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Abstract: Currently, scientists search for new materials for temporary implants that can dissolve in the body, which 

leads to the fact that there is no need for repeated surgery. In the last decade, scientific interest has focused on zinc-based 

materials because, unlike other metals, it has suitable corrosion rates and good biocompatibility. The paper describes  

an experiment for the study of the influence of deformation on the microstructure, strength and corrosion properties of  

an alloy of the Zn–Fe–Mg system. The authors carried out energy dispersive analysis and calculation of the volume  

fraction of the second phase of the Zn–Fe–Mg zinc alloy. The corrosion properties of the Zn–Fe–Mg zinc alloy with 

different microstructures (before and after high-pressure torsion) were studied using the gravimetric method under 

conditions simulating conditions inside a living organism (temperature, corrosive environment composition). During 

the tests, the corrosion mechanism was determined, its rate and mass loss of the samples were calculated. The relief 

of the corrosion surface was studied using scanning electron microscopy. It has been found that the destruction of the 

material in a corrosive environment occurs through a matrix containing the active Mg metal. The results of calcula-

tions of the corrosion rate for the original sample and samples subjected to high-pressure torsion differed due to  

a more even distribution of second phase particles during severe plastic deformation. In this work, by alloying zinc 

with iron and magnesium, as well as using high-pressure torsion, it was possible to increase the microhardness of  

the samples to 239.6±8 HV, which is a high indicator for zinc alloys. 
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INTRODUCTION 

Currently, biodegradable materials are considered as 

temporary implants for osteosynthesis and vascular stent-

ing. Biodegradable materials have certain advantages over 

implant materials traditionally used in medicine due to 

theirability to dissolve in the body. During research, it has 

been found that zinc alloys have better mechanical and cor-

rosion properties than previously studied magnesium- and 

iron-based materials. 
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Zinc is an essential ion in many cellular and bioche-

mical processes, and promotes accelerated wound healing 

[1], thereby reducing the body recovery time in the post-

surgery period. Pure zinc is a rather brittle material with 

low hardness (38.24±1.06 HV), and it is impossible to 

consider it in its pure form as a material for the produc-

tion of implants. Alloying is one of the main effective 

methods for improving the complex properties of pure 

Zn. A mandatory requirement for alloying elements of  

a material for the production of medical implants is their 

non-toxicity. An interesting combination is the alloying 

with Fe and Mg, since they are biodegradable metals and 

at the same time strengthen the alloy [2]. In vitro studies 

of magnesium alloys showed that Mg corrosion products 

are not harmful to cells [2], and in Zn–Mg alloys [3],  

the survival rate of MC3T3-E1 mouse cells is higher, but 

Zn–Fe turned out to be cytotoxic, although human umbi-

lical vein endothelial cells (HUVECs) turned out to be 

biocompatible with it [3]. 

Iron in the solid state has insignificant solubility in 

the Zn matrix, which leads to the formation of large par-

ticles of the second phase and has a strengthening effect 

on the alloy [4]. This is why in this work, Fe was chosen 

as one of the alloying metals. In the Zn–Fe state dia-

gram, the equilibrium phase composition at room tem-

perature consists of Zn and FeZn13 due to the negligible 

solubility of Fe in Zn in the solid state [5]. The Zn–0.4Fe 

zinc alloy demonstrates good mechanical properties and 

biocompatibility, however, it is reported that when the iron 

content in the alloy increases to 2.5 %, the ductility va-

lues sharply decrease due to an increase in the volume 

fraction of the intermetallic phase [6]. The Zn–Mg–Fe 

zinc alloy showed good compatibility in in vivo studies 

on beagle dogs [7]. Osteosynthesis plates were placed in 

the frontal bone, mandible, and astragalus. The Zn–Mg–

Fe alloy degraded uniformly, without significant differ-

ences in the rate of degradation of the frontal, mandibu-

lar, and astragalus implants. The corrosion rate reached 

approximately 0.183 mm/year in the first 3 months and 

then decreased to approximately 0.065 mm/year after 

12 months [7]. 

Magnesium is also an important cation playing a crucial 

role in many physiological functions, so it was chosen as 

one of the alloying metals. Previously, an alloy with mag-

nesium concentrations from 0.15 to 3.0 wt. % was deve-

loped [8]. Increasing the Mg content increased the micro-

hardness values and tensile strength of Zn–Mg alloys, as 

the volume fraction of the solid intermetallic Mg2Zn11 

phase increased. Zn–Mg system alloys have a structure 

consisting of primary zinc and an interdendritic eutectic 

mixture. This structure provides mechanical strength com-

parable to that of a human bone [9]. In fine-grained alloys, 

a change in the corrosion mechanism from pitted to more 

uniform due to the second phase refinement was observed. 

