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The magnesium alloys, alloyed by the low amount of calcium and zinc concurrently, are considered as a 
biodegradable materials for implants. However, the as-cast alloy exhibits the insufficient mechanical 
properties as well as corrosion resistance which are affected mainly by the presence of brittle secondary 
phases, such as Mg2Ca. For this reason, presented work was focused on the as-cast magnesium alloy 
with alloying elements (Ca and Zn) whose content did not exceed 1 wt. %, specifically MgCa0.5Zn0.5 (in 
wt. %). Microstructure consisted of magnesium matrix with a very low amount of Mg2Ca and Ca2Mg6Zn3 
phases which crystallized along the boundaries. These phases and their localization influenced the re-
sulted mechanical properties. The hardness was higher due to them and tensile properties were worse 
than the compressive ones. The addition of zinc did not improve ductility, but in the case of compressive 
stress-strain test, the relative deformation was satisfactory. Moreover, the corrosion resistance of as-cast 
alloy MgCa0.5Zn0.5 was better than pure magnesium.  
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 Introduction 

Magnesium based alloys are the promising materi-
als for orthopaedic implants thank to their mechanical 
and osteopromotive properties [1, 2], but most of 
them are designed mainly for automotive and aero-
space applications [3]. Magnesium is generally biode-
gradable element with sufficient biocompatibility and 
mechanical characteristic where even the values of 
Young´s modulus (41 – 45 GPa) and density (1.7 – 2.0 
g · cm-3) are close to that of human bone [1, 4, 5]. 
Moreover, it is an essential element occurring in the 
human body, namely in bone tissue suggesting the 
stimulation of bone tissue healing when those alloys 
are used [6, 7]. Biocompatibility is one of the crucial 
factors for biodegradable materials because the 
amount of released ions cannot be toxic [5]. Internal 
and external fixators are though usually made of stain-
less steel, titanium and its alloys or cobalt-chromium 
alloys which are with conflict of interest due to their 
biocompatibility, wear resistance and mechanical 
properties [1, 5]. However, the use of these materials 
is limited. Problems lie especially in long-term applica-
tions, in stress shielding effect and moreover, the sec-
ond surgery is required for removal of implants in 
many cases [1, 4, 8]. In contrast to mentioned alloys, 
magnesium-based alloys allow to avoid second surgi-
cal intervention and minimize stress shielding effect, 
because of their appropriate Young´s modulus [4].  

Despite advantages, magnesium-based alloys have 
been ignored for a long time due to their poor ductility 

at ambient temperature which is caused by the hexag-
onal close-packed structure. This structure has a very 
small number of slips systems resulting in difficult 
forming [9, 10]. A further significant drawback is high 
corrosion rate in physiological conditions leading to 
the fast biodegradation and releasing of hydrogen gas 
forming a bubbles [1, 11]. Bubbles are the cause of 
cavities in implants. On the other, reasonable corro-
sion rate could be utilized for the development of tem-
porary implants. Magnesium based alloys corrode 
faster than pure magnesium. The explanation lies in 
the presence of secondary phases promoting in the 
micro galvanic corrosion [1, 12]. So, magnesium ma-
trix and precipitated phases are galvanic couples and 
therefore, it is necessary to refine microstructure to 
hamper the increasing corrosion rate. For these rea-
sons, magnesium-based alloys are alloyed by the ele-
ments which could improve ductility in particular and 
increase corrosion resistance and thus, ternary systems 
have been investigated preferentially. Among these el-
ements, zinc and calcium seem to be the most suitable 
alloying elements. The reason, why these elements are 
preferred, is their natural occurrence in the human 
body as essentials elements [3]. The released cation 
Ca2+ accelerates the bone growth and therefore, its 
presence is not harmful [6, 11, 13]. Zinc is added to 
improve strength at ambient temperature [3], elonga-
tion and corrosion resistance [6, 11] meanwhile cal-
cium addition reduces the oxidation during heating 
treatment [3, 5]. Low content of calcium refines grains 
sizes and weakness the texture [10]. Alloying by cal-
cium enables to the solid solution and precipitate 



