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A B S T R A C T   

In this study, advanced techniques such as atom probe tomography, atomic force microscopy, X-ray photo-
electron spectroscopy, and electrochemical impedance spectroscopy were used to determine the corrosion 
mechanism of the as-ECAPed Zn-0.8Mg-0.2Sr alloy. The influence of microstructural and surface features on the 
corrosion mechanism was investigated. Despite its significance, the surface composition before exposure is often 
neglected by the scientific community. The analyses revealed the formation of thin ZnO, MgO, and MgCO3 layers 
on the surface of the material before exposure. These layers participated in the formation of corrosion products, 
leading to the predominant occurrence of hydrozincite. In addition, the layers possessed different resistance to 
the environment, resulting in localized corrosion attacks. The segregation of Mg on the Zn grain boundaries with 
lower potential compared with the Zn-matrix was revealed by atom probe tomography and atomic force mi-
croscopy. The degradation process was initiated by the activity of micro-galvanic cells, specifically Zn – 
Mg2Zn11/SrZn13. This process led to the activity of the crevice corrosion mechanism and subsequent attack to a 
depth of 250 μm. The corrosion rate of the alloy determined by the weight loss method was 0.36 mm⋅a− 1. Based 
on this detailed study, the degradation mechanism of the Zn-0.8Mg-0.2Sr alloy is proposed.   

1. Introduction 

Biodegradable materials are a group of materials designed to grad-
ually degrade in vivo, without any adverse effects on the host organism 
[1]. The degradation rate of these materials should be comparable with 
the speed of new tissue growth [2], ensuring the compactness of the 
regenerated tissue in the implanted area without the presence of cav-
ities. Furthermore, the mechanical properties should be appropriate for 
the intended use and remain stable for a relatively long period of time 
(2–6 months) as the newly formed tissue gradually takes over the me-
chanical load [3–5]. Based on these requirements, metallic materials 
were identified as promising materials for load-bearing applications [6]. 
The group of metallic biodegradable materials predominantly consists of 
iron, magnesium, and zinc [7]. Among all of the mentioned materials, 
zinc excels in its degradation behaviour possessing an almost ideal 

corrosion rate and absence of hydrogen gas evolution during corrosion 
[8], indicating its significant potential for the fabrication of biode-
gradable implants. 

Zinc is an essential element for various functions in the human body 
[9]. One of the most important functions of zinc is its participation in the 
growth of bone [10,11], suggesting a positive influence of zinc implants 
during bone healing. However, the effect is strongly dependent on zinc 
concentration in the area near the implanted material. On one hand, zinc 
deficiency leads to serious complications and illnesses (skeletal and 
brain evolution, atherosclerosis, autonomic disorders, etc.) [12]. On the 
other hand, the excess of zinc leads to a decrease in copper concentra-
tions and subsequently to the disorder of haematogenesis [13]. For these 
reasons, it is necessary to reliably determine in vitro corrosion behaviour 
to reduce the risk of negative reactions in the body. Despite the rela-
tively high number of publications concerning the corrosion behaviour 
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of zinc and its alloys, there are still gaps within the literature that need to 
be elucidated. Examples of such gaps are connected, especially, with the 
standardisation of the in vitro environments (the best agreement with in 
vivo results) [14], the influence of the individual phases and their dis-
tribution [15,16], the influence of the processing methods on the 
corrosion behaviour [17] and the influence of native surface layers on 
corrosion attack. 

The drawbacks regarding the strength and low ductility of as-cast, 
zinc-based materials are well known [18–20]. However, many ap-
proaches leading to an improvement in mechanical properties have been 
successfully applied and have contributed to the usability of these ma-
terials in the field of biodegradable implants [21–24]. Generally, the 
addition of alloying elements is often used to achieve this purpose. The 
selection of the alloying elements is restricted by several criteria, 
including non-toxicity and modifying mechanical behaviour to fulfil the 
requirements of medical applications [25]. For this reason, elements 
such as magnesium [26], calcium [22], strontium [27], lithium [28], 
manganese [29], and silver [30] are often used for alloying of pure zinc. 
Moreover, the Zn-based alloys are further processed by suitable ther-
momechanical treatment, leading to a significant improvement of their 
mechanical performance via grain refinement and surface texture 
modification as in the case of rolling [31], extrusion [32], high-pressure 
torsion (HPT) [33], or equal channel angular pressing (ECAP) [34]. The 
ECAP process, especially the Bc route, leads to significant improvements 
in the mechanical properties of Zn-based alloys, such as strength and 
ductility, by homogenizing the microstructure and refining the grain 
size [35]. Additionally, the process leads to minimal anisotropy of me-
chanical properties in different directions [34], which can be beneficial 
for implants loaded in more than one direction, for example plates and 
scaffolds. 

The Zn-XMg (X = 1 wt %) and Zn–Mg–Sr alloys have been studied for 
medical applications due to their ability to degrade in the body and 
eliminate the need for retrieval surgery [24,26,36,37]. However, the 
corrosion behaviour of these alloys in simulated body fluid (SBF) is not 
fully understood. Available studies have reported inconsistent results, 
with some showing improved corrosion resistance while others have 
shown increased corrosion rates of the same materials. To perform 
relevant comparison of the results obtained in this study and by other 
scientific teams, only works where the experiments were performed at 
comparable conditions (i.e. Zn–Mg alloys exposed for 7–21 days in SBF 
at 37 ◦C) are referred. Vojtěch et al. found minimal changes in corrosion 
rate of as-cast Zn-XMg (X = 1 wt %) systems exposed to simulated body 
fluid [38]. This was attributed to the negligible participation of 
micro-galvanic cells in the corrosion process. However, other studies 
have found significant influence of micro-galvanic cells on the corrosion 
process of the same system [39,40]. Similar inconsistencies can also be 
observed in the case of the formation of different corrosion products 
(complex Zn compounds, PO4

3− based compounds) [40–43]. The differ-
ences in results between the individual studies may also be attributed to 
variations in the experimental conditions (such as composition [44] and 
temperature of the SBF [45,46]) or neglecting the initial state of the 
material surface before exposure. In addition to the inconsistency of the 
published information, the characterization of the surface composition 
prior to exposure is often missing. However, the surface composition 
appears to be crucial for subsequent degradation and for a thorough 
understanding of the process. This lack of consistent data and missing 
information highlights the need for a more comprehensive study that 
will provide a detailed understanding of the corrosion process of these 
alloys in SBF with all measurements done under the same conditions. 

In this study, the corrosion behaviour of a Zn-0.8Mg-0.2Sr (wt. %) 
alloy processed by ECAP was characterized using immersion and elec-
trochemical measurements. A strong emphasis was placed on the in-
fluence of grain size, distribution of the secondary phases and presence 
of native surface layers on the corrosion process. Such a comprehensive 
approach has not been used for the investigation of corrosion of Zn- 
based biodegradable materials, to the best of our knowledge. 

