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1. INTRODUCTION 

Recently, zinc has gained in popularity in the context of medical 

applications for temporary biodegradable implants [1–5].  

The fact that zinc is an essential element for the human body, 

responsible for several biological functions such as cell 

proliferation or apoptosis regulation further increases this 

attention [6,7]. What is more, pure zinc has an optimal 

degradation rate in terms of use as a potential material for 

biodegradable cardiovascular stents, compared to magnesium 

(which corroding too quickly) and iron (which corrodes too 

slowly) [7]. However, such use is prevented by pure zinc’s low 

mechanical properties. Overcoming the limitation is possible 

thanks to zinc-based alloys with magnesium, copper, calcium, 

silver or other biocompatible elements [8]. Even small amounts 

such as 0.1 wt.% of Mg improves the strength of pure zinc 

almost three-fold, reaching ultimate tensile strength (UTS) of 

81.5 MPa. A further increase of Mg content up to 0.8 wt.% 

results in a constant increase of yield strength (YS) and UTS, 

reaching 112 MPa and 120 MPa, respectively [9]. Such an 

improvement is associated with grain boundary strengthening, 

since 0.1 wt.% of magnesium addition led to grain refinement 

from 3094 ± 84 μm (for pure Zn) to 160 ± 22 μm. Further 

increase of Mg had a beneficial effect on grain size reduction, 

and finally 65 ± 9 μm for 0.8 wt.% was obtained [9]. Based on 

the literature reports, it seems that the threshold for Mg content 

is 2%. Above this value, the deterioration of properties can be 

observed. For example, addition of 1 wt.% of Mg [3] caused 

growth of YS and UTS to about 100 MPa and 150 MPa, 1.2 

wt.% [10] to 116.5 ± 1.2 MPa, 129.6 ± 6.4 MPa, 1.6 wt.% [11] 

to UTS 172 ± 12 MPa, while a 3 wt.% decrease of YS and UTS 

to 65 ± 9 MPa and 84 ± 9 MPa [12], respectively were achieved. 

While it is known that Mg can strengthen the Zn-based alloy, it 

has no positive effect on the elongation (A) of the alloys, as with 

addition of up to 0.8 wt.% the elongation stayed below 1%. 

Moreover, when studying its effect on corrosion rate there is no 

linear trend indicating that increasing the amount of Mg 

improves or weakens corrosion resistance [13]. One report [14] 

focusing on other as-cast binary zinc alloys indicates that 

copper addition up to 4 wt.% does not significantly affect grain 

refinement and elongation, but did improve UTS from 9.5 MPa 

for pure zinc to 105.4 MPa for Zn-4Cu. Immersion testing in 

HBSS performed over periods of five to 40 days revealed better 

corrosion resistance over longer time for all investigated Zn-

xCu alloys. Combining several alloying additives and creating 

ternary alloys may bring positive effects in terms of mechanical 

properties and corrosion rates, both of which are important 

factors for the potential application of zinc alloys as temporary 

implants. Zn-Mg-Sr alloys [15] with YS and UTS 129.08 ± 5.07 

MPa and 144.15 ± 14.97 MPa, respectively, are an example of 

this. Manganese addition to Zn-Mg alloy [2] can also increase 

YS and UTS, yet at the expense of elongation. Moreover, that 

alloy exhibits significantly higher corrosion resistance 

compared to pure Zn. Attempts have also been made to create 

biodegradable ternary alloys with Ti [16] and Ca [17] additions 

in Zn-Cu and Zn-Mg, respectively. Micro-alloying (0.05 wt.%) 

of titanium led to improved mechanical properties, but a greater 

amount (0.1 wt.%) worsened these parameters. Moreover, 

corrosion rate increased due to Ti addition.  

For Zn-1.5Mg-0.1Ca, YS, UTS and A improvements reaching 
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respectively, were achieved. Therefore, it seems that three-

component alloys bring better results in the as-cast state than 

binary materials. However, selecting the appropriate elements, 

which will contribute to increased strength and elongation 

while maintaining the optimal degradation rate of pure Zn still 

requires investigation.  

