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Abstract: Magnesium biodegradable alloys are a promising material for self-dissolving surgical implants. Magnesium is 
known to be sensitive to electrochemical corrosion due to the galvanic effect between the matrix and particles of secondary phas-
es and inclusions. Another important factor is the pH level. The behavior of certain chemical reactions depends on the pH level, 
so one can assume that the pH level of a corrosive medium at the material surface is a factor determining what chemical reactions 
can occur there. Finally, there is evidence that variability of the crystallographic orientation of the grains may be a cause of ani-
sotropy of corrosion properties. The purpose of this work is to reveal the influence of the electrode potential of the microstructu-
ral elements, the crystallographic orientation of the grains, and the pH level of the near-surface volume of the corrosion solution 
on the corrosion process. In the study, sections of 2×1.5 mm were marked on the ZX10 alloy samples, for which maps of the 
distribution of crystallographic orientations and chemical composition were drawn. To assess the influence of the electrode po-
tential of the particles, the authors carried out a Kelvin probe mapping in the 90×90 µm area. Next, corrosion tests were carried 
out with video filming of the surface on the marked area. To determine the pH level influence, the solution circulation in the cell 
was varied. Upon completion of the tests, corrosion products and corrosion damage were examined in detail. According to the 
results, the pH level in the liquid near-surface micro-volumes has a greater influence than the electrode potential of the particles 
as it provokes the formation of corrosion products of a different composition, which leads to passivation of the surface areas 
around the particles. The authors identified two different types of filiform corrosion. For filiform corrosion, a correlation bet-
ween the corrosion direction and the crystallographic orientation of the grains was established. 

Keywords: magnesium alloys; corrosion; ZX10; biodegradable materials; medical implants; electrode potential; 
pH level; crystallography; filiform corrosion.  
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INTRODUCTION 

Traditionally, stainless steels and titanium-based alloys 
are used to produce surgical implants, such as screws for 
fixing bone fragments and plates for osteosynthesis. Upon 
completion of the healing process, in most cases, these im-
plants are to be removed. The removal operation has 
a number of negative effects: risks for the patient’s health, 
the need for post-operative recovery, an increase in the pa-
tient’s disability period, etc. Therefore, one of the promis-
ing areas in this field is the creation of self-dissolving (bio-
degradable) metal implants. One of the most suitable metals 
for this purpose is magnesium: an important role in human 
metabolism and low cytotoxicity ensure its good biocom-
patibility, and mechanical characteristics close to bone tis-
sues guarantee mechanical compatibility [1]. Since the me-
tal dissolution in the human body is nothing but corrosion, 

the study of the mechanisms of corrosion processes in mag-
nesium alloys is of great importance for both fundamental 
and applied science. Several factors significantly affecting 
the corrosion of magnesium alloys are known. 

The variability of the grain crystallographic orientation 
can cause anisotropy of corrosion properties [2], as well as 
a tendency to filiform corrosion [3]. However, the experi-
ments carried out on single crystals and polycrystals with 
coarse grains show contradictory results: in the work [3], it 
was identified that the basal plane (0001) exhibits the low-
est corrosion resistance, while the works [4; 5] indicate that 
such an orientation of crystallites, on the contrary, provides 
the highest corrosion resistance. In the case of a fine-
grained polycrystal, crystallographic texture has a great 
influence on corrosion, a phenomenon often observed after 
extrusion, rolling, or other thermomechanical processing of 
magnesium alloys, and consisting in the predominance of 
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a certain orientation in most semi-finished product crystal-

lites. In the work [6], when studying the anisotropy of  

the extruded magnesium corrosion properties, it was identi-

fied that the section plane along the bar with the predomi-

nant grain orientation (0001) is much more corrosion re-

sistant than the plane in the section across the bar. Thus,  

the influence of crystallography can play an important role 

in the corrosion processes of magnesium alloys. 

The particles of secondary phases and inclusions are 

equally important. Magnesium has an electrode potential of 

−2.375 V [7], which is significantly lower than that of most 

metals used as alloying elements in magnesium alloys. This 

causes its tendency to electrochemical corrosion manifest-

ing itself during the interaction in a corrosive environment 

between two metals with different potentials. Since, under 

the galvanic effect, the material with a more negative po-

tential is dissolved first, most of the particles, being positive 

with respect to magnesium, reduce the material corrosion 

resistance by provoking an intensive dissolution of the mag-

nesium matrix. 