November 2020, Vol. 20, No. 5 MANUFACTURING TECHNOLOGY ISSN 1213–2489 

 

indexed on: http://www.scopus.com 669 

strengthening and refining of structure [5]. Strength of 
alloy, as well as the amount of secondary phases, in-
creases with increasing calcium content but ductility 
decreases [9, 11]. The corrosion resistance is also im-
proved but on the contrary, formed Mg2Ca phase 
worsens corrosion rate [6, 14]. This phase formed eas-
ily because its lattice has similar parameters to the lat-
tice of magnesium [15]. Simultaneous addition of cal-
cium and zinc to magnesium alloy leads to the for-
mation of ternary phase Ca2Mg6Zn3 which could in-
crease high-temperature properties [16]. On the base 
of the presented results, it is clear that the best combi-
nation of alloying is the addition of a low amount of 
zinc and calcium. 

In this work, MgCa0.5Zn0.5 (in wt. %) alloy was 
prepared by melting and casting. Many authors pre-
pared magnesium alloys with the same alloying ele-
ments (Ca, Zn) and by the same technique, but their 
chosen chemical compositions of alloying elements 
usually exceed 1 wt. % or zinc content is higher than 
calcium content. Microstructure, phase composition, 
mechanical properties and corrosion resistance were 
studied.  

 Materials ans Method 

Cast MgCa0.5Zn0.5 (in wt. %) alloy was prepared 
by melting of pure metals in an induction furnace un-
der Ar atmosphere. Commercial purity elements (Mg, 
Ca, Zn) were used as components for the preparation 
in a weight ratio of 99:0.5:0.5. The melt was cast into 
brass molds and obtained cylindrical ingots with diam-
eter 20 mm was cut transversely for analyzes.  

The sample was ground using sandpapers P80-
P4000 and polished on diamond pastes D2. The final 
polishing was done on Etosil E suspension. The solu-
tion of 10 ml HNO3, 30 ml CH3COOH, 120 ml 
C2H5OH and 40 ml H2O was used for etching. The 
microstructure was investigated by the optical micro-
scope Olympus PME3 with Axion Vision 4.8 software 
and by scanning electron microscope Tescan Vega 3 
LMU equipped with energy dispersive spectrometry 
OXFORD Instruments X-max EDS SDD 20 mm2 
(SEM-EDS), which was applied to determine the 
chemical composition of phases. The phase composi-
tion was determined by X-ray diffraction (PANalytical 
X´Pert Pro, CuKα radiation) with PDF – 2 databases.  

The mechanical properties were measured as Vick-
ers micro- (HV 0.005) and macro-hardness (HV 5) 
due to the heterogeneity of the samples. To character-
ize the mechanical behavior during loading, tensile and 
compressive tests were performed. Compressive and 
tensile tests were done using INSTRON 1362 ma-
chine equipped by clip-on Instron Dynamic Exten-
someter. The tested samples were prepared from as-
cast alloy by cutting to obtain the cylinders with a 
height of 7.7 mm and a diameter of 5.4 mm for the 

compressive testing. For the tensile tests, specimens 
with diameter of 4 mm and a gauge length of 15 mm 
were prepared by a mechanical machine. Both tests 
were performed using three samples and according to 
the ASTM E9-19 (compressive test) and ASTM 
E8/E8M – 16 a standard (tensile test).  