With an increase in the Mg amount in the Zn–Mg alloy 

composition, its cytocompatibility increases and more uni-

form corrosion is observed, while localized corrosion was 

observed in the alloy with iron [3]. 

Through alloying and severe plastic deformation, it is 

possible to increase the strength properties of the alloy 

and regulate the corrosion rate by changing the structure 

parameters. Controlling the material destruction rate is 

one of the important tasks, since corrosion products 

should not exceed the maximum permissible concentra-

tion in the human body. The implant should not be de-

stroyed until the bone tissue is completely restored, and 

the stent should not be destroyed until the vessel is re-

stored. It is known that a fine-grained structure is formed 

in a metal after treatment by high-pressure torsion 

(HPT), and grain refinement leads to improved mechani-

cal properties [10]. 

Currently, the alloy of the Zn–Fe–Mg system is under-

studied. This work studies the Zn–1%Fe–5%Mg alloy sub-

jected to high-pressure torsion. 

The purpose of the work is to study the influence of 

high-pressure torsion on the structure and mechanical pro-

perties of the Zn–1%Fe–5%Mg zinc alloy. 

 

METHODS 

The research material is the Zn–1%Fe–5%Mg alloy 

(Table 1). The chemical composition was determined on  

a Thermo Scientific ARL Optim’X X-ray fluorescence 

spectrometer. Melting was carried out in a chamber furnace 

in a graphite crucible with a diameter of 20 mm with a lid  

at a temperature of 580 °C. After that, the samples were 

subjected to homogenizing annealing at a temperature  

of 350 °C for 12 h. 

Disks with a diameter of 20 mm and a thickness of 

1.8 mm were cut on an ARTA 120 CNC electrical dis-

charge machine. The disks were sanded using waterproof 

sanding paper of various grits. After that, the samples were 

subjected to high-pressure torsion in a SKRUDZH-200 

machine at room temperature with an upper striker pressure 

of 6 GPa. The number of torsion revolutions is 0.5–10. 

When deformed by torsion, the original and resulting sam-

ples had the shape of disks. Samples were examined in  

the initial state and after deformation. 

 

 

 
Table 1. Chemical composition of the Zn–1%Fe–5%Mg alloy, wt. % 

Таблица 1. Химический состав сплава Zn–1%Fe–5%Mg, вес. %  

 

 

Content of chemical elements, wt. % 

Zn Fe Mg The rest 

92.72±0.13 0.911±0.045 5.32±0.11 1.049±0.030 
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Static tensile tests were carried out on small samples 

(Fig. 1) on an Instron 5982 electromechanical measuring 

system at room temperature and a speed of 0.24 mm/min. 

The length of the test specimens was 10 mm, thickness – 

0.8 mm, and neck thickness – 1 mm. 

The microhardness of deformed samples was deter-

mined using an EMCO-Test DuraJet 10 hardness tester 

using the Vickers method (GOST 9450–76) under a load of 

0.1 kg. The values were studied at 20 points with a step of 

1 mm along the entire diameter of the sample. 

Studies of the structure, the corrosion surface relief and 

analysis using energy dispersive X-ray spectroscopy (EDS) 

were carried out using a JEOL JSM-6490LV scanning elec-

tron microscope. 

To study the structure, the samples were preliminarily 

etched in a 15 % sulfuric acid solution for 10 s. Calcula-

tions of the volume fraction of the second phase in zinc 

alloys were performed using the ImageJ program. 

Corrosion tests were carried out for 60 days using  

the gravimetric method in accordance with the ASTM G1-

03-E standard. Samples were studied in the initial state and 

after high-pressure torsion for 10 revolutions. At least 

3 samples were taken for each state. The tests included ex-

posing the samples to a corrosive environment – Ringer’s 

solution (composition: 8.6 g/l of NaCl; 0.3 g/l of KCl; 

0.25 g/l of CaCl2, saline solution pH 7). The tests were car-

ried out at a constant temperature of 38±1 °C. 

The samples were weighed and photographed before 

and after cleaning from corrosion products every 2 days. 

