmosphere [4]; [5]; [21]. Then the pieces of 

the ingot (W1 sample) were remelted several times to ensure 

chemical homogeneity [3]; [5]. Samples in form of plates with a 

length and width of 10 mm and a thickness of 1 and 2 mm were 

prepared by a copper mold casting method. 

Obtained representative samples are described in Table 1. 

 

Table 1. 

Ca50Mg20Zn12Cu18 alloy representative samples 

No. Sample Comment 
1. W1 Ingot sample 
2. P1 1 mm thick cast plate 
3. P2 2 mm thick cast plate 

 

The structure of the samples (both ingot and plates) was 

checked by X-Ray diffraction (XRD) method using XRD 7 

Seifert-FPM and XRD X’PERT Pro PANalyical  diffractometers. 

The Co Kα radiation source with 0.17902 nm wavelength was 

used. The diffraction patterns were recorded by “step-scanning” 

method in the range from 20 to 100 2Θ angle.  

The aim of the analysis was to survey the corrosion resistance 

in the aggressive environment simulating human organism. The 

samples were polished and washed with 96% ethyl alcohol as 

according to PN-EN ISO 17475:2010 and PN-EN ISO 

11463:2010 standards. 

The potentiostatic measurements were conducted in Autolab 

302N workstation at the temperature of 37°C. Three electrode cell 

configuration was applied for the electrochemical measurements: 

a saturated calomel electrode (SCE) as a reference electrode, 

platinum rod as a counter electrode and sample as the working 

electrode. The samples were immersed in a Ringer solution 

(Baxter company). The samples were immersed for a 60 s in order 

to determine proper potential, and then for 900 s. The scanning 

speed for the samples was 1 mV/s. 
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The morphology of fracture surfaces of the samples after 

decohesion was examined by means of  a scanning electron 

microscope (SEM) SUPRA 35, ZEISS firm, with voltage of 25 

kV. Analysis of the chemical composition of the samples on 

selected areas (microarea or entire micrograph area) before and 

after corrosion test was performed using an energy-dispersive X-

ray spectroscope (EDS, Edax Trident XM4 detector), coupled 

with the SEM. The EDS analysis was performed to assess the 

chemical composition of the samples. 

 

 

3. Results and Discussion 
 

X-Ray diffraction (XRD) patterns in Figure 1 and Figure 2 

verify the structures of representative samples. 

The research shows that the Ca50Mg20Zn12Cu18 alloy has the 

following characteristics: 

All of the samples were examined with SEM equipped with 

an Energy-dispersive X-ray spectroscopy analyzer. It was done in 

order to determine whether the ingot and the cast-plates had 

desired chemical composition. The results are shown in the Table 

2, selected samples are further represented (Fig. 3, Fig. 4, Fig. 5). 

 

Table 2. 

Chemical composition of the Ca50Mg20Zn12Cu18 alloy ingot and 

plates by EDS analysis 

Sample 
Chemical composition, At% 

Ca Mg Zn Cu Others Figure 

Desired 

alloy 
50 20 12 18 - - 

W1 

46.19 26.84 10.94 16.03 - Fig. 5 

53.07 23.32 11.48 12.12 - - 

45.84 26.15 12.01 16.00 - - 

Avg. 48.36 25.43 11.47 14.71   

P1 

50.89 18.64 12.48 17.98 - - 

52.51 13.05 14.27 20.18 - Fig. 3 

52.15 14.24 13.53 20.08 - - 

Avg. 51.85 15.31 13.43 19.41   

P2 
50.47 12.48 13.72 19.40 3.92 Fig. 4 

46.70 16.86 10.93 16.32 9.18 - 

Avg. 48.59 14.67 12.33 17.86   

 

The desired chemical composition of the alloy was as the 

name suggests Ca50Mg20Zn12Cu18. It can be seen that the results 

slightly vary, but they are well in the expected range, the 

magnesium content in the P1 and P2 samples may be lower due to 

the evaporation during the casting process. Thanks to this analysis 

it has been confirmed that the obtained samples had the chemical 

composition that was expected. As the next step, the samples were 

examined with a X-ray spectroscopy analysis in order to 

determine the non- or crystallinity of the ingot and plates. 

The Ca50Mg20Zn12Cu18 base alloy ingot is crystalline as 

evidenced by X-ray examinations. X-ray phase analysis results 

revealed the presence of crystalline phases such as Ca(Cu0.60, 

Zn0.40) and CaMg2 in the structure of the alloy (Fig. 1).  

Examinations of the Ca50Mg20Zn12Cu18 alloy in the form of 

cast plates with a thickness of 1 and 2 mm shows a broad peak 

corresponding to the amorphous phase. The diffuse diffraction 

halos are characteristic for the amorphous state but are not 

sufficient do describe the atomic arrangements within the solid 

(Fig. 2). 