Corrosion behavior was determined using poten-
tiodynamic curves measured in 250 ml of physiologi-
cal solution (9 g · l-1 NaCl). First of all, as-cast alloy 
(cylindrical specimen) was ground by sandpaper 
P2500 and subsequent, the surface was rinsed by dis-
tilled water and dried. Electrochemical measurements 
were carried out using potentiostat Zahner Zennium 
Pro and obtained data were evaluated by software 
Thales XT Analysis. For reproducibility, each meas-
urement was repeated three times and a standard 
three-electrode set-up with Ag/AgCl/sat. KCl elec-
trode (ACLE) as a reference electrode and a graphite 
electrode as the counter electrode were used. The total 
exposed area of the studied specimen was approxi-
mately 0.8 cm2. The corrosion cell including experi-
mental set-up is shown in Fig. 1. At first, the open-
circuit potential (OCP) was stabilized for 3600 s with 
subsequent measurement of the polarization re-
sistance. The polarization resistance was measured be-
tween ± 20 mV/OCP with scanning rate of 0.1 mV · 
s-1. After the polarization resistance, the potentiody-
namic curves were measured in the range of -2 
V/ACLE to -0.6 V/ACLE with a scanning rate 1 mV 
· s-1. Tafel slopes βa (anodic) and βc (cathodic) were 
determined by extrapolation of the linear parts of po-
tentiodynamic curves. Subsequently, the constant B 
could be calculated according to equation 1. The 
corrosion current densities value (jcorr) was obtained by 
applying equation 2, which used constant B and pola-
rization resistance (Rp).  
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Fig. 1 Experimental set-up using for corrosion measurements 
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The sample for the volumetric method was ground 
by sandpaper P2500. Subsequently, the sample was 
rinsed by ethanol, dried and hung in burette using Te-
flon tape. The burette was then immersed to the phy-
siological solution (9 g · l-1 NaCl). Total time of volu-
metric method took for 5 h and the volume of released 
hydrogen was recorded every 30 min. The volumetric 
method was measured only in the case of as-cast 
MgCa0.5Zn0.5 alloy. 

 Results 

3.1 Microstructure of as-cast alloy 

Fig. 2a shows the optical microstructure of as-cast 
alloy Mg-Ca0.5-Zn0.5 (in wt. %) whose chemical com-
position was verified by XRF analysis after casting. As 
can be seen, there are significant boundaries and the 
average grain sizes exceeded 100 µm. It can be also 
observed that microstructure consisted of matrix and 
secondary phases which created the thin boundaries 
or crystallized along the boundaries (Fig. 2 b). How-
ever, these phases could not be identified even by 
XRD analysis and its database. XRD analysis only 
found the presence of magnesium and 0.5 wt. % of 
crystalline phase meaning the very low amount of this 
phase. According to diagram Mg-Ca [17], the maxi-
mum solubility of calcium in magnesium is 0.7 wt. % 
at 516.5 °C. The obtained microstructure is not a sin-
gle phase and there are precipitates evidently and 
therefore, it could be considered the presence of small 
precipitates of Mg2Ca or Ca2Mg6Zn3 eventually. Both 
phases are expected in obtained microstructure ac-
cording to ternary diagram. Work [10] used the same 
content of calcium and they also could not determine 
the secondary phases. Finally, Mg2Ca and Ca2Mg6Zn3 
phases were identified and unsolved peaks were 
marked (Fig. 3) after detailed analyses of minor peaks. 
The identified phases (Mg2Ca and Ca2Mg6Zn3) corre-
sponded to the results presented in work [6]. These 
phases could be observed as the white phase inner 
grain or at the grain boundaries in Fig. 2 b. Both 
phases are the typical phases arising in magnesium al-
loy with the addition of calcium and zinc [9, 11, 18, 
19]. Their typical position of peaks with very small in-
tensity and minor X-ray reflections were found in our 
results. Weaker reflections are assumed to be hidden 

in background noise. It is also possible that X-ray dif-
fraction analysis analyzed only the area inner the grain 
which could explain non-identification of phases. Fur-
ther, EDS point analysis revealed different chemical 
composition of matrix and boundaries (Tab. 1) which 
confirms the presence of phase. Matrix consisted of 
mainly magnesium, labeled as primary α – Mg phase 
[10], with 0.5 wt. % of oxygen but the boundaries dif-
fered in the amount of magnesium, calcium and oxy-
gen. Although all process took under Ar atmosphere, 
oxygen could be present in the initial Ca powder re-
sulting in its content in the matrix (very low content) 
and creating grain boundaries. On the other hand, 
boundaries were very thin for EDS point analysis and 
thus, the resulted chemical composition was affected 
by surrounding magnesium matrix.  