Therefore, the obtained results allow us to propose the corrosion 
mechanism of the investigated Zn-based alloy and extend current 
knowledge regarding the corrosion of Zn-based biodegradable 
materials. 

2. Experiment 

Pure zinc, magnesium, and strontium in a weight ratio (99:0.8:0.2) 
were melted in the electric resistance furnace at 520 ◦C without the use 
of a protective atmosphere. The ratio between the alloying elements was 
chosen to obtain an ideal balance between mechanical (Table 1) and 
corrosion characteristics, and to be able to compare all results within our 
studies performed on the Zn–Mg–Sr alloys reliably. 

The melted mixture of the metals was mixed using a graphite rod in 
order to homogenize the composition; subsequently, the melt was cast 
into a steel mould with a 50 mm diameter. During the casting process, 
the mixture was filtered using an Al2O3 frit with average pore size of 3 
mm to remove the oxides from the melt. The cooled ingot was annealed 
for 24 h at 350 ◦C to homogenize the phase composition of the material. 
After the annealing, the ingot was quenched into the water and used for 
further processing. Blocks with a side length of 10 mm and a height of 
70 mm were cut from the centre of the ingot using a CNC electroerosive 
machine Agiecharmilles FI240 (EEC). The samples prepared in this way 
were lubricated using a high-temperature paste GLEIT-μ HP 505 and 
processed by ECAP method. The angle of the die channel was Φ = 90◦, 
and the pressing speed was set to 0.2 mm s− 1. Bc route (rotation by 90◦) 
was used with first two passes performed at 200 ◦C and the following 
two passes at 150 ◦C. The temperatures were chosen to obtain the 
highest possible Zener-Hollomon parameter without damaging the 
sample. Subsequently, the samples were characterized using an FEI 3D 
Quanta 3D field-emission-gun DualBeam scanning electron microscope 
(SEM) equipped with Focused Ion Beam (FIB) lift-out technique and an 
FEI Tecnai G2 F20 X-TWIN transmission microscope (TEM). TEM mea-
surements were performed at 200 kV. Phase composition of the alloy 
was determined using X-ray diffraction, and the detailed description of 
the analyses and their evaluation can be found in our previous study 
[34]. Samples were prepared for atom probe tomography (APT) using a 
Dual Beam Ga-FIB FEI Helios 600 using the lift-out protocol described by 
Thompson et al., 2007 [47]. A final accelerating voltage of 5 kV and a 
milling current of 47 pA were used to limit the damage caused by the Ga 
ions. Atom probe tips were then run on a LEAP5000 XR using voltage 
pulsing with a 15% pulse fraction, 200 kHz pulse frequency, and a 1% 
detection rate. Reconstruction of the data was undertaken using AP Suite 
6.1. X-ray photoemission spectroscopy (XPS) core level spectra were 
measured at NanoESCA (Omicron) in normal emission configuration 
using monochromatized Al Kα radiation (hν = 1486.7 eV). The spectra 
were measured on the surface of the Zn-0.8Mg-0.2Sr sample and almost 
pure Mg2Zn11 phase (95 wt % Mg2Zn11; 5 wt % Zn) three days after the 
sample polishing. The Mg2Zn11 phase was prepared using pure metals 
(Zn and Mg) and melted under an argon atmosphere using an induction 
furnace. Subsequently, the phase was annealed at 350 ◦C for 24 h to 
homogenize the phase composition. The Mg2Zn11 phase was analysed 
due to the determination of the influence of the intermetallic phases on 
the surface composition. Kelvin Probe Force Microscopy analyses 
(KPFM) were performed using a Bruker Dimension Icon atomic force 
microscope (AFM). Before the measurements, polished samples (Eposil F 
suspension) were rinsed by water, ethanol, and ultrasonically cleaned in 

Table 1 
Mechanical properties of the as-ECAPed Zn-0.8Mg-0.2Sr alloy.  

Directiona CYS 
(MPa) 

UCS 
(MPa) 

TYS 
(MPa) 

UTS 
(MPa) 

Ductility 
(%) 

Reference 

ED 252 ±
4 

276 ±
7 

207 ±
5 

298 ±
4 

12.2 ±
1.3 

[34]  

a Please see the designation of the sample directions in Fig. 1. 
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order to remove the residues after polishing. AFM was used to obtain 
sample topography and surface potential difference signal using 
amplitude-modulated two-pass method (AM – KPFM) [48]. For all the 
measurements, doped-diamond coated DDESP-FM-V2 probe was used 
with a tip radius of 100–120 nm, tip back and front angles of 17.5 ± 2.5 
and 25 ± 2.5◦, respectively, and Sb–Si cantilever with Al back-side 
coating. For the measurements, the sample (ED direction, Fig. 1) was 
divided into 4 quadrants with one measurement (simultaneous topog-
raphy and potential measurement) performed in each individual quad-
rant. In each sector, 80 × 80 μm maps were acquired. Besides, one map 
with 150 × 150 μm size was acquired in the first quadrant, as well. The 
depth and potential line profiles were processed using Gwyddion soft-
ware [49]. 

The corrosion behaviour of the ECAPed samples was evaluated using 
electrochemical and immersion tests. Electrochemical corrosion mea-
surements were performed on degreased samples (Fig. 1a, ground on 
FEPA P2500) in a polymethylpentene cell with an electrolyte volume of 
80 ml. The corrosive medium consisted of a solution of aerated simu-
lated body fluid (SBF27 [44]). The temperature was set at 37 ◦C. A 
three-electrode setup was used, a silver-chloride electrode (SSCE; 3 mol 
kg− 1 KCl, +0.21 V/SHE) and vitreous carbon rod were used as the 
reference and counter electrodes, respectively. The first two measure-
ments consisted of 12 h of stabilization supplemented by measurements 
of open circuit potential (EOC) and polarization resistance in the range of 
±20 mV/EOCP with a scan rate of 0.125 mV s− 1. The measurement 
sequence was closed by either anodic potentiodynamic polarization 
measured from − 0.05 V/EOC to 1 V/EOC, or cathodic polarization from 
0.05 V/EOC to − 1 V/EOC, in both cases, the scan rate was 1 mV s− 1. The 
second electrochemical experiment consisted of cyclic measurements (3 
times per hour) of impedance spectra in the range 10 kHz to 1 Hz, 
supplemented by spectra measured once every 7 h in the range 50 
kHz–100 mHz with a total exposure time of 72 h. DC component cor-
responds to EOC and an AC potential to 10 mV. Seven points per decade 
were measured. This measurement was also complemented by an EOC 
measurement. The Gamry Reference 600 potentiostat was used to 
perform the measurements. The validity of the second type of imped-
ance data was verified using the Kramers-Kronig transformation (ob-
tained deviations are in the order of 2•10− 5 and lower) using Gamry 
Echem Analyst software. The Zview software was used for data fitting. 

