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Abstract: The paper covers the production, analysis of the microstructure, crystallographic texture and deformation 

mechanisms of the ultrafine-grained (UFG) Zn–1%Mg–1%Fe zinc alloy demonstrating unique physical and mechanical 

properties compared to its coarse-crystalline analogs. The zinc alloy with improved mechanical properties was developed 

in two stages. At the first stage, based on the analysis of literature data, an alloy with the following chemical composition 

was cast: Zn–1%Mg–1%Fe. Then, the alloy was subjected to high-pressure torsion (HPT) to improve mechanical 

properties due to grain structure refinement and implementation of dynamic strain aging. The conducted mechanical 

tensile tests of the samples and assessment of the alloy hardness showed that HPT treatment leads to an increase in its 

tensile strength to 415 MPa, an increase in hardness to 144 HV, and an increase in ductility to 82 %. The obtained 

mechanical characteristics demonstrate the suitability of using the developed alloy in medicine as some implants (stents) 

requiring high applied loads. To explain the reasons for the improvement of the mechanical properties of this alloy, 

the authors carried out comprehensive tests using microscopy and X-ray diffraction analysis. The microstructure analysis 

showed that during the formation of the ultrafine-grained structure, a phase transition is implemented according to 

the following scheme: Zneutectic + Mg2Zn11eutectic + FeZn13 → Znphase + Mg2Zn11phase + MgZn2particles + Znparticles. It was found 

that as a result of high pressure torsion in the main phases (Zn, Mg2Zn11), the grain structure is refined, the density of 

introduced defects increases, and a developed crystallographic texture consisting of basic, pyramidal, prismatic, and 

twin texture components is formed. The study showed that the resistance of pyramidal, prismatic and twin texture 

components at the initial stages of high-pressure torsion determines the level and anisotropy of the strength properties 

of this alloy. The relationship between the discovered structural features of the produced alloy and its unique 

mechanical properties is discussed. 
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INTRODUCTION 

Zinc alloys belong to a new class of biodegradable mate-

rials, that demonstrate excellent biocompatibility and biodeg-

radability along with relatively high mechanical strength and 

sufficient ductility [1–4]. According to the literature, 

the initial pure zinc is a very brittle material, and its low 

mechanical properties (yield strength ~10 MPa, tensile 

strength ~18 MPa, ductility 0.3 %) limit its scope of industri-

al application [5; 6]. To increase the potential for industrial 

application of zinc, for example, as implants in medicine, it is  

necessary to optimise its physical and mechanical properties 

[1–4]. Traditionally, this goal is achieved by alloying pure 

zinc with certain atoms (Mg, Li, Ca, Fe, Mn, Ag, Cu, etc.), 

and performing thermomechanical treatment [1–4]. How-

ever, most zinc alloys produced in this way, suitable for im-

plants, may contain elements toxic to the human body. In this 

regard, the scientific community is still searching for new 

materials that, on the one hand, should meet the desired me-

chanical characteristics for implants, and on the other hand, 

be biocompatible. 
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As is known, when developing biodegradable implants 