Speaking about the particles with a more negative elec-

tron potential than magnesium, one should keep in mind 

several factors. First, as shown in [8], phases with a more 

negative potential compared to the matrix can form corro-

sion products, which, on the contrary, play the role of  

a cathode. Second, it is necessary to take into account  

the change in the electrode potentials of the matrix and,  

the secondary phase under the action of alloying elements 

in the form of a solid solution. It is known that many ele-

ments, such as zinc and silver [7], increase the potential of 

the magnesium matrix when forming a solid solution.  

The dissolution of such elements in secondary phases, for 

example, in the Mg2Ca intermetallic compound, which has 

a more negative electrode potential than magnesium, leads 

to a shift in their potential to more positive values.  

The work [9] indicates that when the zinc concentration 

exceeds the value of 1.07 %, the Mg2Ca phase becomes 

more positive than the matrix. Finally, one must take 

into account the fact, that the dissolution of a particle 

even more negative than the matrix will change the pH 

level in the corrosive medium microvolumes near  

the sample surface. 

The primary reaction of magnesium in media simulating 

human body fluids, such as NaCl saline 0.9 %, Ringer’s 

solution, Hanks’ solution, etc., is as follows: 

 

Mg + 2H2O = Mg(OH)2 + H2↑.        (1) 

 

The magnesium hydroxide produced during the reaction 

is a weak, poorly soluble base and performs two functions: 

to some extent passivates the material surface and, by dis-

sociating into a magnesium cation and a hydroxyl group 

anion, increases the pH level. According to [8], the Mg2Ca 

phase reacts with water in a similar reaction to form mag-

nesium hydroxide and calcium hydroxide, which is a strong 

base. It follows from this that the corrosion of particles of 

such secondary phases as Mg2Ca can lead to a significant 

local increase in the pH level. Based on the Pourbaix dia-

grams for pure magnesium in water presented in [10; 11], 

one can conclude that under conditions of a certain elec-

trode potential of the surface and the pH level, various 

compounds can be stable: oxide, hydride, magnesium hy-

droxide, as well as magnesium itself, i.e., depending on the 

electrode potential and the pH level, the flow of well-

defined reactions are thermodynamically favorable. This 

means that changing the pH level can significantly affect 

the type of corrosion products formed when reacting with 

water. 

In solutions containing chloride ions, the reaction de-

scribed by formula (1) may continue in the form of a reac-

tion of chlorine anion with hydroxide: 

 

Mg(OH)2 + 2Cl
−
 → Mg(Cl)2 + 2OH

−
 → 

→ Mg
2+

 + 2Cl
−
 + 2OH

−
.                     (2) 

 

As can be seen from the reaction equation, chlorine con-

tributes to the destruction of magnesium hydroxide, which 

plays the role of a weak passivating film, and then the well-

soluble magnesium chloride formed can dissociate in water 

into magnesium and chlorine ions. However, due to  

the influence of various factors, such as the concentration 

of some ions in the solution, reactions that are more com-

plex can occur, for example, the reaction with the formation 

of oxychlorides described in [8]: 

 

x(Mg
2+

) + Cl
−
 + y(OH

−
) + z(H2O) → 

→ Mgx(OH)yCl ∙ zH2O.                         (3) 

 

Detailed information on the formation of various 

oxychlorides in aqueous solutions at 23 °C is presented in 

the work [12]. The authors indicate that mainly two types of 

oxychlorides are formed: 5Mg(OH)2∙MgCl2∙8H2O (shortly 

5∙1∙8) and 3Mg(OH)2∙MgCl2∙8H2O (shortly 3∙1∙8), noting 

that these compounds differ significantly: 5∙1∙8 is formed 

faster, and 3∙1∙8 tends to react with carbon dioxide and car-

bonate ions with the formation of chlorocarbonate.  

The conditions for the formation of compounds also differ 

from each other and depend on the concentration of chlo-

ride ions and the pH level. 