The samples used for the immersion tests (Fig. 1b) were ground up to 
P2500 SiC sandpapers and subsequently rinsed by ethanol and acetone. 
These samples were exposed in SBF for 72 h and 14 days at 37 ◦C. The 
ratio between the sample surface and the volume of the SBF was 80 ml 
cm− 2 for all exposed samples, and the exposure took place under an air 
atmosphere. Besides that, the pH values were measured regularly, every 
second day of the exposure. The immersion tests started 3 days after the 
polishing in order to interconnect the results with these obtained by XPS 
measurements. In the case of the sample exposed for 72 h, the sample 
was attached into a polymer tube filled with the SBF solution. The 
sample was analysed in this experimental setup using Zeiss Xradia 610 
Versa (μCT) under following conditions: voxel size 1.35 μm, 140 kV, 

HE2 filter, a source distance of 13.55 mm, and a detector distance of 55 
mm. The results obtained by μCT measurement were processed using 
Dragonfly software v.2022.1. After the 72 and 24 h exposures, the 
samples were removed from solution, rinsed by ethanol, and dried in air. 
Corrosion products formed on the material surface after 72 h were 
analysed using SEM-EDS. In addition, the products formed after 14 days 
of exposure were observed and analysed using optical microscope 
Olympus SZX9 (LM), SEM-EDS, TEM, X-ray diffraction (XRD) and 
Raman spectroscopy. The scraped corrosion products were crushed in 
the agate bowl and applied in ethanol to the copper mesh. TEM and 
STEM was performed at 200 kV and the diffraction patterns were pro-
cessed using CrysTBox software [50]. XRD measurements were per-
formed using a PANalytical X’Pert PRO powder diffractometer with a Co 
anode (Kλ1 = 0.1789 nm, Kλ2 = 0.1793 nm) in Bragg-Brentano geome-
try. PDF-4+ structure database [51] was used for phase identification 
and DIFFRAC.TOPAS for the Rietveld refinement. Raman measurements 
were performed at ambient temperature using a Renishaw InVia Raman 
Microscope under the following conditions: laser excitation wavelength 
of 488 nm with a laser power at the sample of 6 mW, × 50 Olympus 
objective, 65 μm slit, spot focus and the grating of 2400 lines/mm. 
Subsequently, the corrosion products were chemically removed using a 
solution containing chromium oxide and natrium sulphate according to 
the ASTM E407 standard, and the corrosion rate was calculated from the 
weight losses (ASTM G31-72 standard). The solutions were analysed 
every second day of exposure in two different ways. Firstly, 20 ml of the 
solution was removed from the top part of the container without mixing 
of the solution to measure the ion content of individual elements in the 
medium (labelled as a medium without sediments). Secondly, the rest of 
the solution was acidified using 1 ml of nitric acid in order to dissolve the 
precipitates and to determine the content of individual ions bonded in 
the corrosion products (labelled as medium with dissolved sediments). 
These solutions were analysed using an atomic absorption spectrometer 
Agilent 280FS AA (AAS). 

3. Results 

3.1. Microstructure 

Microstructure of the as-ECAPed Zn-0.8Mg-0.2Sr alloy was exten-
sively studied in our previous study [34]. Thus, the composition, dis-
tribution of the intermetallic phases, and grain size will be discussed in 
brief, due to the correlation between microstructure and corrosion 
behaviour. ECAPed material consisted of three different phases homo-
geneously distributed in the material structure; namely, Zn-based solid 
solution matrix, Mg2Zn11, and SrZn13 phases. The SrZn13 phase was 
localized predominantly within Mg2Zn11 intermetallic regions, which 
were surrounded by the zinc grains (Fig. 2a), these phases were also 
confirmed by XRD analyses. Most of the zinc grains were recrystallized 
with average size of 2.5 ± 1.4 μm; however, a small portion of 
non-recrystallized grains with a size of up to 40 μm was observed as well. 
The situation was slightly different in the intermetallic regions (Fig. 2b), 

Fig. 1. Dimensions and locations of the samples used for the a) electrochemical and b) immersion measurements with labelling of individual directions (ED =
extrusion direction, ND = normal direction, TD = transverse direction). 
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where zinc grains with a size of 113 ± 57 nm were observed. Particles of 
the strontium-based phase were approximately 200 nm in size and were 
spherical in shape. Presence of larger particles of Mg2Zn11 phase was 

observed in the intermetallic regions (approximately 500 nm), however, 
only a limited number of these large Mg2Zn11 particles were present. For 
more detailed microstructural characterization, please see our previous 

Fig. 2. a) SEM image of ECAPed Zn-0.8Mg-0.2Sr alloy microstructure with b) microstructural and phase composition of the intermetallic regions determined by TEM 
and SAED (circles represent individual phases – Zn (blue), Mg2Zn11 (red) and SrZn13 (green)). 

Fig. 3. a) Three atom probe maps showing first 1% of 
all Zn ions, second Mg ions and third Sr ions. The 
isoconcentration surfaces shown in the Zn ion map 
indicate a 4.65 at.% Sr surface (orange), and a 1.65 
at.% Mg surface (purple). b) A 1D concentration 
profile through the region indicated in the Mg ion 
map, indicates segregation of Mg to the Zn grain 
boundary. c) A proximity histogram calculated from 
the Mg isoconcentration surface, providing chemical 
composition of the precipitate, note that Zn repre-
sents the remainder of atoms in the precipitate.   
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publication [34]. 
In addition, APT was used to characterize the local element distri-

bution within the Zn-based alloy, the results obtained by APT are 
summarized in Fig. 3. The near atomic resolution of APT provides in-
formation regarding element segregation at grain boundaries and pre-
cipitate interfaces, as well as detailed compositional analysis of 
nanoscale precipitates, thereby aiding assessment of the influence of 
chemical composition on the alloy’s corrosion behaviour. To ascertain 
the amounts of alloying elements in solution in the zinc matrix, an area 
distinct from the precipitates and grain boundary was extracted, in this 
case the mid-lower right section of the data, and a bulk concentration 
analysis was determined, Table 2. The results in Table 2 indicate that 
the zinc matrix contains only negligible amounts of dissolved magne-
sium, while low but non-negligible amounts of strontium were found in 
solid solution. A small amount of iron was also detected in the zinc 
matrix. Iron can be considered an impurity in the investigated alloy. 

In the Zn-based matrix we also observed Sr and Mg containing pre-
cipitates. In the case of the Mg-based intermetallic phases, presence of 
oxygen in an Mg:O ratio of 1:1 was observed, suggesting the presence of 
oxidized Zn–Mg precipitates (Fig. 3c). Sr-based intermetallic phases 
were identified with a Zn:Sr ratio of 9:1, which is slightly different to the 
observations from previous diffraction measurements [34]. This chem-
ical composition is still close to the SrZn13 and the deviation of the exact 
stoichiometric composition could result from a loss of zinc signal in the 
atom probe data, possibly caused by a large number of multiple hit 
events. Alternatively, it could result from partial substitution of Sr by Zn 
in the precipitates. The observation of hydrogen at the precipitate is 
assumed to be caused by an evaporation field difference between the 
precipitate and the matrix and therefore represents hydrogen resulting 
from the experimental process and not a hydroxide. One of the most 
important findings was connected with the segregation of magnesium to 
the zinc grain boundaries (Fig. 3b). Concentration of the magnesium at 
the observed grain boundary was approximately 0.3 at. % without the 
presence of other metals (Fe, Sr) or oxygen. This suggests that in the 
investigated alloy, only Mg segregates to the grain boundaries. 