Thus, the main aim of this work is to design a Zn-Mg-Cu 

ternary alloy and indicate the effect of magnesium and copper 

addition on the mechanical and corrosion properties in as-cast 

state. The proposed systematic comparison of pure Zn with 

binary Zn-Mg and Zn-Cu, and finally ternary Zn-Mg-Cu alloy 

in as-cast state, will contribute to better understanding of the 

effect of particular elements on the microstructure and 

properties of Zn-based alloys, and thus to the more efficient 

creation of new materials for medical use as temporary 

implants.   

2. MATERIALS AND METHOD 

Pure zinc and its alloys, with 1 wt.% of copper, 0.8 wt.% of 

magnesium, and with 0.8 wt.% of magnesium and 0.2 wt.% of 

copper (denoted as Zn, ZnCu, ZnMg and ZnMgCu, 

respectively) were used for the investigation. Zinc (purity of 

99.99%), magnesium (purity of 99.99%) and CuZn40 brass 

were gravity casted in an argon atmosphere at 650°C. As a 

result, ingots with 75mm diameter and 200mm height were 

obtained. Microstructural characterisation was done with FEI 

E-SEM XL30 scanning electron microscope equipped with an 

energy dispersive spectrometer (EDS) EDAX Genesis. 

Samples were ground using abrasive papers from 220 to 7000 

grit, polished by 1 µm and ¼ µm diamond suspensions and 

electropolished with C1 electrolyte under the following 

conditions: voltage 25 V and time 15 seconds. Additionally, Zn 

and ZnCu were etched with a 4% nital solution in order to reveal 

microstructural features. ImageJ software was used for further 

microstructural characterisation. To confirm the phase 

composition, X-ray diffraction (XRD) was performed by using 

Bruker D8 Discover. Corrosion properties were tested by 

electrochemical and immersion tests. Cubic samples with an 

area exposed to Hanks’ Balanced Salt Solution (HBSS) of 0.29 

and 1.7cm2, respectively, for electrochemical and immersion 

tests were prepared on abrasive papers up to 7000. 

Potentiodynamic curves were recorded with the use of an 

Autolab PGSTAT 302 potentiostat and Nova 2.1.4 software. 

Three measurements were taken for each material, and the 

average corrosion rate was calculated according to ASTM G31-

72. Static immersion tests (IT) were conducted for 24 and 120 

hours in HBSS. For this test, four cubic samples from each 

material were immersed separately in 50ml of HBSS, in sterile 

containers that were placed in an incubator at 37℃. After every 

48h, the corrosion medium was changed to maintain the pH at 

7.4. After the immersion test, the samples were weighed with 

corrosion products, and then cleaned in ammonium chloride 

heated to 70℃ for 20 minutes and five minutes in ethanol to 

remove the corrosion products and weighed again. Based on 

this, the corrosion rate was calculated according to ASTM 

G102-89. Mechanical properties were designated by static 

tensile test on the Instron 6025 modified by a Zwick Roell 

machine at room temperature (22℃). Three samples of each 

material with 3mm diameter and 14mm gauge length (Fig. 1) 

were tested at a strain rate of 10-3 s-1. 

3. RESULTS 
A. Microstructural characterisation 

Microstructure images obtained by scanning electron 

microscope are presented in Fig. 2. Pure zinc was characterised 

by large, equiaxed α-Zn grains. Twins observed in the 

microstructure appeared most likely as a result of the 

metallographic section preparation. Also in the case of ZnCu, 

equiaxed grains of η-Zn were distinguished, suggesting that the 

alloying additive is fully dissolved in the solid solution. 

Materials with magnesium addition consist of α-Zn grains and 

eutectic mixture composed of α-Zn and intermetallic phase 

Mg2Zn11 located along the Zn grains boundaries. 