Cleaning from corrosion products was carried out in a VI 

chromium oxide solution (200 g of reagent per 1000 ml of 

distilled water), then in distilled water using a KAISI-105 

ultrasonic bath. After cleaning, the samples were dried and 

weighed on an EJ-123 electronic balance providing mea-

surement accuracy of up to 0.01 mg. After cleaning from 

corrosion products and weighing, the samples were again 

kept in a corrosive environment. The surface of the samples 

was examined more closely by scanning electron microsco-

py every 14 days. 

The corrosion rate CR mm/year was calculated accord-

ing to the ASTM G3–63592 standard using the formula: 

 

 





tS

MM
CR 106.87

, 

 

where CR is the corrosion rate, mm/year; 

S is the sample surface area, cm
2
;  

M0 is the initial mass, mg; 

M1 is the mass after immersion, mg; 

t is the holding time, h; 

ρ is the metal density, g/cm
3
.  

Mass loss in % was calculated using the formula: 

 

 
%100

0

10 



M

MM
ML , 

 

where ML is the mass loss, %. 

X-ray diffraction analysis (XRD) was carried out on a D2 

Phaser desktop X-ray diffractometer with CuKα radiation at 

30 kV and 10 mA with a shooting step of 0.02° and a scan rate 

of 1 °/min. X-ray phase analysis (XPA) of the obtained x-ray 

patterns was carried out in the Diffrac.Eva software package. 

 

RESULTS 

Structure and microhardness studies 

The resulting alloy in the initial state had high micro-

hardness values (210±4.6 HV). Samples after high-pressure 

torsion showed an uneven microhardness distribution over 

the entire diameter. The average microhardness values after 

high-pressure torsion are presented in Fig. 2, where after  

2 torsion revolutions, a slight increase in microhardness  

to 239.6±8 HV is observed. 

Studies of the structure have shown that in the initial 

state (Fig. 3 a) the alloy consists of a eutectic matrix with  

a fine-plate α-Zn and Mg2Zn11 structure (Fig. 3 b), large 

 

 

 

          

 a b 

Fig. 1. Shape of small samples for static tension tests:  
a – drawing; b – layout of samples on the disk 

Рис. 1. Форма малых образцов для испытаний на статическое растяжение: 

a – чертеж; b – схема расположения образцов на диске 
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Fig. 2. Microhardness of Zn–1%Fe–5%Mg samples after HPT with different number of revolutions 
Рис. 2. Микротвердость образцов Zn–1%Fe–5%Mg после ИПДК с различным количеством оборотов 
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 c d e 

Fig. 3. Structure of the Zn–1%Fe–5%Mg zinc alloy in the initial state (a, b) and EDS analysis of the Zn–1%Fe–5%Mg alloy (c–e) 
Рис. 3. Структура цинкового сплава Zn–1%Fe–5%Mg в исходном состоянии (a, b) и EDS-анализ сплава Zn–1%Fe–5%Mg (c–e) 

 
 
 

FeZn11 and FeZn13 phases (light elements of irregular 
shape, hereinafter FeZny) and Fe and Mg content (dark  
elements of irregular shape), which is confirmed by EDS 
analysis (Fig. 3 c�±e). 

The structure after high-pressure torsion has under-
gone changes. The matrix is completely crushed; the fine-
plate structure is transformed into ultra-fine-grained 
Mg2Zn11. The grain size is about 1 �—�P���D�I�Wer 2 revolutions 
(Fig. 4 a). The solid phases Fe�±Mg and FeZny are crushed 
(Fig. 4 b). The results of EDS analysis (Fig. 4 c)  
showed that the dark-gray areas are the Fe�±Mg phase, and 
the light-gray areas are pure zinc. After 8 revolutions, 

further refinement of the solid phases and their distribu-
tion throughout the entire sample volume are observed 
(Fig. 5). The volume fraction of the second phase did not 
change during deformation. Analysis of diffraction pat-
terns showed (Fig. 6 a) that all X-ray spectra are charac-
terized by the same set of intense peaks, and that the iden-
tified reflections belong to the Zn, FeZn11 and FeZn13, 
MgZn2 and Mg2Zn11 phases. There is a quantitative 
change in the ratio of peak intensities (Fig. 6 a), the pro-
file shape, and the positions of the gravity centers of  
the X-ray peaks compared to the X-ray patterns of the cor-
responding initial state (Fig. 6 b). An increased integral 
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