 

 

Fig. 2 Microstructure of the as-cast alloy obtained by a) light 
microscope; b) scanning electrone microscope 

Tab. 1 Chemical composition (in wt. %) given by the SEM + EDS point analysis of the phases 

Point Mg (wt. %) Ca (wt. %) Zn (wt. %) O (wt. %) 

1 80.5 ± 3.8 3.1 ± 3.3 5.4 ± 2.5 11.0 ± 2.0 

2 96.3 ± 1.7 1.5 ± 0.8 1.1 ± 0.3 1.1 ± 0.7 

3 99.5 ± 0.1 - - 0.5 ± 0.1 

4 97.4 ± 0.6 0.5 ± 0.1 1 ± 0.4 1.1 ± 0.3 
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Fig. 3 XRD pattern of obtained as-cast alloy 

 

Fig. 4 The SEM + EDS element distribution maps of the as-cast alloy

Although, the present phase at grain boundaries 
was etched largely, element distribution maps (Fig. 4) 
show the increased occurrence of calcium and con-
versely no magnesium. Low content of oxygen was 
found in some places suggesting that CaO could form 
but XRD did not reveal its presence. However, when 
we compare the results from EDS point analysis with 
results from element distribution maps, it seems that 
oxygen is present only in etched boundaries, specifi-
cally in holes. In other words, used etching agent could 

remain in holes which could cause its finding in the 
microstructure. This fact excludes the formation of 
CaO. It was found [13] that the Mg2Ca phase belongs 
to the typical phases precipitating along the bounda-
ries. Therefore, it can be suggested that a very fine 
Mg2Ca phase was enriched by magnesium for its for-
mation from the boundaries which became thinner. 
This phase contains approximately 55 wt. % of mag-
nesium so, part of calcium content was consumed for 
its formation, minor part for the formation of 
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Ca2Mg6Zn3 phase and the rest of one remained at the 
boundaries. Further, it is necessary to realize, that 
XRD analysis showed only 0.5 wt. % of crystallite 
phase - Mg2Ca and Ca2Mg6Zn3 resulting in small con-
sumption of calcium. Thus, the increased amount of 
calcium was located at boundaries. Higher content of 
calcium at the boundaries can be also explained by the 
low solubility of magnesium as matrix [20] and Mg2Ca 
phase was mainly etched. In Fig. 2 b, light areas are 
obvious which should be confirmation of Mg2Ca 
phase [20]. This fact can be demonstrated only by 
transmission electron microscopy. Moreover, the 
same microstructure was observed in work [18] where 
they also showed the same phase composition. Small 
black spots locating inside the grain (Fig. 2 a) are sec-
ondary phases Mg2Ca according to works [18, 20] that 
supports uniform dispersed phases in our case. Men-
tioned works studied the same addition of calcium. 

3.2 Mechanical properties of as-cast alloy 

The Vickers micro- and macro- hardness were 
measured under load a 5-kg and 5 g, respectively. Re-
sults are shown in Fig. 5 and small standard deviations 
imply that the microstructure was homogeneous. The 
Vickers hardness was approximately 44 HV 5 and mi-
crohardness 29 HV 0.005. The hardness of as-cast al-
loy was caused by the secondary phase - Mg2Ca and 
Ca2Mg6Zn3 because it is known that the hardness of 
pure magnesium is 29 HV 5 [11]. The measured hard-
ness was slightly higher than the hardness of binary 
alloy with higher amount of calcium Mg-2Ca [11] sug-
gesting that Ca2Mg6Zn3 phase did not influence the 
hardness much. Moreover, its amount was low and 
thus, the effect can be negligible.  

 
Fig. 5 Micro- and macro-hardness of the as-cast alloy 
 
Mechanical properties are the most important as-

pects of bone implants. Compressive stress-strain and 
tensile curves are given in Fig. 6. As can be seen, ten-
sile properties are worse than compressive ones. The 
average ultimate tensile strength (UTS) was 129 ± 31 
MPa with yield strength (YS) 81 ± 8 MPa and elonga-
tion did not exceed 5 %. Similar results were published 

in work [6] where they studied magnesium alloy with 
3 wt. % of calcium. Values of compressive properties 
were much higher: 278 ± 15 MPa for compressive 
strength and 110 ± 17 MPa for YS. The relative defor-
mation was 21 ± 2 % in this case. It is known that the 
ductility is worsened by Mg2Ca phase [6] which is brit-
tle and thus harmful for mechanical properties. As it 
was mentioned above, Mg2Ca phase crystallized along 
the grain boundaries which could be the crack source. 
The zinc addition should improve ductility but its con-
tent was too small. Works usually studied higher addi-
tions of zinc [6, 10, 21]. This phase was not harmful 
during the compressive stress-strain test because the 
mechanical characteristics were significantly better. 
This means that formed cracks were healed by pres-
sure immediately which was still repeated.  