The surface of the studied material and as-cast Mg2Zn11 phase were 
also examined using X-ray photoelectron spectroscopy in order to 
describe the initial state of the material surface before corrosion testing. 
According to the composition of the alloy, the presence of oxygen 
(bonded in oxides or hydroxides) and carbon (bonded in carbonates) 
seems to be the most important factor for the resulting corrosion 
behaviour. The obtained results of the performed analyses are shown in 
Fig. 4. As can be determined from the peak areas of the measured 
spectra, carbon content decreased in the following order Zn-0.8Mg-0.2Sr 
(60%) > Mg2Zn11 without Ar+ sputtering (43%) > Mg2Zn11 with Ar+

sputtering (17%) while the oxygen possessed the opposite trend (20% <
32% < 43%). In addition, the ratio between Zn and Mg (Zn/Mg = 1:1 
and 1:2, respectively) was not in good agreement with the composition 
of the individual phases of the material, suggesting an increase in the Mg 
content in the compounds on the material surface. It was found that the 
as-cast Mg2Zn11 phase was slightly contaminated by hundredths of 
percent of calcium, which led to two possible interpretations of C 1s 
peak at 291 eV binding energy. This peak could be attributed to CaCO3 
or MgCO3; however, the minimal relative shifts limits our ability to 
distinguish individual compounds. The preferential occurrence of 
MgCO3 could be expected due to the higher concentration of Mg in the 

alloy as well as on the material surface (Zn/Mg ratio). O 1s peaks at the 
binding energies 531 and 533 eV could be assigned to oxides, hydroxides 
as well as carbonates. In the case of the Mg2Zn11 phase without the 
sputtering, only about 40% of O 1s intensity belonged to carbonates 
(based on CO3

− 2 stoichiometry). In addition, the sputtering led to a 
decrease in the oxygen contained in carbonates to 25%. This was most 
likely caused by the removal of elemental contamination, which led to a 
change in the percentage of the individual elements. The rest of the O− 2 

content was, with high probability, present in the form of Zn/Mg oxides, 
or hydroxides, or more complex compounds. In the case of Zn-0.8Mg- 
0.2Sr alloy, the content of oxygen in carbonates could not be deter-
mined reliably, especially due to the low value of XPS intensity. This was 
most likely caused by a high content of adventitious carbon or by the 
predominant presence of CO3

− 2 in the intermetallic areas. 
In addition to the aforementioned measurements, the distribution of 

the potentials and the topography of the surface were characterized 
across the material surface using AFM-KPFM. Characterization of the 
materials in this way is crucial, especially in the case of localized 
corrosion attack. The results obtained by AFM-KPFM are shown in 
Fig. 5. As can be seen in Fig. 5a, Mg-based intermetallic phases were 
slightly etched after the polishing process. Differences in height between 
the Zn matrix surface and the bottom of the etched intermetallic parti-
cles reached approximately 50 nm. However, small areas with a sub-
stantial increase in depth were also observed (Fig. 5a). Beside the 
intermetallic phases, the grain boundaries were affected before exposure 
as well. It can be seen in Fig. 5a that the difference in height reached 
almost 35 nm suggesting relatively significant influence of grain 
boundaries on the localized corrosion attack during sample polishing. 
Fig. 5b shows the distribution of the contact potential difference. The 
highest potential difference was observed in the regions occupied by Mg- 
based intermetallic phases (90 mV, Fig. 5b with line profile 1) and Zn 
grain boundaries (30–60 mV, Fig. 5b with line profile 2). Based on the 
potential scale, the differences between the Zn matrix and the Mg-based 
intermetallic phases ranged between 100 and 200 mV. It is important to 
note that the Sr-based intermetallic particles were not reliably distin-
guishable, and the impact of these particles on the activity of micro- 
galvanic cells will only be discussed based on the available literature. 

3.2. Electrochemical measurements 

After the initial stabilization, the open circuit potential ranged from 
− 0.88 to − 0.92 V/SSCE with constant fluctuations in the range of mil-
livolts for all measurements. The polarization resistance values were 5.1 
± 1.2 kΩ.cm2. Several different areas are visible on the potentiodynamic 
polarization curves (Fig. 6). The anodic curve showed a clear change of 
slope at a potential of − 0.73 V/SSCE, above which the curve reached the 
standard progression of the active corrosion mechanism with subse-
quent limit diffusion control of the reaction; however, even the Tafel 
slope below this potential with a value of 0.075 V/decade did not point 
towards passivation behaviour. In the area adjacent to the EOCP, the 
Tafel slope reached 0.131 V/decade. Furthermore, a number of waves 
appeared in the cathodic region, the first wave belonging to the dehy-
drogenation of hydrogen phosphate and the others have been identified 
in the past, in an environment aerated with 1 M NaCl, as - ZnO, (Zn(OH) 
2), Zn(OH)2 ⋅ ZnCl2, and Zn(OH)2 ⋅ ZnCl2 (in order of decreasing po-
tential) [52,53]. The last wave already corresponded to hydrogen 
depolarization. 

Fig. 7a and 7d show a Nyquist presentation of impedance data ob-
tained during the exposure. It is clear from the shape of the spectra that 
the data did not form a regular semicircle, so there was a clear influence 
of the second time constant in the spectrum. The spectra were modeled 
by the equivalent circuit shown in Fig. 7b and the results (extended by 
the EOC) are summarized in time evolution graph in Fig. 7c. The 
equivalent circuit consisted of a resistor Rsol describing the resistivity of 
the solution and a semi-parallel arrangement of two-time constants. The 
constant phase element (CPE) used in the circuit generally substituted 

Table 2 
Bulk composition of the zinc matrix from the mid-lower right hand section of the 
tip shown in Fig. 3.  