from various alloys, it is necessary to control the corro-

sion rate, since at high rates, the mechanical integrity of 

the implants is disrupted before the bone heals, and at too 

slow corrosion rate, inflammatory processes can be acti-

vated [7–9]. Clinical studies have shown that in Zn–xAl 

system implants, the risk of an inflammatory reaction in-

creases [10], and alloying zinc with Fe atoms significantly 

reduces it [11]. As is known, Fe is one of the most im-

portant elements in the human body, but excessive addi-

tion of Fe to Zn leads to the formation of a brittle FeZn13 

phase, which worsens the mechanical characteristics of 

Zn–Fe alloys [12]. On the other hand, adding a certain 

amount of Mg atoms can also strengthen the Zn phase, but 

the strength and ductility of the resulting Zn–Mg alloys 

still remain relatively low [13]. In particular, the authors 

of [13] showed that the ultimate tensile strength of 

the Zn–Mg alloy can increase to 125 MPa with an in-

crease in the Mg content from 0.1 to 0.8 %, however, 

the ductility of the resulting alloy remains low (less than 

1 %). With a further increase in the Mg content in the al-

loy to 3.0 %, it is possible to achieve an increase in 

the ultimate tensile strength to ~150 MPa, and the elonga-

tion before failure increases to only 2 % [14; 15]. More-

over, studies have shown that an increase in the Mg content 

in Zn also leads to an increase in the hardness of the ob-

tained alloy [11; 16]. In particular, it was demonstrated 

that adding 1 wt. % of Mg to pure Zn, leads to an increase 

in its hardness from 40 to 78 HV according to the Vickers 

scale [16], and in [11], the authors have shown that 

the hardness of the Zn–1.3%Fe alloy can reach 56 HV. 

The conducted literature analysis revealed that the Zn–

Mg–Fe system alloys can be used to produce zinc alloys 

with increased strength and biocompatibility in medicine. 

In this regard, Mg and Fe were also chosen as alloying ele-

ments in this work to create a zinc alloy with an improved 

structure. The choice of these elements was also influenced 

by the fact, that the solubility rate of Zn in the body is be-

tween the solubility rates of Mg and Fe, and the degradation 

products are biocompatible [2; 7–9]. Moreover, the authors 

of [17], as a result of varying the degree of alloying of zinc 

with Mg and Fe atoms, found that the Zn–1%Mg–1%Fe 

alloy, compared to other Mg and Fe contents in zinc, shows 

the highest strength properties (ultimate tensile strength 

σUTS is 157 MPa, yield strength σy is 148 Mpa), and an ac-

ceptable corrosion rate (0.027 mm/year). However, the duc-

tility δ of the produced alloy was low (no more than 2.3 %) 

[17]. Nevertheless, the improved mechanical properties, 

satisfactory corrosion rate and biocompatibility of the coarse-

grained Zn–1%Mg–1%Fe alloy became the basis for 

the authors of this work to choose this alloy for further op-

timisation of its strength characteristics and ductility, so 

that it meets the required criteria for implants 

(σUTS>300 MPa, σy>200 MPa, δ>15 %) [2]. In this case, 

the authors of this work optimised the mechanical proper-

ties of Zn–1%Mg–1%Fe using the method of severe plastic 

deformation (SPD) [18]. 

Recently, a number of studies [19; 20] have shown that 

SPD methods can more effectively increase the strength 

characteristics of zinc alloys by forming an ultrafine-

grained (UFG) structure, increasing the defectiveness of 

the structure, and implementing the process of dynamic 

deformation ageing, during which the strengthening phases 

of the particle precipitate. At the same time, improving 

the above-mentioned microstructure parameters, leading to 

an increase in the mechanical properties of zinc alloys, is 

possible, due to variations in the applied pressure, tempera-

ture, and degree of SPD. In this regard, in this work, im-

proving the mechanical properties of the cast Zn–Mg–Fe 

alloy was also achieved by optimising the modes (pressure, 

temperature, deformation degree), of high-pressure torsion 

(HPT) [18; 19].  

The aim of this work is, using high-pressure torsion 

processing, to produce an ultrafine-grained Zn–1%Mg–

1%Fe zinc alloy, demonstrating the required mechani-

cal properties for application as implants (stents) in 

medicine. 

METHODS 

Cylindrical specimens of Zn–1%Mg–1%Fe alloy 

(mass percent), with a diameter of 20 mm and a length of 

120 mm were cast from high-purity Zn (>99.9 wt. %), 

Mg (>99.9 wt. %) and Fe (>99.9 wt. %) at a temperature 

of 600 °C in a chamber furnace using a graphite crucible. 

