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Interest in biodegradable materials for temporary implants based on zinc alloys has been 
growing annually. The Zn-Fe-Mg alloys are of special interest, as each of its constituent 
elements is independently considered as biodegradable metallic material. This study pre-
sents a comprehensive investigation of the Zn-1%Fe-1%Mg and Zn-1%Fe-5%Mg alloys 
subjected to high-pressure torsion. A comparative analysis was conducted on the micro-
structure of the alloys in both as-cast and deformed states, highlighting differences in their 
phase composition, strength and cytotoxicity. When the magnesium content exceeds 
3 wt.%, an additional phase (MgZn2) precipitates alongside the existing Mg2Zn11 phase. 
Deformation processing of the Zn-1%Fe-1%Mg alloy effectively reduces its brittleness and 
promotes a more homogeneous distribution of the Mg2Zn11 eutectic throughout the sample 
volume. In contrast, the Zn-1%Fe-5%Mg alloy retains excessive brittleness even after defor-
mation. The addition of magnesium was found also to accelerate corrosion rates. Neverthe-
less, the strength, corrosion, and cytotoxicity properties of the Zn-1%Fe-1%Mg alloy meet 
the requirements for biodegradable materials. 
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1. INTRODUCTION 

The annual incidence of traumatic injuries involving com-
plex bone fractures and soft tissue tears continues to rise. 
Those injuries require surgical intervention with the use of 
temporary implants [1,2]. Nowadays the application ma-
terials for the implants are made of titanium and cobalt-
chromium, which can cause serious complications during 
exploitation, for example the inflammation of the adjacent 
tissues [3]. A significant problem of implants is the migra-
tion of toxic ions into ambient tissues. It has occurred 
through interaction of implant’s metal with an active ag-
gressive liquid of human organism. Thus, electrolytes of 
living organisms induce the biocorrosion of metals; as a 
result, particles penetrate adjacent tissues and blood-
stream. The released metal ions do not always bind with 
biomolecules; instead, reactive ions may combine with 

water or anions to form oxides, hydroxides, or inorganic 
salts. These compounds can cause cytotoxicity, allergic re-
actions or other negative biological effects. Consequently, 
the necessity in manufacturing implants which do not 
cause an inflammation response while inside human body 
for an extended period and accelerating the recovery of 
patients is increasing. 

Biodegradable implants due to gradual dissolution do 
not cause the inflammation during prolonged residence in 
the body and simultaneously create favorable conditions for 
accelerated bone formation—osteogenesis [4–6]. Alloys 
based on zinc have the most suitable corrosion rates [7], but 
pure zinc is a brittle material and exhibits insufficient me-
chanical properties. However, it is known that the number 
of favorably oriented planes increase after grain refine-
ment and the multiple sliding is activated. The samples of 
a pure zinc processed by high pressure torsion (HPT) were 
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studied in Ref. [8]. It has been stated that for the as-cast 
samples the values of microhardness were 38 HV, ulti-
mate tensile strength (UTS) was 75 MPa; for the sample 
deformed by 10 turns of HPT the microhardness was 
41 HV and the UTS was 130 MPa [8].  

Alloying represents another effective approach for 
strength enhancement of pure zinc through both solid so-
lution strengthening and second-phase precipitation 
mechanisms. 

Zinc alloy of the Zn-Fe-Mg system is of special interest 
since each constituent element independently is considered 
as biodegradable metallic material [9]. In research [10] the 
Zn-xMg alloys (x = 0.5%, 0.8%, 1%) were studied and it 
was demonstrated that Zn-0.8%Mg after extrusion exhibits 
the highest UTS of 214 MPa with the elongation of 20%. 