Following all this, one can draw the conclusion:  

the electrode potential determines what will be destroyed 

first of all – a particle of secondary phases and inclusions or 

a matrix, and the pH level in the microvolumes of the cor-

rosive medium near the metal surface, affects what chemi-

cal reactions will take place. However, it is not clear which 

of these factors is more important, especially against  

the background of the matrix crystallographic effect. De-

termining the influence of all three factors is important for 

understanding the mechanism of corrosion processes and, 

therefore, predicting the corrosion properties of materials 

and the efficiency of thermal and thermomechanical treat-

ment modes. 

The aim of this work is to study the influence of  

the crystallographic orientation of grains, secondary phase 

particles, as well as the pH level in microvolumes of the 

corrosive medium near the sample surface on the corrosion 

process of the biodegradable ZX10 alloy. 

 

METHODS 

A biodegradable as-cast ZX10 alloy of the Mg–Zn–Ca 

system was chosen for the study. This alloy has good cyto-

toxicity characteristics [13], high strength properties [14], 

and a relatively low corrosion rate [1; 14]. The exact chem-

ical composition was determined using a Thermo Fisher 

Scientific ARL 4460 OES optical emission spectrometer. 
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The samples were rectangular plates of 30×15×1 mm 

ground on #2500 sandpaper. After grinding, in the middle 

of the right half of one of the sample surfaces, a 2×1.5 mm 

area was marked with a hard-tip chisel for precision re-

search. Then, the surface with the marked area was polished 

on anhydrous diamond suspensions with an abrasive size 

of 3, 1, and 0.25 µm in succession. After that, the marked 

area was subjected to ion polishing in a Hitachi 

IM4000Plus device. Treatment was carried out in an ion-

ized argon beam at an angle of 5° to the sample surface 

for 35 min at an accelerating voltage of 3.2 kV. From the 

marked area, a distribution map of crystallographic orien-

tations was taken in the column of a Carl Zeiss SIGMA 

scanning electron microscope (SEM) using an EDAX 

module for analyzing electron back-scattered diffraction 

(EBSD). In the SEM column, mapping was also carried 

out with determining the elemental composition on  

the surface of the marked area using energy dispersive 

spectrometry (EDS). On the surface of the sample marked 

area intended to identify the role of the electrode potential 

(hereinafter, this sample is marked as EP), an area of 

90×90 μm with several particles was selected, and in this 

area, an electrode potential distribution map was taken 

according to the Kelvin probe method using a NT-MDT 

Solver NEXT atomic force microscope. Further, all sam-

ples were subjected to corrosion tests. 

The tests included holding the sample for 24 h in Ring-

er’s solution with the composition of 8.36 g NaCl, 0.3 g 

KCl, 0.15 g CaCl2 per 1000 ml of water. The corrosion cell 

volume was 5 l. The sample was fixed vertically in a sili-

cone clamp in such a way that the clamp was as far as pos-

sible from the marked area. To monitor corrosion process-

es, a camera was directed to the area marked with a chisel, 

by analogy with our previous work [15]. Video surveillance 

during corrosion tests is an in situ method that allows track-

ing the staging of the corrosion damage appearance and  

the dynamics of their development. This method showed 

good results when studying the dependence of the direction 

of filiform corrosion propagation on the crystallographic 

grain orientation [16]. When testing a sample intended to 

determine the pH influence (hereinafter marked as PH),  

the corrosive medium was circulated using a peristaltic 

pump. The tube, through which the corrosive solution was 

pumped into the corrosion cell, was directed straight to  

the marked area from below, so that the flow was oriented 

diagonally from the lower right corner of the marked area 

tangentially to the sample surface. Thus, the corrosive me-

dium at the sample surface, the pH level of which could be 

increased due to the occurrence of corrosion processes, was 

washed away by the solution flow. 

After completion of the tests, the samples were re-

moved, dried in a fore vacuum at room temperature for 

2 h, and then loaded into a SEM to map the distribution 

of chemical elements in corrosion products. Then  

the corrosion products were removed by immersion in an 

aqueous solution of 20 % CrO3+1 % AgNO3 for 1 min 

by analogy with the work [17]. When removing corro-

sion products, a Sapphire ultrasonic bath was used. After 

the removal of corrosion products, the corrosion damage 

depth and morphology were assessed using an Olympus 

Lext OLS4000 confocal laser scanning microscope 

(CLSM). 