Ion Count Concentration (at. %) Concentration (wt. %) 

Zn 8304974 99.973 99.970 
Mg 195 0.002 0.001 
Sr 1380 0.017 0.023 
Fe 649 0.008 0.007  
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the capacitor and this replacement reflected the non-ideal behaviour of 
the system. This element was defined as Z = [C(jω) α ]− 1, where alpha 
took values from 0 to 1, so it can reflect from purely resistive to fully 
capacitive behaviour. Capacitance of the element was calculated ac-
cording to Brug et al. [54]. Throughout the exposure, the outer surface 
showed a dominant capacitive character and was described by a CPE. 
The charge exchange was realized to be locally dominant (in the pore) 
and was strongly influenced by transport processes, which was reflected 
by the presence of the Warburg element in the equivalent circuit. The 
experimental curves and used circuit showed a high level of consistency, 
expressed as values of χ2 lower than 1•10− 4. The EOC values in the first 
part of the exposure indicated a mixed response controlled by reactions: 

2 H2PO−
4 + 2e− ↔ 2 HPO2−

4 + H2 840 ̶ − 880 mV
/

SSCE (1)  

Zn ↔ Zn2+ + 2 e− − 971 mV
/

SSCE (2)  

while it was noticeable that at the 52nd hour of exposure there was a 
sharp transition to Eq. (2) only, followed by a return to the mixed 
control. The slight fluctuations are influenced both by the measurement 
of the impedance spectra and by other ongoing reactions - the influence 
of dissolved Zn2+ concentrations by the formation of solid corrosion 
products and also by the competition of oxygen depolarization and the 
reaction Eq. (1) (phosphates dehydrogenation [55]. Significant 
decrease in potential was reflected in the impedance spectra (green 

Fig. 4. Sections of XPS spectra concerning a) C 1s and b) O 1s peaks of the Zn-0.8Mg-0.2Sr alloy (black line), Mg2Zn11 phase without the sputtering (red line) and 
Mg2Zn11 phase with the sputtering (blue line). 

Fig. 5. a) Topography and b) contact potential difference (CPD) with detail of grain boundaries of Zn-0.8Mg-0.2Sr surface and two line profiles of selected areas 
representing the transition between zinc matrix and intermetallic phases (1) and transition between individual Zn grains (2). 
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curves in Fig. 7d), with an increase in the admittance of the Warburg 
element, an increase in the resistance parallel to it, a decrease in the 
upstream resistance, and an increase in the capacitance of the outer 
surface. These changes indicated a significant localization of the charge 
exchange and thus the formation of several preferentially corroding 
sites. 

3.3. Immersion tests 

Initiation of the corrosion attack was clearly visible on 3D and 2D 
images obtained by micro-CT, and the results concerning these mea-
surements are shown in Fig. 8. As can be seen in Fig. 8a (0 h of expo-
sition), the areas of the intermetallic phases containing Mg2Zn11 and 
SrZn13 were characterized by darker shades, and the phases were 
separated by bright areas representing zinc matrix. It is visible that the 
gradual increase of exposure time led to an increase in surface damage. 
This led to a gradual decrease of material volume and increase of surface 
area. In the beginning stage of the exposition, the corrosion attack was 
localized predominantly to the areas containing intermetallic phases. 
With subsequent increase of time exposure, the number of attacked re-
gions adjacent to intermetallic phases increased, and the first signs of 
localized corrosion attack were visible in Fig. 8c. After 72 h of exposure 
(Fig. 8d), regions without corrosion attack (containing the intermetallic 
phases) were observed on the material surface as well. It suggests the 
presence of non-affected areas, and that development of the corrosion 
attack is limited to the expansion of existing local corrosion areas. The 
observations of 2D images after 72 h of exposure confirmed corrosion 
processes dominated by the spreading of the corrosion front along the 
intermetallic phases. In addition, the maximal depth of the corrosion 
attack was determined using 2D scans in the y axis (details in the sup-
plementary materials). The values of maximal depth were 12 μm, 25 μm 
and 39 μm for 24 h, 48 h and 72 h, respectively. To confirm the character 
of long-term behaviour, immersion tests were performed for 14 days 
with subsequent characterization of the corroded material. 

Distribution, elemental composition, and morphology of the corro-
sion products formed during the immersion in SBF for 72 h and 14 days 
are shown in Fig. 9. The overview image after 72 h of exposure showed 
macroscopic deposits in localized places (Fig. 9a). A close-up view of the 
surface (Fig. 9b) showed dimples with geometries corresponding to the 
intermetallic phases. The presence of a thin layer of corrosion products 
was also evident on the surface, but its thickness did not cover the un-
derlying character of the surface. EDS analysis showed the presence of 
calcium and phosphorus, but the Ca/P ratio did not exceed the value of 
0.3 excluding the presence of compounds solely on the hydroxyapatite 
base. The EDS spectra also indicated increased content of carbon and 
oxygen, however, due to the limited ability to quantitatively resolve O 
and C using EDS [56], this observation was only indicative. Fig. 9c 
shows a spot after mechanical removal of the deposit where a crevice 

was evident, and in which EDS analysis showed an order of magnitude 
higher chlorine abundance than on the rest of the surface. As can be seen 
after 14 days exposure (Fig. 9d), the corrosion products were still un-
evenly distributed over the surface of the sample. Detailed observations 
revealed the pores character of the corrosion products (Fig. 9d1), and the 
presence of Zn, O, Cl, P, and Ca (with the same distribution as P) were 
confirmed by EDS analysis. To describe the extent of the corrosion 
attack, the corrosion products were chemically removed from the ma-
terial surface (Fig. 9e). It needed to be taken into account that the sur-
faces of the samples shown in Fig. 9d differ from those in Fig. 9e. The 
reason for using different surfaces is to enhance the visibility of 
described facts. Pits caused by the corrosion attack showed relatively 
high depth (up to 250 μm), and the presence of the crevices on their 
bottom (Fig. 9e2). On the contrary, the surface of the sample outside the 
pits showed minimal changes in the morphology and minimal corrosion 
attack (Fig. 9e1). It also needs to be mentioned that the pH of the 
corrosion environment increased during the exposition from 7.9 to 8.6. 
Last but not least, the corrosion rate of the alloy was evaluated using the 
weight-loss method, and the average value was found to be 0.36 
mm⋅a− 1. Additionally, the values of the corrosion rate remained stable 
in time with standard deviation of ±0.01 mm⋅a− 1. 

In addition, the corrosion products were analysed using XRD, TEM, 
and Raman spectroscopy. The XRD analysis revealed the presence of 
simonkolleite (Zn5(OH)8Cl2⋅H2O, minority (1–10%)) and hydrozincite 
(Zn5(CO3)2(OH)6, majority (90–99%)), which are the most common 
corrosion products of Zn-based materials exposed to SBF [57–59]. The 
presence of compounds containing other alloying elements (Mg, Sr) 
were not confirmed by XRD. Selected area electron diffraction (SAED) 
analysis confirmed only the presence of hydrozincite (Fig. 10). In 
addition, STEM - EDS indicated the presence of low amounts of simon-
kolletite and phosphate-based compounds (Fig. 10c, point 2). Raman 
measurements were in good agreement with XRD and TEM measure-
ments, where the hydrozincite and simonkolleite were identified as 
corrosion products. For details concerning the XRD analysis and Raman 
spectroscopy, please see the supplementary materials. 