 

Fig. 6 Compressive stress–strain and tensile curves  

.3 Corrosion resistance of as-cast alloy 

The electrochemical tests were performed in phys-
iological solution to determine the corrosion behavior 
of as-cast MgCa0.5Zn0.5 alloy in comparison with the 
corrosion behavior of pure magnesium. Although the 
additions of Ca and Zn were low, the changes of open-
circuit potential belonging to pure Mg and studied as-
cast alloy were not so significant and different. The 
effect of alloying elements could be possible to ob-
serve during the measurement of polarization re-
sistance because pure magnesium reached the lower 
values than as-cast alloy. The measured values are 
listed in Tab. 2.      

Tab. 2 The values of open-circuit potential and polarization 
resistance 

 
Ecorr 

(mV/ACLE) 
Rp (kΩ · 

cm2) 
Pure Mg -1616 ± 28 1.4 ± 0.39 
As-cast 

MgCa0.5Zn0.5 
-1629 ± 24 1.7 ± 0.29 

glig
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Fig. 7 Potentiodynamic curves of pure Mg and the as-cast 

MgCa0.5Zn0.5 alloy tested in physiological solution at am-
bient temperature with detail of microstructure of as-cast alloy 

after exposition 
 
Fig. 7 illustrated the potentiodynamic polarization 

in physiological solution. It is generally known, that 
the pure magnesium creates a passive layer of 
Mg(OH)2 on its surface when the pure magnesium is 
exposed to an aqueous electrolyte. However, the layer 
of Mg(OH)2 is porous with an insufficient protective 
effect. Pure magnesium is activated at higher oxidizing 
ability of model medium. This transition active-pas-
sive is accompanied by the formation of dimples at E 
= -1.5 V/ACLE for both tested materials as can be 
seen in Fig. 7. In the case of as-cast alloy, the pitting 
corrosion arised mainly at the grain boundaries which 
is shown in the detail of microstructure in Fig. 7. This 
means that Mg2Ca phase is corroded, leaving holes on 
the surface. The cathodic part of the polarization 
curve of MgCa0.5Zn0.5 exhibits the increase of rate 

belonging to the cathodic reaction which can be at-
tributed to the addition of zinc [22].  

On the base of these corrosion parameters, the 
corrosion rate could be calculated and results are 
shown in Tab. 3. 

On the based of obtained electrochemical meas-
urements, it is clear that the as-cast alloy 
MgCa0.5Zn0.5 exhibits lower corrosion rates com-
pared to pure magnesium. This fact can be attributed 
to the presence of secondary phases, namely Mg2Ca 
and Ca2Mg6Zn3. It indicates the tendency for localized 
corrosion. The primary Mg2Ca phase became anode in 
magnesium matrix while magnesium matrix became 
cathode. Wan et al. [23] presented the increase addi-
tion of calcium worsens corrosion resistance. In the 
case of the connection between Mg2Ca and 
Ca2Mg6Zn3 phases, Ca2Mg6Zn3 phase is cathode while 
Mg2Ca is an anode. This means that binary phase cor-
rodes faster than a ternary phase and magnesium ma-
trix in MgCa0.5Zn0.5 alloy. It can be assumed, that the 
disappearance of Mg2Ca phase due to its corrosion can 
cause less activation of Ca2Mg6Zn3 phase resulting in 
corrosion of the magnesium matrix. This assumption 
was observed by Bakhsheshi et al. [19], who revealed 
this disappearance of Mg2Ca phase after alloying by 
zinc (> 3 wt. %) and the corrosion rate was higher. 
This increment was described as corrosion process in 
close distance of Ca2Mg6Zn3 and α-Mg phases, where 
the magnesium matrix corroded around the 
Ca2Mg6Zn3 phase. According to Cain et al. [24], the 
activity of a single-phase can be deduced in the follow-
ing order Ca2Mg6Zn3 > α-Mg > Mg2Ca. Therefore, the 
ratio of Ca/Zn plays an important role. However, the 
exact ratio has not been determined and known yet 
because the additions of zinc are always different. The 
amount of zinc is stated from 1 wt. % [25] to 3 wt. % 
[19] when the positive effect of zinc was observed. 
Further, high activity of Mg2Ca phase is affected by 
chemistry and crystal structure [14] which supported 
the mentioned order of activity.  