With the increase in magnesium content there is an en-
hancement in the volume fraction of eutectic mixture 
Zn + Mg2Zn11 contributing to the formation of smaller 
grains in the as-cast state. The Zn-0.02%Mg, Zn-0.05%Mg 
and Zn-0.2%Mg alloys after hot extrusion, cold rolling 
and annealing have been investigated in Ref. [11]. With 
the increase in magnesium content the average grain size 
decreased; for Zn-0.02%Mg and Zn-0.2%Mg it was 60 
and 20 microns, respectively. UTS and yield strength were 
enhanced by grain refinement and second phase strength-
ening mechanisms. Moreover, during the corrosion tests 
in Hanks solution a positive correlation was shown be-
tween corrosion rates and magnesium content in the alloy.  

Thus, the common tendency of decrease in ductility 
and increase in strength of the Zn-xMg alloys is observed. 
However, when certain magnesium content is reached in 
the composition, the embrittlement appears. Conse-
quently, enhancing of strength will be achieved by com-
bining the optimal alloy composition and further grain re-
finement. In this paper, a comprehensive study of the 
properties of the Zn-1%Fe-1%Mg and Zn-1%Fe-5%Mg 
alloys subjected to HPT is presented. 

2. MATERIALS AND METHODS 

The research material consists of the Zn-1%Fe-1%Mg and 
Zn-1%Fe-5%Mg alloys. The casting was performed in a 
chamber furnace using a graphite crucible with a diameter 
of 20 mm, which had a lid, at a temperature of 580 °C. The 
cast samples were cooled in air. Subsequently, the samples 
were subjected to homogenizing annealing at a tempera-
ture of 350 °C for 12 hours. The chemical composition 
was determined by X-ray fluorescence spectroscopy on an 
ARL Optim'X X-ray spectrometer. 

The disks with a diameter of 20 mm and a thickness of 
1.8 mm were cut out of the annealed samples on the ARTA 
120 CNC EDM. Consequently, the samples were subjected 
to HPT at room temperature with a pressure of 6 GPa. The 

number of revolutions for the Zn-1%Fe-5%Mg alloy was 
0.5, 1, 2, 3, 5, 6, 8, and 10, while for Zn-1%Fe-1%Mg al-
loy was 1, 3, 5, 6, and 10. The as-cast after homogeniza-
tion annealing (further referred to as initial) and deformed 
samples were investigated. 

Static tensile tests were performed on small samples 
(Fig. 1) at room temperature at a rate of 0.2 mm/min using 
the Instron 5982 electromechanical measuring system.  

The microhardness of the deformed samples was 
measured on the hardness tester EMCO-Test DuraJet 10 
using the Vickers method (GOST 9450–76) under a load 
of 0.1 kg and the exposure time under load of 10 seconds. 
The microhardness of the alloy was taken to be valued 
over 20 measuring points (in 1 mm increments over the 
entire diameter of the sample). 

For the microstructure investigation, samples were pre-
liminarily etched in a 15% H2SO4 solution. Microstructure 
and relief of corrosion surface studies were conducted on 
the scanning electronic microscope JEOL JSM-6490LV. 
EDS analysis of the sample’s surface after corrosion tests 
and the pictures of microstructure of the initial samples 
were carried out on the scanning electronic microscope 
Tescan mira. 

Corrosion tests were performed for 90 days in Ringer’s 
solution (8.60 g/l NaCl, 0.30 g/l KCl, and 0.33 g/l CaCl2, 
pH = 7.8) at a temperature of 38 °C. The method consisted 
of cleaning the corrosion products every 2 days, measur-
ing weight, photo fixation, and further re-immersion in a 
new solution. Cleaning from corrosion products was car-
ried out first in a solution of chromium VI oxide, then in 
distilled water using an ultrasonic bath to KAISI-105. Af-
ter purification, the samples were dried and weighed on an 
EJ-123 electronic scale. The corrosion rate CR was calcu-
lated according to ASTM G3–63592 using the formula: 

( )0 187.6
,

M M
CR

S t
−

=
ρ

 (1) 

where CR is corrosion rate (mm/year), S is sample surface 
area (cm2), 0M  is initial weight (mg), 1M  is weight after 

Fig. 1. Drawing of small samples for static tensile testing. 
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immersion (mg), t is exposure time (h), ρ is density of 
metal (g/cm3). 