 

 
Fig. 1. XRD pattern of the Ca50Mg20Zn12Cu18 alloy ingot 

 

 
Fig. 2. XRD pattern of selected cast samples of the 

Ca50Mg20Zn12Cu18 alloy (P2 on the top and P1 on the bottom) 

 
SEM investigations of the failure surface of the examined 

alloy ingot had intercrystalline character (Fig. 5). SEM 

investigations of the fracture of the Ca50Mg20Zn18Cu12 alloy plates 

with 1 mm (Fig. 3) and 2 mm thickness (Fig. 4) showed typical 

morphology of the amorphous alloys. Fracture surface showed 

chevron pattern morphology with shell type fracture (Fig. 3, Fig. 

4) [4]; [5]; [22]. A similar surface morphology is shown for 

Mg65Li2Cu18Ni5Y10 alloy [23], for Ca50Mg20Cu30 and 

Mg65Cu25Y10 alloy [3]; [4]; [5]. 
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Fig. 3. Fracture morphology of Ca50Mg20Zn12Cu18 alloy cast P1 plate with the chemical composition on the EDS graph and graphical 

representation of the at% composition. EDS spectrum from entire area of the micrograph 

 

 
Fig. 4. Fracture morphology of Ca50Mg20Zn12Cu18 alloy cast P2 plate with the chemical composition on the EDS graph and graphical 

representation of the at% composition. EDS spectrum from entire area of the micrograph 

 

 
Fig. 5. Fracture morphology of Ca50Mg20Zn12Cu18 alloy W1 sample with the chemical composition on the EDS graph and graphical 

representation of the at% composition. EDS spectrum from entire area of the micrograph 
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Selected samples were studied with corrosion tests. The 

potentiostatic studies have shown some characteristic features that 

prove the formation of the passive layer (Fig. 6 W1). 

The results of the potentiostatic analysis of the ingot are 

clearly different from those obtained for samples in the form of 

cast plates (Fig. 6 P1 and P2). The potentiostatic curve of the 

ingot sample (W1) indicates the cyclic process of formation and 

destruction of the passive layer known as oxidation and reduction, 

as the curve is not uniform and it can be characterized by different 

valleys and peaks. It suggests very active reaction on the surface 

of the sample. 

 

 
Fig. 6 a) Linear Polarization Resistance curves for the W1, P1 & 

P2 samples b) Potentiostatic curves for the W1, P1 & P2 samples 

 

Another behavior of the samples during contact with the 

aggressive Ringer solution environment resulted from their 

different structure. Corrosion resistance is being represented as 

corrosion potential Ecorr and corrosion current density icorr. 

Moreover as compared to the literature data it can be seen that the 

values of corrosion density current was similar to the ones 

presented in the P1 and P2 samples [3]. However, the results of 

the analysis, allowing the determination of corrosion resistance, 

deviate from the literature data, which show a higher value of 

corrosion resistance for that kind of alloys [22]. It can be seen that 

the samples differed in the corrosion current density, where the 

ingot sample W1 is characterized by icorr amounting to 6.17 

mA/cm2, as it was to be expected due to its crystalline structure. 

P1 and P2 are amorphous and can be characterized with corrosion 

density current which equaled to 2.05 and 3.15 mA/cm2 

respectively, hence better resistance. W1 sample is characterized 

by uneven curve, which suggests various reactions happening on 

the sample surface, whereas on both P1 and P2 curves the lines 

are considerably smoother, although not devoid of any reaction. 

Interestingly the sample exhibiting better corrosion resistance was 

the sample of 1 mm width, whereas the 2 mm sample was slightly 

worse. There are different reasons why the samples may exhibit 

different behavior. There could be a slight difference in the 

polishing process or the conditions of the experiment could be a 

little bit different, moreover the samples might not be fully 

amorphous. Due to the larger thickness of the P2 sample its 

structure might have started to order, thus decreasing the 

corrosion resistance. As it can be seen on the XRD results shown 

in the Fig. 2 the P1 pattern is smoother as compared to the P2 

pattern. However this pattern (Fig. 2 P2) does not confirm the 

changes in the phase composition of the structure. The results in 

the Table 3 are backed up by the potentiostatic curves in Fig. 6 b. 

The results of the potentiostatic study have shown that 1 mm 

sample is the least active one of all, as the curves are smoothest 

ones as compared to the other samples, moreover both W1 and P2 

samples derive slightly to the left and upper side of the graph, 

meaning the applied potential was higher, as well as the current 

density. Those two factors mean that the reactions happening on 

those samples are more violent and faster, which can be seen as 

the many peaks and valleys on the curves [24]. The Ecorr of the 

samples varied between -1.32 and -1.35 V. Existing data on 

similar Ca and Mg-based alloys has been reported by Morrison et 

al. [22] obtaining -1.54 V for Ca65Mg15Zn20 in the Na2SO4 

electrolyte, while Zberg et al. [2] obtained -1.28 V for 

Mg66Zn29Ca5 in SBF27 without NaN. Due to varying experiment 

parameters it is difficult to compare actual Ecorr values [25].  
 

Table 3. 