Microstructure of ternary alloy appeared to be similar to Zn-Mg 

alloy, however, due to Cu addition, consisted of η-Zn instead of 

α-Zn. Based on ImageJ software, average grain sizes of 

investigated casts were calculated. Data revealed that alloying 

additives allowed a significant grain refinement, and that 

magnesium rather than copper addition contributes best to this 

(Fig. 3). Pure Zn in the as-cast state has the highest average 

grain size (approximately 1100 µm), while addition of as little 

Mg as 0.8 wt.% resulted in an almost ten-fold decrease in the 

average grain size.  

Further alloying with 0.2 wt.% of Cu, resulting in ternary 

ZnMgCu, caused a further decrease, to 130±63µm. 

Additionally, for ZnMg and ZnMgCu alloys, the percentage 

fraction of the intermetallic Mg2Zn11 phase was calculated. 

Despite the same amount of Mg addition to alloys, a higher 

fraction of the phase was calculated for ZnMgCu due to the 

differences in Zn content in these alloys (99.2 vs 99.0 wt.%, 

respectively) (Table 1). 

 
Fig.2. Microstructures of A) Zn, B) ZnCu, C) ZnMg, D) ZnMgCu. 
obtained in backscattered electron (BSE) mode 

 

 

 

 
Fig.1. Example of the specimen used for static tensile test 
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Table 1. Average grain size and fraction of intermetallic phase of 

investigated casts 

 

With the EDS and XRD techniques, it was possible to carry 

out qualitative analysis of the chemical composition of alloys. 

Diffractograms are presented in the Fig. 4, and the distribution 

of the elements through the mapping by EDS in Fig. 5. It was 

confirmed that, regardless of the material, magnesium was 

located primarily in the eutectic mixture with negligible 

amounts dissolved in α-Zn grains, while copper locates as a 

solute element both in materials where Cu content is higher, 

at 1 wt.% in binary ZnCu alloy, and when it is a minor additive 

of 0.2 wt.% in ternary ZnMgCu, without the formation of any 

intermetallic phases. For the latter material, the presence of 

Cu was noticed mainly in the η-Zn matrix and diminished in 

the area of the intermetallic phase, suggesting its minor 

solubility. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material Average Grain Size [µm] 
Fraction of Mg2Zn11 

[%] 

Zn 1100  - 

ZnCu 433 ± 147 - 

ZnMg 145 ± 81 14 

ZnMgCu 130 ± 63 18 

  
Fig.5. SEM/BSE images of A) ZnCu alloy with distribution maps of B) Zn, C) Cu, D) ZnMg alloy with distribution maps of E) Zn, 
F) Mg, and G) ZnMgCu alloy with distribution maps of H) Zn, I) Mg and J) Cu 

 
Fig.3. Grain size distribution of investigated alloys 

 
 

Fig.4. X-ray diffractograms obtained for analysed materials 
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B. Corrosion properties 

The two-step corrosion rate investigation was started with 

electrochemical tests. Table 2 presents the average values of 

the main parameters obtained from the potentiodynamic test. 

Corrosion potential (ECorr) for Zn and ZnMgCu was at the 

same level -0.943 V. For binary Zn-based alloys, a significant 

shift of ECorr (as compared with pure Zn) was observed for 

more noble values (-0.931 V) when copper was added, while 

for magnesium addition ECorr decreased to -0.970 V. Those 

results are in agreement with obtained current density (JCorr) 

and in consequence corrosion rate (VCorr).  

Pure Zn and ternary alloy possessed VCorr at a similar level 

(0.36 and 0.38 mm/year, respectively). In the case of ZnCu, 

compared to pure zinc, a decrease in Vcorr was observed, 

achieving 0.31 mm/year. The highest degradation rate of 0.4 

mm/year was obtained in the case of the ZnMg. The changes 

in corrosion rate in the function of chemical composition are 

presented in Fig. 6. It is worth highlighting that the ternary  

alloy, of a composition proposed and designed for the first 

time in this work, has a corrosion rate comparable (within the 

measurement error) to initial pure Zn material even if any of 

the additive itself results in significant changes in this 

property. 