A series of experiments were conducted to study the 
proliferative activity of MG63 cells in the presence of ex-
tracts of zinc alloy samples presented in the form of disks 
for 7 days. The viability evaluation of MG63 cells was 
carried out according to Ref. [12]. Morphological charac-
teristics of the cells were investigated by using a fluores-
cence microscope Axio Observer with phase contrast and 
filter systems. After seven days of incubation, propidium 
iodide cell staining and microscopic analysis were con-
ducted on samples of the alloy, using extracts at concen-
trations of 25% and 12.5%. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

Figure 2 presents the alloy structures of Zn-1%Fe-1%Mg 
(Fig. 2a) and Zn-1%Fe-5%Mg (Fig. 2b). In the initial 
state, the microstructure consists of three phases: zinc 
grains (Zn) with an average size of 35 microns, Mg2Zn11 
eutectics that take place alongside the grain boundaries, 
and an intermetallic phase FeZn13, represented by both 
small and large particles, which can reach 110 microns in 
length. With an increase in magnesium (Mg) content, the 
volume fraction of the Mg2Zn11 phase elevates, and it 
forms alternating areas with pure Zn (Fig. 2b). These sizes 
are conditioned by the phase diagram of Fe-Zn, according 
to which this phase solidifies sooner than others. During 
the cooling process, Fe precipitates from the zinc matrix, 
which leads to the formation of the FeZn13 phase [13]. 

The formation of these phases is confirmed by X-ray 
phase analysis [14,15]. In the Zn-1%Fe-5%Mg alloy, a 
FeZn11 phase was also detected. These data are in agree-
ment with the study [16] on samples of Zn-xFe (x = 1%, 
2%, 5%, 10%) alloys, where FeZn13 and FeZn11 are pre-
sented in each sample. According to the experimental 

studies of the phase diagram of the Zn-Fe system, at a tem-
perature of 417.4 °C, a eutectic reaction occurs, resulting 
in a structure consisting of ζ-phase (FeZn13) and η(Zn, Fe) 
phase [17]. FeZn13 is presented by sharp dendritic crystals 
similar in form to a light-grey particles in Fig. 2. 

According to phase diagrams, during the cooling of a 
Zn-Mg liquid containing 1 wt.% Mg to about 410 °C, the 
Zn solid solution crystallizes first. Then, at a temperature 
of 364 °C, an intermetallic compound Mg2Zn11 forms. 
Similar structures have been reported in research [18], 
where a Zn-1%Fe-5%Mg alloy exhibited equivalent hex-
agonal inclusions, which are conceivably Zn + MgZn2 eu-
tectics. Light-grey circles inside the hexagons contain less 
magnesium and are supposed to be the Mg2Zn11 phase, 
which formed on the surface of MgZn2. The presence of 
stable (Zn + Mg2Zn11) and metastable (Zn + MgZn2) eu-
tectics in a Zn-5%Mg alloy, layering on top of each other 
during the solidification process, has also been reported in 
other studies [19]. 

Application of HPT leads to changes in structure. In the 
Zn-1%Fe-1%Mg alloy, a band structure is formed by alter-
nating phases of Mg2Zn11, Zn, and FeZn13 (Fig. 3a). HPT 
resulted in the crushing of the FeZn13 phase's grains, as well 
as a change in the shape and size of the particles. With an 
increase in the number of revolutions, i.e., the degree of de-
formation, not only the thinning of the band within the 
structure was observed but also further grain refinement in 
each phase [15]. On the other hand, in the Zn-1%Fe-5%Mg 
alloy, a fine-grained structure transformed into an ultrafine-
grained. The average grain size was approximately 1 mi-
cron after 2 revolutions of HPT (Fig. 3b). The crushing of 
the solid Fe-Mg and FeZny phases occurred [14]. 