Ion release of zinc, magnesium, and strontium was measured 
immediately after exposure to SBF using AAS, the obtained results are 
summarized in Table 3. The samples for the AAS measurements were 
extracted by two different methods: i) extraction from the top of the 
container (i.e. medium without the sediments) and ii) extraction from 
the acidified solution containing dissolved sediments (see the experi-
mental section). This procedure revealed that the concentrations of 
magnesium and strontium ions were almost the same independently of 
the place and method of the extraction. However, small differences can 
be observed between these values suggesting partial bonding of Mg and 
Sr into the solid sediments. In contrast, the content of zinc ions was 
significantly higher after the acidification of the solution (dissolution of 
the sediments). It means that the solid corrosion deposits contained a 
large amount of zinc and only a negligible or even no amount of mag-
nesium or strontium. 

4. Discussion 

Description of the material microstructure and surface composition 
clearly shows the complex character of the system and pointed to several 
factors that can affect the resulting corrosion behaviour of zinc-based 
alloys. These factors can be divided into three basic groups: i) distri-
bution and nobility of the intermetallic phases, ii) grain size and the 
chemical composition of the grain boundaries, and iii) protective char-
acter of native layers formed on the surface before the exposition. It 
needs to be mentioned that the literature sources supporting the claims 
and discussion in the manuscript was limited based on the relevance and 
not time period. Due to the longer time period, the information can be 
obtained from many sources dealing with different aspects of the solved 
problematic, thereby covering all knowledge related to the issue. 

i) It is well known that the solubility of the alloying elements (Mg, Sr) 

Fig. 6. Polarization curves in SBF.  
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in Zn solid solution at ambient temperature is very low. This can be 
clearly visible in the Zn-Mg [60] and Zn–Sr [60] phase diagrams, where 
the solubility of these elements in Zn reach the values close to zero. 
Therefore, the preferential binding of these elements into intermetallic 
phases takes place during the solidification of the material [61]. More-
over, the difference in the solubility of Mg and Sr in Zn at the solidifi-
cation and ambient temperature is very low. As a consequence, only 
limited number of precipitates inside the Zn grains are formed during 
the cooling between the solidification and ambient temperature. This 
was also confirmed by the APT measurements, which have shown 
almost negligible content of the alloying elements in the Zn matrix and a 
very limited number of precipitates. Distribution of the intermetallic 

phases can be described as homogeneous in large scale, and it was 
strongly affected by the material processing. However, the opposite 
situation can be observed in local arrangements (Fig. 2a). The local in-
homogeneity can be ascribed to the initial state of the material prior to 
processing, where the zinc dendrites were surrounded by the interme-
tallic phases [34]. The ECAP processing leads to the disruption of these 
areas and the formation of a large number of smaller intermetallic 
particles [34]. These particles serve as the initial places for corrosion 
attack. The intermetallic particles possess lower nobility (Fig. 5b) 
compared with the zinc matrix, resulting in the occurrence of local 
galvanic cells. The results obtained in this study reveal two different 
mechanisms, which are strongly dependent on the exposed areas. On 

Fig. 7. a) Fitted extended impedance spectra in SBF; b) equivalent circuit used for evaluating impedance measurement; c) time evolution of circuit elements d) 
detailed time evolution of the impedance response at mid frequencies. 
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one hand, the intermetallic phases caused an increase in the speed of 
corrosion attack because of their lower nobility [32,62]. On the other 
hand, the phases participate on the changes in chemical composition of 
the surface through the formation of MgO and MgCO3, which positively 
affected the corrosion resistance [63]. This will be further discussed in 
the following paragraphs. In addition, the complex character of the 
intermetallic areas can affect the corrosion process by changes of the 
ratio between zinc areas and Mg2Zn11 phases. More precisely, the 
corrosion attack can be affected by a mutual ratio between cathode and 
anode size. 

ii) It is well known that the grain size can significantly influence the 
corrosion rate of a material. This fact is often ascribed to the ability of 
grain boundaries (GB) to effectively aid in the formation of a passivating 
oxide layer [64]. Therefore, the grain boundary density could be ex-
pected to influence the corrosion rate of the material. Ralston et al. [64] 
found a correlation between GB density and corrosion rate of “reactive” 
materials (icorr > 10 μA cm− 2). In such cases, high grain boundary 
density leads to an intensification of the corrosion process by increasing 
surface reactivity. It means that in the case of our material, the areas 
containing non-recrystallized grains should be more resistant against the 
corrosion attack than the fine-grained areas, and thus support 
non-uniform corrosion attack. Another important aspect connected with 
grains is the chemical composition at the grain boundaries. As can be 
seen from results obtained by KPFM, the grain boundaries possessed 
lower potential compared to the matrix. Lower potential can lead to the 
predominant etching of the grain boundary with subsequent intensifi-
cation of the corrosion attack in these regions. This situation can be 
caused by several factors including the magnesium segregation, the 
energy of the GB, or a combination of the two. It is well known that grain 
boundaries possess higher internal energy due to different arrangement 
of the atoms compared with the bulk [65]. According to the combined 
statements of the first and second law of thermodynamics, internal en-
ergy is directly proportional to Gibbs energy. Furthermore, the Gibbs 
energy is equal to negative value of potential suggesting the participa-
tion of grain boundary structure on the decrease of potential value. 
Besides, the presence of segregated less noble Mg must have similar 
impact on the potential value on the GB. However, the content of Mg is 

relatively low (0.3 at. %), suggesting a prevailing influence of GB energy 
on the overall potential difference between grain boundaries and Zn 
matrix. 

iii) Kinetics of layer formation is an important factor in Zn–Mg2Zn11 
systems, influencing the corrosion resistance of the material. In the case 
of the studied material, the competition between MgO and ZnO layers 
could be expected on the intermetallic particles. The protective char-
acter of Mg-based oxides and their formation was discussed in several 
publications concerning the influence of Mg2Zn11 on the corrosion 
properties of Zn–Mg2Zn11 systems [26,36,66,67]. The reason lies in the 
presence of MgO which often leads to the formation of a layer with a 
more protective character (compared to ZnO) and increases corrosion 
resistance. However, such behaviour relates to the kinetics of oxide 
growth and to the suitable conditions for the creation of a homogeneous 
layer. At the micro-scale, the distribution of the Mg-based phase is 
inhomogeneous, and the conditions for the creation of compact oxide 
layer are not reached. As a result, non-uniform corrosion attack could be 
expected. According to the obtained results, a mixture of oxides, hy-
droxides, and carbonates are expected on the material surface. However, 
such a large group of possible corrosion products is not suitable for 
further investigation due to their different protective character. In order 
to understand the kinetics, the group of compounds forming on the 
material surface before the exposure (Eq. 3–9) were thermodynamically 
restricted. The raw data for the calculations of Gibbs energies (ΔGr) 
were obtained from literature [68–70]. As determined from the equa-
tions, the presence of oxides and carbonates is the most probable result. 
Together with the XPS results, the material surface is, with high prob-
ability, covered by oxides (ZnO – matrix and MgO – intermetallic re-
gions) and magnesium carbonate, and the stability of individual 
compounds increased in the following order: ZnCO3 < Mg(OH)2 <

MgCO3 < ZnO < MgO. The presented claims corresponded with the 
thermodynamic calculations and obtained experimental results [71]. 