RESULTS  

Table 1 presents the ZX10 alloy chemical composition.  

Fig. 1 shows a map of the distribution of crystallogra-

phic orientations, as well as of particles of secondary phases,  

and inclusions in the marked area of the EP sample. Fig. 2 

shows maps of the distribution of the electrode potential 

and chemical elements in the area marked with a rectangle 

in Fig. 1. The area contains three large particles with diffe-

rent chemical compositions and electrode potentials. Parti-

cles No. 1 and 3 are clearly oxidized, presumably due to  

the air contact. 

Fig. 3 presents a storyboard of the video recording of 

the EP sample corrosion tests. The location of corrosion 

centres correlates well with the distribution maps of chemi-

cal elements in Fig. 1. The structure is visible only during 

the first 2 h of the experiment, after which the grain bounda-

ries become practically invisible. In 12 h, typical pale re-

gions form around all the observed particles in the marked 

area due to the formation of corrosion products. No depend-

ence of the corrosion process occurrence on grain orientation 

is observed. After 12 h of testing, filiform corrosion traces 

appear in the corner of the marked area (indicated by a red 

arrow), but their subsequent growth does not occur. 

Fig. 4 shows a map of crystallographic orientations, and 

distribution of particles of secondary phases and inclusions 

in the marked area of the PH sample. 

Fig. 5 shows a storyboard of video recording of the PH 

sample corrosion test. From the very beginning of the test 

until its completion, the structure is clearly visible,  

the sample remains shiny for all 24 h and is not covered 

with a dense layer of corrosion products, corrosion centres 

are clearly visible, but wide zones covered with corrosion 

products do not form around them. After 23 h of testing, 

filiform corrosion traces become visible. One should note 

that, as in the case of the EP sample, the initial filiform cor-

rosion spreads along the scratches that marked the area un-

der the study. In both cases, filiform corrosion propagates at 

a rate of tens or even hundreds of microns per minute. 

Fig. 6 demonstrates images of the marked areas of both 

samples before the removal of corrosion products, as well 

as a height map taken using CLSM after the corrosion 

products were removed. Using the height map, it is possible 

to estimate the depth of filiform corrosion damage, it equals 

to 10–15 µm. 

Fig. 7 shows the surface of the marked areas of both 

samples with a superimposed map of the distribution of crys-

tallographic orientations. It is evidently that both samples are 

characterised by the presence of two types of filiform corro-

sion. Except for the first type damage shown by red arrows in 

Fig. 3 and 5, after the removal of corrosion products, the se-

cond type damage becomes visible in the form of a fine mesh 

and especially clearly visible on the PH sample. 

Fig. 8 presents the maps of the chlorine and oxygen dis-

tribution in corrosion products. The EP sample is characte-

rised by the formation of zones significantly depleted in 

these elements around corrosion centres (i.e., particles of 

secondary phases and inclusions). This confirms the asser-

tion, based on the obtained height maps that there is practi-

cally no corrosion in these places. There is a lot of zinc in 

corrosion products, both in the form of inclusions and evenly 

distributed over the surface. Calcium and zirconium are pre-

sent mainly in the form of inclusions; the concentration of 

both elements in the corrosion products is less than 0.1 %.
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Table 1. Chemical composition of the ZX10 alloy, % wt. 

 

 

Mg Zn Zr Ca Fe Mn Si Al Cu 

Base 0.84 0.03 0.17 <0.004 0.007 0.008 0.01 <0.001 

 

 

 

 

 
 

Fig. 1. IPF-map and mapping of the particles of secondary phases and inclusions on the marked surface of EP-sample  

(the lines connect the same particles on the maps of different elements) 

 

 

54 Frontier Materials & Technologies. 2023. № 2



Myagkikh P.N., Merson E.D., Poluyanov V.A., Merson D.L.   “The dependence of the biodegradable ZX10 alloy corrosion process…” 

 

 

 

 

   

   

   

 

Fig. 2. Volta potential map (by Kelvin probe method) and chemical composition of the particles in the rectangular area highlighted  

on the maps of zinc and calcium distribution in Fig. 1 

 
 
 