By applying a deformation, the Mg2Zn11 eutectics is re-
fined and distributed in the direction of the deformation, a 
phenomenon that has also been observed after hot rolling of 
Zn-0.4%Mg and Zn-0.8%Mg alloys in the study [20]. The 
transition to an equilibrium state can be achieved through 
a series of metastable states, and the elevation of pressure 

(a) (b) 

Fig. 2. Microstructure of initial samples: (a) Zn-1%Fe-1%Mg, (b) Zn-1%Fe-5%Mg; x 1000. 
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decreases the temperature of transition. Thus, when ex-
posed to high hydrostatic pressures, there is an oppor-
tunity for a phase transition. In the Zn-1%Fe-1%Mg alloy, 
this phase transition occurs as follows: Zn (eutectics) + 
Mg2Zn11 (eutectics) + FeZn13 → Zn (phase) + Mg2Zn11 
(phase) + MgZn2 (particles) + Zn (particles) [15]. 

3.2. Mechanical and corrosion properties 

Mg enhances an alloy's strength through solid solution 
strengthening and dispersion strengthening with intermetal-
lics particles. Thus, the microhardness of the Zn-1%Fe-
1%Mg alloy is equal to 118 ± 5 HV [15] and the Zn-1%Fe-
5%Mg alloy is 210 ± 4.6 HV [14]. 

However, the HPT treatment significantly affects the 
strength and ductility of a material. In the Zn-1%Fe-
1%Mg alloy UTS reached 289 ± 11 MPa, and the elonga-
tion was up to 95 ± 5% in a highly deformed state [15]. 
High magnesium content can decrease the ductility be-
cause of the intermetallic phases brittleness, thereby all the 
Zn-1%Fe-5%Mg samples were destroyed in the elastic 
zone. 

The presence of both Mg2Zn11 and FeZn13 explains the 
rise in brittleness as the rise of the volume fraction vζ  of 
the FeZn13 (ζ-phase) in the alloy leads to the appearance 
of sources of stress during deformation, where cracks form 
further. According to the formula (2): 

The presence of both Mg2Zn11 and FeZn13 explains the 
rise in brittleness. The volume fraction vζ  is found accord-
ing to the following formula [22]: 

Zn

/
/ /

,
)(1

w
v

w w
ζ ζ

ζ
ζ ζ ζ

ρ

− ρ
=

ρ +
 (2) 

where: / 5.2w xζ =  is the weight fraction of FeZn13 in the 
alloy, x is the content of the Fe component in the alloy (in 
wt.%), 7.32ζρ =  g/cm3 and Zn 7.14ρ =  g/cm3 are the den-
sities of FeZn13 and Zn, respectively. 

In our case, the 1 wt.% addition of Fe leads to the cre-
ation of FeZn13, which makes up 18.8% of the volume 
fraction of the alloy. The formation of particles begins at 
a temperature of 530 °C, therefore during solidification, 
its size increases dramatically and can reach more than 
350 microns in length [22]. The presence of coarse-
grained FeZn13 particles has a negative impact on the me-
chanical properties of the metal—dislocations pile up as 
they collide with the phase's interface, since sliding be-
comes more difficult, and the sample breaks down in brit-
tle way, which was also confirmed in the study [23]. Like-
wise, the material's brittleness in the initial state is 
conditioned by the appearance of twins as one of the de-
formation mechanisms in HCP-lattice metals during ten-
sile tests [24]. This phenomenon has also been demon-
strated in the as-cast Zn-0.4%Mg and Zn-0.8%Mg alloys, 
where twins encountered each other and caused a local 
stress concentration leading to cracking [20]. Neverthe-
less, after a hot rolling treatment, the grains were refined, 
and deformation twinning was obstructed, hence the de-
formed samples had a better strength and ductility than the 
initial ones. The application of severe plastic deformation 
successfully solves the brittleness problem, which was re-
ported in the study [25]. 