To form a UFG structure in order to improve the strength 

characteristics, tablets (radius R is 10 mm, thickness is 

1.7 mm) of the alloy, cut from cylindrical specimens, were 

subjected to HPT at room temperature (27 °C), and at 

a temperature of 150 °C, varying the number of revolu-

tions from 0.5 to 10. After each stage of HPT, correspond-

ing to 0.5; 1; 2; 3; 6; 8 and 10 revolutions of the lower 

striker (the deformation degree γ corresponds to 28.5; 

57.1; 114.2; 171.3; 342.6; 456.8 and 571.0 for the R/2 

region, according to [18]), the authors analysed the me-

chanical properties and microstructure of the alloy. 

The applied hydrostatic pressure during HPT was 6 GPa, 

the striker rotation rate was set at 1 rpm. Mechanical ten-

sile tests of the alloy were performed, using a specialised 

testing machine, for small samples (length of the working 

part is 4 mm, thickness is 1 mm, width is 1 mm). 

The working part of the tensile samples was located in the 

area, which was at half the radius of the disk-shaped HPT 

sample. The frequency of digitising of the deformation 

values when recording the tensile curves, during continu-

ous testing of the samples was set to 4 Hz. The traverse 

speed was 4·10
−4

 mm/s. The microhardness of the alloy, 

in each structural state, was measured by the Vickers 

method on a universal Shimadzu HMV-G hardness tester 

(Japan), with an indenter load of 100 g. The measurements 

were performed in the area located at half the radius of 

the disk-shaped HPT sample.  

The fine structure parameters of the alloy, were deter-

mined by X-ray diffraction analysis (XRD). The XRD dif-

fraction patterns were measured on a Bruker D8 Advance 

diffractometer (Germany) (Bragg–Brentano scheme). 

The shooting was carried out in the continuous shooting 

mode, at a rate of 1.5 °/min within the scattering angle 2θ 

from 20 to 150°, on copper radiation generated at a voltage 

of 40 kV and a current of 40 mA. Pulse counting was per-

formed using a LinxEye multichannel detector (Germany). 

A Ni filter was installed in front of the detector to cut off 
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unnecessary radiation. The lattice constant was estimated, 

the average size of the coherent scattering domains (CSD) 

was determined, and the dislocation density was calculated 

using the PM2K program [21].  

Qualitative X-ray phase analysis was performed, using 

the PDF-2 diffraction database using the EVAplus pro-

gram (www.bruker.com). Quantitative X-ray phase analy-

sis, with identifying the ratio of the detected phases, was 

performed applying the Rietveld method [22] using the 

TOPAS program, ver. 4.2 (www.bruker.com). In this al-

gorithm, the atomic-structural parameters of all detected 

phases are input into the model, and the theoretical dif-

fraction pattern is reproduced. For the best approximation 

of the theoretical Imeasured curve to the experimental 

Icalculated, the fine structure parameters (lattice constant, 

microstrain, crystallite size, and crystallographic texture) 

are optimised, taking into account possible errors made 

during shooting. The microstructure of the alloy under 

study was analysed by scanning electron microscopy 

(SEM), using an FEI Thermo Scientific Q250 scanning 

electron microscope (USA). The main shooting characte-

ristics were: electron accelerating voltage – 25 kV, beam 

diameter – 2 μm, focal length – 10.0 mm, chamber pres-

sure – 5·10
−4

 Pa. Microstructure studies using X-ray dif-

fraction and SEM were conducted in the areas where me-

chanical tests were performed. 

RESULTS 

The results of mechanical tests of the Zn–1%Mg–1%Fe 

alloy in different structural states, showed that HPT treat-

ment (except for microhardness at HPT 27 °C) leads to an 

increase in its strength characteristics (Table 1). In particu-

lar, in the initial state, the Vickers microhardness of 

the alloy did not exceed 118 HV. At the same time, the ap-

plication of 1 revolution of HPT treatment to the alloy at 

room temperature, led to a decrease in the microhardness to 

114 HV. With a subsequent increase in the degree of HPT 

treatment to 6 revolutions, the microhardness of the alloy 

naturally drops to 109 HV. At high degrees of deformation 

(10 revolutions), the microhardness of the studied alloy 

remains virtually unchanged. However, with an increase in 

the temperature of the HPT treatment (1 revolution, 

150 °C), on the contrary, even at the initial stages, a regular 

increase in microhardness to 131 HV is observed (Table 1). 