 TABLE 2. Average values of potentiodynamic test parameters 

 

In order to deepen understanding of the alloying element 

effect on corrosion properties, a static immersion test (IT) was 

performed. Table 3 presents a summary of the mass of 

corrosion products, mass loss calculated  as a difference 

between initial mass of the samples and  the weight of the 

samples after removing corrosion products and the corrosion 

rate determined based on mass loss. After 24h of IT in HBSS, 

similar results in terms of degradation rate were achieved and 

stayed in the range of 0.14 – 0.22 mm/year. However, the 

tendency of alloys with Cu addition to exhibit higher mass 

loss and in consequence higher Vcorr as compared to pure Zn 

and the ZnMg alloy was observed for the first 24h. Prolonged 

time of immersion (120h) caused, regardless of chemical 

composition, a significant decrease in corrosion rate, of about 

one order of magnitude (Fig.7). Moreover, after 120h a rather 

opposite trend was noticed, as the ternary alloy showed the 

slowest degradation rate, and pure Zn the fastest. Based on the 

obtained results, one should conclude the following: for 

longer duration of immersion, magnesium inhibits the 

degradation of Zn-based alloys to a much greater extent than 

copper. In all the investigated cases, except the pure Zn, 

prolonged immersion time resulted in the formation of larger 

amounts of corrosion products.  

 

TABLE 3. Average values of corrosion products, mass loss and 
corrosion rate after static immersion 

Material Mass of corrosion 

products [mg] 

Mass loss [mg] Corrosion rate 

[mm/year] 

24h 120h 24h 120h 24h 120h 

Zn 0.29 ± 

0.1 

0.29 ± 

0.2 

0.44 ± 

0.2 

0.99 ± 

0.4 

0.15 ± 

0.05 

0.067 

± 

0.029 

ZnCu 0.27 ± 

0.2 

0.34 ± 

0.1 

0.60 ± 

0.1 

0.80 ± 

0.1 

0.20 ± 

0.01 

0.054 

± 

0.006 

ZnMg 0.24 ± 

0.1 

0.33 ± 

0.1 

0.42 ± 

0.1 

0.67 ± 

0.1 

0.14 ± 

0.02 

0.045 

± 

0.006 

ZnMgCu 0.17 ± 

0.1 

0.52 ± 

0.1 

0.64 ± 

0.1  

0.55 ± 

0.1 

0.22 ± 

0.04 

0.038 

± 

0.007 

SEM observations of sample surfaces exposed to HBSS suggest 

that after 24h a discontinuous corrosion products layer was 

formed. The morphology was similar for each material. Over 

time, the number of products increased, which correlates with 

data obtained from mass measurements. After 120h, a compact 

layer of corrosion products distributed evenly on the surface 

was visible in all investigated materials. Examples of the 

sample surface exposed to HBSS after the different immersion 

time are given in Fig. 8. After the cleaning procedure of 

corrosion products, SEM images indicate that some of them 

were still present on the surface. This was especially true for Zn 

and ZnMg. In two other cases, i.e., ZnCu and ZnMgCu, 

scratches and single corrosion products were noticeable. For 

samples after 120h of IT, products after cleaning were less 

pronounced and SEM images provided more information.  

Material Corrosion potential [V] Current density 

[µA/cm2] 

Corrosion 

rate 

[mm/year] 

Zn -0.943 ± 0.02 20 ± 2 0.36 ± 0.06 

ZnCu -0.931 ± 0.01 18.4 ± 4 0.31 ± 0.04 

ZnMg -0.970 ± 0.01 21.2 ± 3 0.40 ± 0.08 

ZnMgCu -0.943 ± 0.01 20.7 ± 3 0.38 ± 0.07 

 
Fig.6. Corrosion rate determined from electrochemical test 

 