Investigation of corrosion properties, the results of 
which depend on the research method and the exposure 
time in a corrosive environment [26,27], has shown that 
the corrosion of zinc alloy is driven by the inhomogeneity 
in its chemical and phase composition [14,26–29]. Based 
on the results of the studies, it was established that the av-
erage corrosion rates for a coarse-grained and ultrafine-
grained Zn-1%Mg-1%Fe alloy are equal to 0.05 mm/year 
and 0.061 mm/year, respectively [27,28]. The corrosion 
rates of the Zn-1%Fe-5%Mg alloy in its initial and HPT-
treated states are 0.13 mm/year and 0.15 mm/year, respec-
tively. The use of HPT treatment does not bring about suf-
ficient changes in corrosion rates, but it does bring about 
more uniform corrosion throughout the sample (Figs. 4a,b). 

(a) (b) 

Fig. 3. Microstructure of the Zn-1%Fe-1%Mg (a) and Zn-1%Fe-5%Mg (b) alloys after HPT. 
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In other studies of the corrosion behaviour of as-cast 
Zn-xMg (x = 1%, 2%, 3%, 5%) alloys, it was shown that 
the corrosion resistance of the alloy increased with the 
increase in magnesium content due to a protective film 
formed during the corrosion process [30]. However, in 
the case of the Zn-Fe-Mg alloy system, an increase in Mg 
content resulted in a 3…4-fold increase in corrosion 
rates, as the eutectics were subjected to corrosion so 
quickly that Mg(OH)2 did not have sufficient time to de-
posit on the surface of the sample [31]. The major role in 
the acceleration of the corrosion processes was played by 
the microgalvanic effect between the Mg2Zn11 and 
FeZn13 phases, which arose due to the significant differ-
ence in the chemical potentials of Fe and Mg elements. 
The alloy with a higher Mg2Zn11 volume fraction had a 
higher corrosion rate, i.e., Zn-1%Fe-5%Mg. Over time, 
zinc hydroxide was formed during the matrix corrosion, 
which slowed down the corrosion rate in the later stages 
of testing [14,28,29]. 

3.3. Morphological analysis 

Results of morphological analysis showed that in wells 
with 25% and 12.5% extracts of Zn-1%Mg-1%Fe sam-
ples, only rounded cells without appendages or small, 
elongated cells were observed, the nuclei of which ac-
tively absorbed the dye propidium iodide, i.e., dead cells. 
Samples of extracts of Zn-1%Mg-5%Fe, which accounted 
for 25% of the volume of the medium, proved to be unfa-
vorable for cells. The cells glowed brightly because of the 
fluorescence of propidium iodide in their nuclei. In wells 
with 12.5% extract of Zn-1%Mg-5%Fe samples, many at-
tached, spread cells were noticed. They practically did not 
perceive the dye. The effect of contact inhibition and par-
tial cell death were observed in wells with negative control 
as a result of their reaching a complete monolayer and de-
pletion of the culture medium. In the wells of the positive 

control with 25% and 12.5% dimethyl sulfoxide (DMSO), 
on the contrary, well-adhered cells were visible, occupy-
ing 40–60% of the surface of the well. Almost no dead 
cells were observed (Table 1). 

However, despite the similar results of dying the cells 
MG63 with propidium iodide, there is a difference be-
tween the levels of cytotoxicity of the two alloys. After 
7-day cellular testing the Zn-1%Fe-5%Mg alloy sample 
extracts exhibited the highest level of fluorescence, for 
the 12.5% extract level of fluorescence differed by up to 
2.5 times (50% for the initial state of the Zn-1%Fe-
5%Mg alloy, 45% for the HPT sample of the Zn-1%Fe-
5%Mg alloy and 18% for Zn-1%Fe-1%Mg alloy). For 
the 25% extract, the values were on the same level of 
20%. This indicates a higher number of surviving cells. 
The increase in Mg content leads to a rise in biocompat-
ibility and promotes proliferation [32], as the Mg2+ ions 
have a beneficial effect on the formation of new cells. 