2 Zn (s)+O2 (g) → 2 ZnO (s)ΔGr= − 641 kJ ⋅ mol− 1 (3)  

2 Mg (s)+O2 (g) → 2 MgO (s)ΔGr= − 1138 kJ ⋅ mol− 1 (4)  

ZnO (s)+H2O (aq)→ Zn(OH)2 (s) X (5) 

Fig. 8. 3D scans of the sample exposed in SBF for a) 0 h, b) 24 h, c) 48 h and d) 72 h with e) 2D slides representing gradual corrosion attack spreading along the 
intermetallic particles (marked by the arrows). 
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MgO (s)+H2O (aq)→ Mg(OH)2 (s)ΔGr= − 27, 4 kJ ⋅ mol− 1 (6)  

ZnO (s)+CO2 (g) → ZnCO3 (s)ΔGr= − 22 kJ ⋅ mol− 1 (7)  

MgO (s)+CO2 (g) → MgCO3 (s)ΔGr= − 48 kJ ⋅ mol− 1 (8)  

2
13

Mg2Zn11 (s) + O2 (g) →
22
13

ZnO (s) +
4
13

MgOΔGr = − 725 kJ⋅mol− 1

(9) 

All the mentioned effects lead to the prediction of a non-uniform 
corrosion attack; however, it is not possible to determine the prevail-
ing aspect only based to the microstructural characterization. It is 
obvious that the mentioned factors (intermetallic phases, grain size and 
boundaries, layers formed before exposition) affect the corrosion 
behaviour of the material the most; however, other less significant as-
pects, such as internal stresses or texture could participate in the 
corrosion process as well [72,73]. This is relevant, especially in the case 
of materials processed by thermomechanical or severe plastic defor-
mation processes. Based on the performed measurements and the lower 
significance of these features, the influence of the texture and internal 
stresses will not be further discussed in this manuscript. Until now, the 

discussion was focused predominantly on the influence of Mg dissolved 
in material and the Mg-based intermetallic phases on the corrosion 
behaviour of the ECAPed material. The reason for such restriction was 
caused by the microstructural arrangement and the possibility to 
confirm our assumptions reliably. Alongside the Mg-based intermetallic 
phases, SrZn13 particles were also present. The primary reason for 
adding Sr was to enhance the ductility of the alloy [32]. As demon-
strated in our previous study [34], the SrZn13 phase content (3.2 vol %) 
was significantly lower than that of the Mg2Zn11 phase (14.8 vol %). 
Furthermore, the SrZn13 particles were very small (less than 1 μm) and 
occurred together with the Mg2Zn11 particles. Thus, their impact on the 
localization of corrosion was not noticeable. Additionally, no grain 
boundary segregation of Sr or Sr-enriched surface layers were observed. 
These findings suggest that the effect of Sr on the corrosion mechanism 
can be disregarded in our case. However, the influence of these particles 
on the corrosion mechanism has been documented in literature for bi-
nary Zn–Sr alloys and is primarily related to the activity of 
micro-galvanic cells, where these phases increase anodic activity [27]. 
The expected potential decrease is well supported by brighter places in 
the intermetallic particles visible in Fig. 5. 

Exposure tests augmented by the impedance analysis and in-situ 
micro-CT followed by surface analysis showed preferential corrosion 

Fig. 9. LM and SEM images of as-ECAPed Zn-0.8Mg-0.2 Sr alloy a) after the 72 h of exposition with b) detailed images of etched intermetallic regions and c) crevice 
created under the corrosion products; d) samples after the 14 day exposure in SBF solution with d1) elemental maps of the corrosion products; e) surface of the alloy 
after the chemical removal of the corrosion products with detailed images of the e1) non-attacked surface and e2) bottom of the pits. 
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of the intermetallic phases in the first stages of exposure. Dehydroge-
nation of the dihydrogen phosphate contributed to the partial phosphate 
character of the barrier layer protecting most of the surface. The Ca/P 
ratio excludes the formation of products purely on the apatite base and 
indicates the presence of zinc phosphate compounds. However, their 
content is relatively low suggesting the predominant binding of zinc ions 
into simonkolleite and hydrozincite. Subsequently, the content of 
chlorides increased in some selected pores due to the crevice corrosion 
mechanism leading to the acceleration of the localized attack. Besides 
the character of the corrosion attack, the composition and stability of 
newly formed products during the exposure are important, especially 
from the biodegradable implant’s point of view. Most of the corrosion 
products consisted of hydrozincite and simonkolleite. These compounds 
are relatively common in the case of zinc exposed in the solutions con-
taining the Cl− ions [57,74,75]; however, their mutual ratio is often 
different, and it is dependent on many factors from which the pH and the 
presence of other compounds seem to be the most important. It is known 
that simonkolleite is more stable at lower pH, while formation of 
hydrozincite is preferred in more alkaline environments [63]. This 
points to the initial formation of simonkolleite with a gradual increase of 
hydrozincite during the exposure and with an increasing pH value. In 
addition, the formation of hydrozincite could be supported by the 
presence of magnesium carbonate suggesting the predominant forma-
tion of hydrozincite in the areas occupied predominantly by interme-
tallic phases [63]. XPS results also confirmed higher content of 

magnesium on the material surface compared with the Zn: Mg ratio in 
the intermetallic phases. All these results together with the gradual in-
crease in pH value led to a higher content of hydrozincite in the resulting 
corrosion products. The importance of such a conclusion is hidden in the 
stability of simonkolleite, which is relatively stable in a neutral pH 
environment, and it could result in a decrease in the degradation rate in 
the human body after implantation. Despite the ability of the body to 
keep a stable pH value, an increase of pH could be expected in the close 
surrounding of the material surface resulting in similar results as in the 
presented work. Simplified schema of the corrosion process in the in-
dividual stages is shown in Fig. 11. 

Despite some differences, similar conclusions as in this study can also 
be found in our previously published manuscripts concerning in vivo 
behaviour of the as-extruded Zn-0.8Mg-0.2Sr alloy [76,77]. The mate-
rials were processed in different manners (extrusion vs. ECAP); however, 
it led only to a different arrangement of the intermetallic phases while 
the composition and zinc grain size remained approximately the same. 
Because of that, a comparison between these experiments is possible, 
and allows us to reveal the differences and similarities among them. First 
of all, the corrosion process spread along the intermetallic phases 
meaning that localized corrosion attacks take place in both cases. 
Additionally, the corrosion rate was significantly lower in the living 
organism compared to the presented results obtained by in vitro tests 
(13.5 μm y− 1 vs. 290 μm y− 1, respectively). The reason for such 
behaviour can be attributed to the presence of proteins and enzymes 

Fig. 10. a) TEM images of the corrosion products supplemented by b) selected area diffraction pattern with the marked lines belonging to of hydrozincite; c) 
elemental point analysis of selected particles with table summarizing the elemental composition in at. %. 