Fig.7. Corrosion rate determined from static immersion test for 
24h and 120h 
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As regards pure Zn, the presence of large pits and detachment 

of substantial portions of the material were observed. In the case 

of the ZnMg and ZnMgCu, localised corrosion was seen, since 

in the area of the eutectic mixture an increased number of pits 

were noticed compared to the grain interior. Moreover, in all 

investigated cases, the number of pits increased with prolonged 

test duration. The least visible changes compared to the material 

before immersion were noticed for the ZnCu alloy. Further 

analysis conducted on cross-sections of the corrosion layer 

confirmed the calculated corrosion rates. Pure Zn and ZnCu 

alloy exhibited more developed surfaces with numerous pits 

compared to the alloys containing Mg (Fig. 9). This was in 

accordance with measured mass loss, where 0.99 and 0.80 mg 

weight decrease was achieved respectively for pure Zn and 

ZnCu alloy, which was higher by at least 13 mg than in the case 

of Mg-contented alloys. Moreover, it was noticed that alloying 

additives lead to increasing the corrosion layer thickness, 

compared to pure Zn. This effect was more pronounced in the 

case of Mg addition rather than Cu. The thick, dense layer of 

corrosion products was especially visible near the intermetallic 

phase. SEM observations were supported by measuring the 

average thickness of the corrosion layer using ImageJ (see 

Table 4). Chemical composition investigation from cross-

sections of the corrosion product layer, after 120h of IT was 

performed using the EDS technique. This revealed that there 

was no significant difference in the chemical composition of the 

layer of corrosion products, regardless of alloying additives. In 

the majority, apart from Zn and alloying additives, the corrosion 

products layer consisted of oxygen (O), chlorine (Cl), calcium 

(Ca), and phosphorus (P). It was noticed that Cl and Mg tend to 

be located in some specific places, while Zn, O, Ca and P were 

distributed evenly in whole volume of the layer. The example 

of distribution of particular elements within the corrosion 

product layer is presented in Fig.10.  

 

Table 4. Average corrosion layer thickness 

Material Average corrosion layer thickness [µm] 

Zn 6 ± 1 

ZnCu 5.5 ± 1 

ZnMg 20 ± 4 

ZnMgCu 22 ± 3 

  
Fig.8. SEM/SE images samples surface after 24h and 120h of immersion test in HBSS and after removing the corrosion products for A-D) 
pure zinc; E-H) ZnCu; I-L) ZnMg; M-P) ZnMgCu 

 
Fig.9. SEM/SE microstructures of corrosion product layer cross-
section after 120h IT of A) pure Zn, B) ZnCu alloy, C) ZnMg alloy 
and D) ZnMgCu alloy 
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C.  Mechanical properties 

To establish how alloying additives affect mechanical 

properties of the Zn material, a static tensile test was 

performed. Based on stress-strain curves, presented in Fig. 9, 

average values of yield strength (YS), ultimate tensile strength 

(UTS) and elongation (A) were determined and listed (Table 

5). In reference to [18] it was confirmed that pure Zn 

possesses very low mechanical strength expressed in YS and 

UTS of 10 MPa and 18 MPa, respectively, with elongation as 

low as 0.3%. Alloying Zn with low magnesium and/or copper 

content significantly increases not only mechanical strength 

but also elongation. Based on the results, one may conclude 

that the best combination of strength and elongation was 

obtained for the ZnMgCu, for which YS and UTS were as 

high as 54 MPa and 81 MPa, respectively, with A of 1.6%. 

The character of the stress-strain curves (Fig. 11) for alloys 

with Mg addition indicated brittleness of the materials, while 

ZnCu was more ductile. 

TABLE 5. Average mechanical properties values for the investigated 
materials 

Material YS [MPa] UTS [MPa] A [%] 

Zn* 10 18 0.3 

ZnCu 37 ± 5 69 ± 5 4.5 ± 0.7 

ZnMg 53 ± 7 70 ± 8 1.4 ± 0.2 

ZnMgCu 54 ± 4 81 ± 4 1.6 ± 0.7 

* Results from the literature [18] 

Similar properties were also observed during microstructure 

analysis of tensile tested samples. Optical microscopy 

observation of the surface of dog-bone samples confirmed the 

brittle fracture in alloys with magnesium addition. Zinc phase 

has a tendency to deform, and brittle cracking occurs in 

regions where eutectic mixture was present. In the case of 

ZnCu, the occurrence of twins was noticed on the surface, 

especially in close proximity to the cracked site (Fig.12).  