With a further increase in the number of revolutions of 

the HPT treatment, the alloy demonstrates a slight decrease 

in its microhardness (Table 1).  

The results of mechanical tensile tests of the alloy are 

also summarised in Table 1. In general, the analysis of 

Table 1 indicates that the implementation of HPT treatment 

even at the initial stages of processing (27 °C) leads to 

an increase in the alloy strength and ductility. In particular, 

after 1 HPT revolution, an increase in the ultimate tensile 

strength to 289 MPa is observed, and the ductility reaches 

95 %. As the number of HPT revolutions increases to 6, 

the yield strength and ultimate tensile strength of the alloy 

slightly decrease, and the level of ductility is maintained. 

With high degrees of HPT treatment, implemented at room 

temperature, the strength characteristics increase again, but 

the ductility of the alloy decreases noticeably. On the other 

hand, increasing the HPT temperature (150 °C) leads to 

an increase in both the hardness value, and the values of 

the ultimate tensile strength and ductility of the alloy. Thus, 

after 1 HPT revolution, the ultimate tensile strength in-

creases to 399 MPa, which is 110 MPa more than that ob-

tained after 1 HPT (27 °C) revolution. After 3 HPT 

(150 °C) revolutions, a further increase in the ultimate 

Table 1. The values of microhardness and mechanical properties of the Zn–1%Mg–1%Fe alloy 

Таблица 1. Значения микротвердости и механических свойств сплава Zn–1%Mg–1%Fe 

State HV σy, MPa σUTS, MPa δ, % 

Initial 118 ± 3 28 ± 2 33 ± 3 6 ± 1 

HPT 27 °C 

1 rev. 114 ± 4 213 ± 12 289 ± 11 95 ± 5 

3 rev. 112 ± 4 189 ± 10 271 ± 9 96 ± 4 

6 rev. 109 ± 3 177 ± 9 255 ± 12 97 ± 6 

10 rev. 110 ± 4 191 ± 8 264 ± 11 61 ± 5 

HPT 150 °C 

1 rev. 131 ± 4 313 ± 13 399 ± 15 85 ± 6 

3 rev. 129 ± 3 312 ± 14 415 ± 10 82 ± 4 

6 rev. 126 ± 5 307 ± 9 394 ± 13 86 ± 5 

10 rev. 128 ± 4 304 ± 10 387 ± 14 89 ± 6 

Note. HV is Vickers microhardness; σy is yield stress; σUTS is ultimate tensile strength; δ is percent elongation to fracture. 

Примечание. HV – величина микротвердости по Виккерсу; σy – предел текучести; σUTS – предел прочности; 

δ – относительное удлинение до разрушения. 
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tensile strength value is observed (up to 415 MPa), with 

maintaining the ductility level. With a subsequent increase 

in the HPT degree, the alloy strength characteristics de-

crease slightly, and its ductility increases slightly (Table 1). 

In general, the mechanical tests showed that at the initial 

stages of HPT treatment (1–3 revolutions), at a temperature 

of 150 °C, the zinc alloy demonstrates high strength charac-

teristics with sufficient ductility (Table 1). 

Fig. 1 shows the SEM images of the initial zinc alloy 

microstructure, as well as the results of the surface distribu-

tion of Zn, Mg and Fe atoms over a random area of the po-

lished section. According to the phase diagram of Zn–Mg 

[23] and Zn–Fe [24], the phases of Zn, Mg2Zn11 and FeZn13

should be present in the cast Zn–1%Mg–1%Fe alloy.

In fact, the data obtained by SEM and X-ray phase analysis

(data are given below) showed that the microstructure of

the studied alloy contains the Zn, Mg2Zn11 and FeZn13

phases (Fig. 1 a). In this case, according to the SEM data,

the Mg2Zn11 phase is concentrated at the boundaries of

the zinc phase (Fig. 1 a).