4. CONCLUSIONS 

1. The increase in Mg content leads to inhomogeneity 
of structure caused by the formation of brittle intermetal-
lics. Mg also enhances the strength of alloys due to solid-
solution and dispersion strengthening, but high Mg con-
tent decreases ductility because of the brittleness of inter-
metallic phases.  

2. The microstructures of the Zn-1%Fe-1%Mg and Zn-
1%Fe-5%Mg alloys have a significant difference. In the 
alloy with 1 wt.% Mg, only the Mg2Zn11 intermetallic 
phase is present, which localizes alongside the grain 
boundaries. With the increase in Mg content up to 5%, the 
additional phase occurs in the structure—MgZn2—form-
ing the large particles over 150 microns in length. 

3. Deformation treatment significantly raises the me-
chanical properties of the Zn-1%Fe-1%Mg alloy. Yield 
strength is up to 213 ± 12 MPa, UTS is up to 289 ± 11 MPa, 

(a) (b) 

Fig. 4. Corrosion surface after 90 days of immersion tests of the Zn-1%Fe-5%Mg alloy: (a) initial state, (b) after HPT 10 revolutions. 
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Table 1. Cell morphology after interaction with 25% and 12.5% extracts of Zn-1%Fe-1%Mg and Zn-1%Fe-5%Mg alloy after 10 
revolutions of HPT. 

 Sample Phase contrast, х100 Propidium iodide, х100 

 

Negative control 

  

 

Positive control 
DMSO 25% 
 

  

 

Positive control 
DMSO 12.5% 
 

  

25
%

 

Zn-1%Fe-1%Mg  
 

  Zn-1%Fe-5%Mg  
 

  

12
.5

%
 

Zn-1%Fe-1%Mg 

  Zn-1%Fe-5%Mg 
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and the elongation is 95 ± 5%. In the case of the Zn-1%Fe-
5%Mg alloy, the high Mg content (5%) leads to a brittle 
fracture, which is not eliminated even after severe plastic 
deformation. 

4. The addition of Mg contributes to an increase in the 
corrosion rate by 2.5 times in both initial and HPT sam-
ples. The corrosion rate of the HPT samples is higher in 
comparison to the initial ones. 

5. In vitro tests demonstrated the absence of cytotoxic 
effects of extracts of the samples. The Zn-1%Fe-5%Mg 
alloy showed the greatest biological activity. 
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Аннотация. С каждым годом увеличивается интерес к биодеградируемым материалам для временных имплантатов на основе 
цинка. Цинковый сплав системы Zn-Fe-Mg представляет особый интерес, так как отдельно каждый элемент рассматривается 
как биодеградируемый металлический материал. В данной работе представлено всестороннее исследование свойств цинко-
вых сплавов Zn-1%Fe-1%Mg и Zn-1%Fe-5%Mg, подвергнутых интенсивной пластической деформации кручением. Приведен 
сравнительный анализ структуры сплавов в литом состоянии и после деформации, отличия их фаз, свойств сплавов при оди-
наковой деформации, а также цитотоксичность материалов. Содержание Mg более 3 вес.% приводит к выделению дополни-
тельной фазы MgZn2, помимо уже присутствовавшей Mg2Zn11. Деформационная обработка сплава Zn-1%Fe-1%Mg способ-
ствует устранению его хрупкости и распределению эвтектики Mg2Zn11 равномерно по объему образца. Однако Zn-1%Fe-
5%Mg обладает избыточной хрупкостью даже после деформации. Добавление Mg в сплав привело к ускорению коррозион-
ных процессов. Механические, коррозионные, цитотоксичные свойства Zn-1%Fe-1%Mg соответствуют требованиям, предъ-
являемым к биодеградируемым материалам. 

Ключевые слова: цинк; биодеградируемые материалы; коррозия; интенсивная пластическая деформация кручением;  
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