Moreover, SEM/SE observations of the fractures correspond 

well with other results, since an almost flat surface was 

observed in the case of ZnMg and ZnMgCu alloys, suggesting 

brittle fracture. Meanwhile, for ZnCu, a more developed 

surface with visible voids, indicating plasticity. 

 
4. DISCUSSION 

In this work, pure zinc, as a reference material, and three 

alloys (ZnCu, ZnMg and ZnMgCu) in as-cast state were 

characterised. Microstructural analysis indicated an effect of 

alloying additives, especially magnesium, on grain 

refinement. This is confirmed by the average grain size 

determination, which for pure zinc was over 1000 µm, for 

ZnCu about 430 µm, and for magnesium close to 150 µm. 

Based on the binary equilibrium phase diagrams of Zn-Mg 

one, it should be noted that addition of Mg even as low as 0.1 

wt.% results in the formation of an Mg2Zn11 intermetallic 

phase [9]. The volume fraction of Mg2Zn11 of 14%, calculated 

in this work, forming the eutectic mixture, significantly 

inhibited the grain growth during the casting process [9,13]. 

This allows one to assume that, in order to obtain a fine-

grained microstructure, it is more advantageous to select 

 
Fig.10. SEM/SE microstructures of corrosion product layer cross-
section after 120h IT of ZnMgCu alloy A) with corresponding 
distribution of B) Zn, C) O, D) Mg, E) Cu, F) P and G) Ca 

 
 
Fig. 11. Representative stress-strain curves from static tensile test 

 
Fig. 12. Microstructure of A) ZnCu; C) ZnMg; E) ZnMgCu alloy 
after static tensile test and corresponding B),D),F) SEM/SE 
fractures 
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chemical elements which form with zinc-based second phases 

[19]. In this way, the effect of Cu in the microstructure 

refinement is much less pronounced even with addition of 1 

wt.%, which did not allow intermetallic phases to form (the 

maximum solubility of Cu in η-Zn is 2.7 wt.% according to 

the phase diagram [19]), and all the copper is substituted for 

the Zn atoms in its crystal structure. For ternary ZnMgCu 

alloy, the eutectic mixture (η-Zn+Mg2Zn11), formed at the 

grain boundaries of Zn grains, inhibits grain growth more 

efficiently than Cu dissolved in the Zn grains. Thus, the 

changes in the average grain size and resulting mechanical 

properties between ZnMg and ZnMgCu are negligible. 

Similar results can be observed in the literature [17], [20-24]. 

Based on the results of the electrochemical test, it can be 

concluded that the addition of copper increases the corrosion 

resistance of zinc, while magnesium causes its decrease. 