Table 3 
Ion release of the individual elements determined by different approaches using AAS method (mg⋅L− 1) with calculated concentrations from weight loss.  

Day Medium without sediments Medium with dissolved sediments Calculated concentration (weight loss) Corrosion rate SBF 

Zn Mg Sr Zn Mg Sr Zn Mg Sr mm⋅a− 1 Zn Mg Sr 

2 0.33 25.1 0.07 2.50 25.90 0.06 17.40 0.14 0.04 0.36 0.03 24 0.06 
5 0.43 25.7 0.09 9.11 27.60 0.09 25.14 0.20 0.05 0.32 
7 0.43 26.1 0.08 12.00 29.10 0.11 67.68 0.55 0.14 0.37 
9 0.68 25.9 0.08 10.80 28.10 0.10 79.28 0.64 0.16 0.36 
12 2.05 28.7 0.11 13.80 30.90 0.12 129.55 1.05 0.26 0.38 
14 1.25 29.3 0.11 17.10 32.30 0.13 143.09 1.16 0.29 0.37 

Error of measurement in the range of 0–5%. 
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under in vivo conditions. It is obvious that the presence of these organic 
compounds can increase the corrosion rate by binding zinc ions into 
complexes during the initial stages of exposure (disruption of the system 
equilibrium). After a certain amount of time, the formed complexes 
often cover the implant’s surface, forming a barrier of corrosion prod-
ucts that protect the surface [78,79]. This process leads to a significant 
decrease in the corrosion rate. However, these general conclusions can 
differ based on the type of organic compound and pH in the implant’s 
surroundings. Because of that, it is quite challenging to predict the exact 
influence of individual compounds on the implant’s corrosion behav-
iour. The released ions did not cause any adverse effects in vivo. The 
amount of Zn2+ ions released per day (approximately 18.4 μmol L− 1) 
obtained in this study was low enough to be tolerated by various cells 
commonly used for viability tests concerning biodegradable Zn alloys 
[80–82]. The value is also significantly lower compare to the recom-
mended daily allowance for zinc [83], excluding the complications such 
as zinc-induced copper deficiency. As was mentioned, even lower 
corrosion rate is expected, and higher biocompatibility should be 
observed in vivo than in vitro. This suggests that the investigated material 
should be safe for the fabrication of implants with a large surface area 
from the corrosion and biocompatibility point of view. 

In addition to the corrosion mechanism, the stability of the me-
chanical properties during the degradation is crucial for the applicability 
of biodegradable alloys as well. In the case of zinc, several factors can 
affect its mechanical behaviour, such as recrystallization, natural aging 
or localized corrosion attack. Recrystallization of pure zinc starts around 
− 12 ◦C, indicating the possible changes in the material’s microstructure 
caused by elevated temperatures (37 ◦C) [84]. Furthermore, the me-
chanical behaviour can be significantly affected by localized corrosion 
attack, where surface changes lead to stress concentration. Both 
recrystallization and local corrosion attack can cause a significant 
decrease in mechanical properties and result in failure of the material’s 
functionality. Therefore, it is necessary to determine the time and cause 
of the decrease in mechanical properties. However, such a description of 
the process is a relatively complex problem and requires a detailed 
separate study to obtain reliable results. On the contrary, the impact of 
mechanical loading on corrosion behaviour can also be discussed. 
During the loading of the implant, the formation of cracks in a direction 

perpendicular to the loading direction can be expected. The dimensions 
of these cracks can affect the corrosion rate through effectiveness of the 
ion transportation. However, the process of ion transportation is affected 
by frequency of loading as well [85]. At lower frequencies, the time for 
ion transportation from the crack is sufficient, and the significance of the 
corrosion damage increases. Conversely, higher frequencies do not 
allow the transportation of ions, resulting in predominant mechanical 
damage. In the case of the implants, lower frequency of the loading 
could be expected. Because of that, the intensification of the corrosion 
process can be expected by the simultaneous activity of the corrosion 
environment and mechanical loading [85,86]. Within this study, we 
investigated the evolution of the mechanical performance during a time 
period of only 14 days. In this short period simulating the initial stage 
after the implantation, no significant changes in mechanical behaviour 
were observed. For more details, please, see the supplementary data. 

5. Conclusion 

In this study, corrosion mechanism of the as-ECAPed Zn-0.8Mg-0.2Sr 
alloy was proposed and described and the findings arising from this 
publication can be summarized into the following points.  

1) The surface of the sample was partially covered by very thin layers of 
ZnO, MgO, and MgCO3 before exposure to SBF. These compounds 
were unevenly distributed over the surface of the sample with 
initiation of oxidation occurring at intermetallic phases. The layers, 
which naturally form on the material possessed different resistance 
to corrosion attack and support the subsequent localized corrosion 
mechanism. 

2) The segregation of Mg on the grain boundaries increased the po-
tential difference between the zinc matrix and the boundaries. 

3) In the initial stages of the exposure in the SBF solution, the inter-
metallic regions were predominantly etched and the Zn2+ and Mg2+

ions were released into the solution. Ions released in this way were 
subsequently bonded into solid corrosion products or sediments.  

4) Simonkolleite and hydrozincite with minor amounts of Znx(PO4)y 
were identified as the corrosion products. The porous character of 
corrosion products was also observed. 

Fig. 11. Simplified schema of the corrosion mechanism and behaviour in the individual stages of exposure of the sample a) before exposure (the reactions took place 
in the thin layer of water-based electrolyte), b) after 72 h exposure, c) with the presence of simonkolleite and d) at the end of the 14 day exposure. 
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5) The presence of crevice corrosion mechanism was confirmed by SEM 
and EIS. 

Besides these findings, the comparison with the in vivo tests suggest 
the usability of these materials from the degradation point of view. The 
knowledge obtained in this manuscript can be almost fully applied to 
many biodegradable Zn–Mg-based alloys containing low amount of 
third element less noble than Zn matrix (alloys containing Mg and Ca, Sr 
or Li). The type of thermomechanical treatment should play no signifi-
cant role on the corrosion behaviour as well. It is true that different 
chemical composition and method of thermodynamical treatment can 
lead to differences in microstructure (distribution of intermetallic pha-
ses, grain boundary segregation, grain size and texture) and the corro-
sion behaviour could slightly differ in various Zn–Mg based materials. 
Despite that, the main trends concerning the corrosion mechanism 
should be preserved. 
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Writing – review & editing. Matěj Hývl: Investigation, Formal analysis. 
Swarnendu Banerjee: Investigation, Formal analysis. Jan Drahokou-
pil: Investigation, Formal analysis. Jiří Kubásek: Investigation, Writing 
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