Since the atomic mass of Zn is greater than the atomic 

mass of Mg, the relatively light oval-shaped areas belong to 

the zinc phase, and the dark areas correspond to 

the Mg2Zn11 phase (Fig. 1 a). The analysis of the micro-

structure by the elemental mapping method factually con-

firms the above-detected shape, and nature of occurrence of 

the phases identified in the alloy (Fig. 1 b). Calculations 

showed that the average grain diameter of the Zn phase is 

88 μm, and the size of the FeZn13 phase varies from 1.5 to 

280 μm (Fig. 1 a, 1 b). 

Fig. 2 shows SEM images of the microstructure of 

the studied alloy after heat treatment (150 °C), and HPT 

processing carried out at different temperatures (27 and 

150 °C). After heat treatment, the alloy microstructure con-

tains Zn, Mg2Zn11 and FeZn13 phases. These phases are 

marked with arrows in Fig. 2 a. It is also evident that cylin-

drical MgZn2 particles precipitate in the Mg2Zn11 phase 

(dark area) as a result of heat treatment (Fig. 1 a, inset). 

We should note that in the cast state, MgZn2 particles in 

the Mg2Zn11 phase were not detected. 

In the case of HPT treatment, even with a small rotation 

of the anvils (0.5 revolution), noticeable changes in 

the microstructure of the analysed alloy can be observed 

(Fig. 2 b). These changes are mainly related to the fact that 

a band structure of alternating Mg2Zn11, Zn and FeZn13 

phases is formed in the alloy (Fig. 2 b). Moreover, HPT 

treatment led to the fragmentation of FeZn13 phase grains, 

as well as a change in the shape and size of particles that 

precipitated during annealing, (MgZn2 particles in 

the Mg2Zn11 phase) (Fig. 2 b, in the inset). With an increase 

in the number of HPT revolutions, i.e. the degree of defor-

mation, both a decrease in the width of the bands of 

the observed phases, and a further refinement of the grains 

of each phase are observed. In particular, a typical micro-

structure of the alloy after 6 revolutions of HPT treatment is 

shown in Fig. 2 c. For clarity, this microstructure is pre-

sented as a distribution map of the Zn, Mg and Fe elements 

(Fig. 2 c). It is evident that in this state of the alloy, 

the band structure consisting of Zn (green areas), Mg2Zn11 

(blue areas) and FeZn13 (red areas) phases is maintained. 

In contrast to the early HPT stages, after 6 revolutions, 

a significant refinement of the grain structure is observed in 

the Mg2Zn11 phase (Fig. 2 c, in the inset). According to 

microscopy data, the average grain size of the Mg2Zn11 

phase was 320 nm.  

At high degrees of HPT treatment (10 revolutions), 

the alloy is characterised by a decrease in the thickness of 

the bands corresponding to the Zn and Mg2Zn11 phases 

(Fig. 2 d). Further refinement of the structure components is 

observed in these bands (Fig. 2 d). In particular, in this 

state, the grains of the Mg2Zn11 phase are also characterised 

by an equiaxial structure, but the average grain size de-

creases to 230 nm. The analysis showed that at high HPT 

revolutions, precipitated Zn and MgZn2 particles of 

spherical morphology could be randomly observed in 

the Mg2Zn11 phase (Fig. 2 d, inset).  

а b 

Fig. 1. Microstructure of the Zn–1%Mg–1%Fe alloy (in a random area of the section) in initial (as-cast) state:  

а – image at ×2400 magnification; b – image of the distribution of Zn, Mg and Fe atoms at ×500 magnification 

Рис. 1. Микроструктура Zn–1%Mg–1%Fe сплава (в произвольном участке шлифа) в исходном (литом) состоянии: 

а – изображение при увеличении ×2400; b – изображение распределения атомов Zn, Mg и Fe при увеличении ×500 

Frontier Materials & Technologies. 2024. No. 3