According to the electropotential series copper has +0.34 V 

and zinc -0.76 V, so Cu improves corrosion properties, while 

magnesium (-2.37 V) contributes to faster degradation [25, 

26]. For this reason, the addition of copper to ZnMg led to a 

reduction in the corrosion rate value. However, this was not in 

correlation with the results obtained from the immersion test, 

where the list from last to most corrosion resistant was as 

follows: for 24h ZnMgCu > ZnCu > Zn > ZnMg and for 120h 

Zn > ZnCu > ZnMg > ZnMgCu. It should be underlined that, 

in the case of 24h IT, the degradation rate values were very 

similar. However, the discrepancy between corrosion rate 

assessed based on electrochemical and immersion tests is not 

unusual and already found in the literature [27]. It is more 

reasonable  to determine corrosion rate based on immersion 

testing, because it is prolonged in time and closer to behaviour 

in the physiological environment. Moreover, the process is not 

forced by the polarisation of the sample. Results indicate that 

the grain size seems to be a crucial factor affecting corrosion 

rate [13]. Results from the static immersion test performed for 

120h showed a clear correlation between grain size and 

corrosion rate (Fig. 13). Similar results were found in the 

literature [28, 29], where a decrease in the VCorr was also noted 

for zinc-magnesium and zinc-copper alloys. Furthermore, 

ternary zinc alloy was characterised by the thickest corrosion 

products layer and the lowest mass loss after 120h IT. A 

thicker layer of corrosion products was observed in the 

vicinity of the eutectic mixture, which can be explained by the 

fact that magnesium ions also release into the corrosive 

solution, thus facilitating the formation of subsequent 

products [30]. This was also confirmed by SEM observations 

of corrosion products. After removing the corrosion products 

in the ZnMgCu alloy, the eutectic mixture was exposed, which 

implies that it is a specific place for degradation. A more 

compact layer of products can protect the material from 

degradation, which contributed to lowering the corrosion rate 

of the ZnMgCu alloy. Moreover, this phenomenon can be 

intensified by the increased number of grain boundaries in 

ZnMgCu alloys. In general, grain boundaries are more 

reactive than grain interior, thus may facilitate ion transport 

and creation of protective layer [31]. Alloying additives affect 

mechanical properties in different ways, depending on the 

chemical composition. They can strengthen zinc by formation 

of a eutectic mixture (ZnMg and ZnMgCu) or by solid 

solution (ZnCu, ZnMgCu). Both of these elements affect the 

grain growth during casting (microstructure refinement as 

compared with pure Zn). What is more, all these 

microstructure features constitute an obstacle to the 

movement of dislocations during the tensile test increasing the 

mechanical strength. In summary, the ZnMgCu alloy with 

contribution of all of the mentioned strengthening 

mechanisms, described by the smallest grain size, with the 

presence of eutectic mixture and Cu dissolved in the solution, 

result in the best YS and UTS for this material. The low 

elongation of materials with the addition of Mg is a 

consequence of the presence of the brittle Mg2Zn11 phase. 

However, alloying zinc with Cu  increases elongation during 

tensile testing. Several hypotheses have been developed to 

explain this effect, of which the main, proposing the 

occurrence of twinning during deformation, is the most 

common  [10,12,14,16,17,21]. 

5. CONCLUSIONS 

Results lead to the following conclusions: 

1. Alloying additives contribute to decreasing average grain 

size. The most favourable effect was achieved by the addition 

of magnesium, which formed a eutectic mixture located at α-Zn 

grains preventing grain growth during casting. The addition of 

copper has a less pronounced effect on the microstructure 

refinement, as all its atoms dissolved in the η-Zn grain structure. 

2. The results of potentiodynamic corrosion tests suggests that 

the ternary ZnMgCu alloy, with a composition proposed and 

designed for the first time in this work, has a corrosion rate 

comparable to initial pure Zn material, even if any of the 

additive itself results in significant changes in this property. 

3. Immersing the samples in HBSS solution gave more complex 

results as the tendencies depend on whether the samples were 

investigated for 24 or 120h. Longer immersion testing resulted 

in far lower corrosion rates compared with the first 24h. 

Moreover, for 120h a relation between corrosion rate and grain 

size was noticed. The smaller the grain size, the more corrosion 

resistant the material was.  

4. Increased number of alloying elements affected the formation 

of the corrosion product layer. The thickest layer was observed 

for ZnMgCu, which was connected with the Mg2Zn11 phase and 

grain refinement.   

5. ZnMgCu possessed the highest mechanical strength due to 

the presence of magnesium facilitating the formation of eutectic 

mixture (with the presence of a hard but brittle Mg2Zn11 

intermetallic phase) allowing significant refinement of the 

microstructure and to copper being dissolved within the refined 

η-Zn grains.   

 
Fig. 13. Relation between grain size and corrosion rate 
calculated based on mass loss of the samples exposed to HBSS 
for 120h 
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6. Results indicate the effect of a particular element on 

microstructure as well as on mechanical and corrosion 

properties. Detailed characterisation of the materials in as-cast 

state established the unambiguous impact of alloying, which 

may contribute to the selection of potential material for further 

research in the context of application as biodegradable stents. 

From our results, it seems that ternary ZnMgCu is the most 

promising one.  
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