Tab. 3 Electrochemical characterization parameters of tested materials determined from potentiodynamic curves 

 Icorr (A · cm-2) Bc (mV · dec-1) Βa (mV · dec-1) Vcorr (mm · year-1) 

Pure Mg 0.29 ± 0.04 280.7 ± 56.4 167.3 ± 64.5 0.67 ± 0.09 

As-cast MgCa0.5Zn0.5 0.14 ± 0.01 156.0 ± 47.8 87.0 ± 31.2 0.31 ± 0.02 

 
On the other hand, the corrosion behavior and 

thus corrosion rates of both tested materials are af-
fected by non-uniform corrosion. Non-uniform cor-
rosion is typical for magnesium alloys because all al-
loying elements or impurities are always more noble 
than magnesium matrix. The determination of corro-
sion rate from potentiodynamic curves is difficult due 

to the complicated extrapolation of Tafel slopes be-
cause the obtained curves are significantly rounded. 
For this reason, the volumetric method was applied. 
This method allows measuring of hydrogen released 
thanks to the cathodic reaction. Generally, the ca-
thodic polarization curves of magnesium alloys repre-
sent the cathodic hydrogen evolution through water 
reduction. Obtained results are shown in Tab. 4. 
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These results are different from the electrochemical 
ones. The larger surface, exposed to a corrosive me-

dium, can be one of the reasons. The chloride mecha-
nism could take place over the larger surface and this 
mechanism is described by the equations (3) and (4). 

Tab. 4 The results of the volumetric method measured for as-cast alloy  
Time (min) 30 60 90 120 150 180 210 240 270 300

Volume of re-
leased H2 (l) 

0.000
2 

0.0003 0.0005 0.0007 0.0009 0.0011 0.0013 0.0015 0.0017 0.0019 

Corrosion 
rate (mm · a-1) 

2.84 2.84 3.16 3.32 3.41 3.48 3.52 3.55 3.53 3.60 

 Mg (s) + 2 Cl- (aq) ↔ MgCl2 (s) + 2 e-  (3) 
 Mg(OH)2 (s) + 2 Cl- (aq) ↔ MgCl2 (s) + 2 OH- (aq)  (4) 

 
Another important effect, influencing the different 

corrosion rates between volumetric and electrochem-
ical methods, is the peeling of the exposed surface re-
sulting in higher occurrence of anodic and cathodic 
areas. This phenomenon leads to the increase of cor-
rosion rate and worse prediction of corrosion course. 
The possibility is also the quantity of exchanged elec-
trons. In the case of electrochemical reaction, it is sim-
ple to consider only two electrons while for volumet-
ric method, it is necessary to involve the reaction be-
tween cation Mg+ and water [26]. This causes the in-
accuracies within electrochemical measurements be-
cause they describe only a part of the corrosion pro-
cess. For this reason, the volumetric method corre-
sponds to the real situation. Thus, our results are dif-
ferent from published works [6, 18, 19 27]. However, 
it is impossible to compare our results with other au-
thors because the experimental set-up and mediums 
are different.  

 Conclusion 

In this paper, the MgCa0.5Zn0.5 (in wt. %) was 
prepared by casting and microstructure, mechanical 
properties and corrosion resistance were studied. It 
was found that secondary phases – Mg2Ca and 
Ca2Mg6Zn3 formed in small amount and they primar-
ily crystallized along the grain boundaries. Its existence 
caused worse tensile properties and poor ductility. On 
the other hand, the mechanical properties in pressure 
were much better with values: 278 ± 15 MPa for com-
pressive strength, 110 ± 17 MPa for yield strength and 
the relative deformation was 21 ± 2 %. The obtained 
corrosion rate was lower for as-cast alloy than for pure 
magnesium suggesting better corrosion resistance of 
MgCa0.5Zn0.5. Alloying elements (Ca, Zn) improve 
the corrosion behavior of magnesium alloys, but there 
is non-uniform corrosion caused by the galvanic cor-
rosion due to potential difference. The corrosion of 
studied alloy was supported by the releasing of hydro-
gen.   
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