Corrosion current density and potential for selected samples of the 

Ca50Mg20Zn12Cu18 alloy (Ecorr – Corrosion potential, icorr – 

corrosion current density 

Sample Ecorr, V icorr, mA/cm2 

W1 -1.34 6.17 

P1 -1.32 2.05 

P2 -1.35 3.15 

Ca50Mg20Cu30 as-cast * -1.25 2.12 

Ca50Mg20Cu30 573 K/1h* -1.26 3.11 

Ca55Mg18Zn11Cu16 ** -0.48 - 

Ca50Mg20Cu30 ** -1.17 - 

*[3] **[22] 

After the corrosion tests, the samples exposed to the Ringer 

solution were analysed using an EDS in order to determine the 

chemical compositions, which were expected to be drastically 

changed after the immersion. The results of the analysis are 

presented in Table 4. 

It is worth noting that the chemical composition changed 

drastically as compared to the results presented in the Table 2. 

The EDS analysis exhibited the presence of alloying elements as 

Ca, Mg, Zn, Cu as expected, additionally O, C and Al were 

present. High O presence may indicate that both oxides and 

hydroxides could form on the surface of the sample. It is reported 
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as well by Babilas et al. [24] and Morrison et al. [22]. The carbon 

and aluminum may be remnants of the polishing process as the 

polishing papers are made of corundum (Al2O3) and silicon 

carbide (SiC). The W1 sample can be characterized with the 

highest oxygen count and the sharpest decline of the primary 

elements, the surface morphology of the W1 sample and the EDS 

representation are shown in Fig. 7. It can be explained with its 

crystalline structure which reacts more actively with the corrosive 

environment. 

 

 

 

 

 

Table 4.  

Chemical composition of the Ca50Mg20Zn12Cu18 alloy ingot and 

plates, post-corrosion test, by EDS analysis 

Sample/ 

Figure 

Chemical composition, at% 

Ca Mg Zn Cu 
Others 

O C Al 

W1 

Fig. 7 
29.70 02.92 01.16 01.23 51.79 13.20 - 

P1  
Fig. 8 

42.60 00.98 00.67 00.89 43.82 10.43 00.62 

P2  

Fig. 9 
36.13 10.98 07.80 10.22 14.06 18.62 02.19 

 

 
Fig. 7. Surface morphology of the Ca50Mg20Zn12Cu18 alloy W1 sample after potentiostatic tests with X-ray analysis (EDS) representation 

observed after potentiostatic tests for the W1 sample of the Ca50Mg20Zn12Cu18 alloy with graphic at% chemical composition 

representation. EDS spectrum from entire area of the micrograph 

 

 
Fig. 8. Surface morphology of the Ca50Mg20Zn12Cu18 alloy sample P1 with X-ray analysis (EDS) representation observed after 

potentiostatic tests for the P1 sample of the Ca50Mg20Zn12Cu18 alloy. EDS spectrum from entire area of the micrograph 
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Fig. 9. Surface morphology of the Ca50Mg20Zn12Cu18 alloy sample P2 with X-ray analysis (EDS) representation observed after 

potentiostatic tests for the P2 sample of the Ca50Mg20Zn12Cu18 alloy. EDS spectrum from  the area marked by the square indicator 

 
The surface morphologies of both P1 and P2 samples are 

presented in Fig. 8 and Fig. 9 respectively. It can be seen that the 

surfaces of the samples are not uniform, it is a result of the 

potentiostatic analysis which caused the corrosion products to 

appear. As it is reported by Henrist et al. [26] and Rodriguez-

Navarro et al. [27] when the concentration of magnesium and 

calcium hydroxides increases, the globular structures can be 

observed, moreover large aggregates of spherical units are 

formed, and they can be seen in both Fig. 8 and Fig. 9. It is 

proven that the samples did corrode as it was mentioned before, 

but the EDS results clearly show high oxygen count which equals 

to the oxides presence. 

The literature data affirms the formation of a protective layer 

[22]. These results confirm that metallic glasses are more resistant 

to corrosion than crystalline materials (Fig. 6 and Table 3). 

 

 

4. Conclusions 
 

The initial ingot of the Ca50Mg20Zn12Cu18 alloy has a 

crystalline structure which consisted of two main intermetallic 

phases: Ca(Cu0,60,Zn0,40) and CaMg2. The plate samples of the 

same alloy were characterized by the amorphous structure. The 

fracture morphology of the samples revealed two types of 

fracture, chevron pattern morphology with shell type fracture. 

Basing on the potentiostatic analysis it was determined that the 

Ca50Mg20Zn12Cu18 alloy corrosion analysis varied depending on 

its microstructure, and it was visibly better for the amorphous 

structure as compared to the crystalline one.  Although, it was not 

high enough to withstand the aggressive environment of the 

human body and rapid dissolution took place. It was clear due to 

observed globular structures aggregated in spherical units and 

EDS results that considerable amount of calcium and magnesium 

oxides and hydroxides were formed postcorrosion, hence the 

corrosion morphology observed in the Ca50Mg20Zn12Cu18 alloy 

has been typical for that kind of alloy.  
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