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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 fOHOWing scheme: Zneutectic + MgZan leutectic T FeZn13 - anhase + Mgzznl Iphase + MgZHZparticles + anarticles~ It was found
that as a result of high pressure torsion in the main phases (Zn, Mg,Zn;;), 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-

necessary to optimise its physical and mechanical properties
[1-4]. Traditionally, this goal is achieved by alloying pure

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

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 FeZn 3
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
ours is 157 MPa, yield strength o, is 148 Mpa), and an ac-
ceptable corrosion rate (0.027 mm/year). However, the duc-
tility & 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
(ours>300 MPa, 6,>200 MPa, &>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 y 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"* 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 20
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 [ cauea curve to the experimental
Laiculaeds 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 um, focal length — 10.0 mm, chamber pres-
sure — 5-107* 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
Tabnuya 1. 3nauenuss Mukpomeepoocmu u Mexanuieckux ceoticmes cnnasa Zn—1I%Mg—1%Fe

State HV ¢,, MPa oyrs, MPa 0, %
Initial 118+3 28+2 33+3 6+1
1 rev. 114 +4 213+£12 289+ 11 95+5
3 rev. 112+ 4 189+ 10 271+9 96+ 4
HPT 27 °C
6 rev. 109+3 177+£9 255+12 97+6
10 rev. 110+ 4 191 £8 264+ 11 61+5
1 rev. 131+4 313+£13 399+ 15 85+6
3 rev. 129+3 312+ 14 415+£10 82 +4
HPT 150 °C
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; o, is yield stress; oyrs is ultimate tensile strength, ¢ is percent elongation to fracture.
Tpumeuanue. HV — eenuuuna muxpomeepoocmu no Buxkepcy, o, — npeden mexyuecmu, Gyrs — npeoei npouHoCmiL;

0 — OMHOCUMeNbHOE YOTUHEHUe 00 PA3PYIULEHUSL.
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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, Mg,Zn,, and FeZn;
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, Mg,Zn;; and FeZni;
phases (Fig. 1 a). In this case, according to the SEM data,
the Mg,Zn;,; 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 Mg,Zn;, 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 um, and the size of the FeZn,; phase varies from 1.5 to
280 um (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, Mgy,Zn;; and FeZn,; phases. These phases are
marked with arrows in Fig. 2 a. It is also evident that cylin-
drical MgZn, particles precipitate in the Mg,Zn;; phase
(dark area) as a result of heat treatment (Fig. 1 a, inset).

We should note that in the cast state, MgZn, particles in
the Mg,Zn;, 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 Mg,Zn;;, Zn and FeZn;
phases is formed in the alloy (Fig.2b). Moreover, HPT
treatment led to the fragmentation of FeZn; phase grains,
as well as a change in the shape and size of particles that
precipitated during annealing, (MgZn, particles in
the Mg,Zn,, 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), Mg,Zn,
(blue areas) and FeZn;; (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 Mg,Zn;; phase (Fig.2c, in the inset). According to
microscopy data, the average grain size of the Mg,Zn;,
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 Mg,Zn,; 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 Mg,Zn,, 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 MgZn, particles of
spherical morphology could be randomly observed in
the Mg,Zn;, phase (Fig. 2 d, inset).

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

a —image at *2400 magnification; b —

image of the distribution of Zn, Mg and Fe atoms at x500 magnification

Puc. 1. Muxpocmpyxmypa Zn—1%Mg—1%Fe cnnasa (8 npousgonsHom yuacmke waugha) 8 UcXoOHOM (TUMoM) COCIOSHUU:
a — uzobpasicenue npu yeenuuenuu *2400; b — uzobpasicenue pacnpedenenus amomos Zn, Mg u Fe npu ysenuuenuu *500
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Fig. 2. Microstructure of the Zn—1%Mg—1%Fe alloy in different structural states:
a — after heat treatment; b — after 0.5 rev. of HPT 27 °C; ¢ — after 6 rev. of HPT 27 °C;
d — after 10 rev. of HPT 27 °C; e — after 1 rev. of HPT 150 °C; f— after 3 rev. of HPT 150 °C
Puc. 2. Muxpocmpyxmypa Zn—1%Mg—1%Fe cnnasa 6 pasnuunbix CmpyKmMypHbIX COCIMOSHUSX.!
a — nocie mepmudeckoi oopabomiu; b —nocne 0,5 06. UIIJK 27 °C; ¢ — nocne 6 06. HIIJK 27 °C;
d —nocne 10 06. UTIJIK 27 °C; e — nocne 1 06. HIIJK 150 °C; f— nocne 3 06. UITJIK 150 °C
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When conducting HPT treatment of the alloy at an ele-
vated temperature (150 °C), a banded structure is formed
even after 1 revolution (Fig. 2 e). The average thickness of
the Mg,Zn,; phase plates in this state is 2.9 um, and inside
the plates, the average size of equiaxial grains is 362 nm.
A similar structure is observed when implementing high
degrees of HPT in the alloy at room temperature. With an
increase in the HPT degree, the thickness of the Zn and
MgZn, phase plates continues to decrease, and the grain size
in these phases becomes less than 300 nm (Fig. 2 f, inset).

Fig. 3 shows the diffraction patterns of the studied al-
loy in various structural states, as well as the general ap-
pearance of the diffraction pattern analysed by the Riet-
veld method (1 revolution, HPT, 27 °C). The results of
qualitative XRD showed that after heat treatment, the Zn,
Mg,Zn;,, FeZn;; and MgZn, phases can be identified in
the alloy. At the same time, when the alloy is exposed to
the HPT method, the general appearance of the diffrac-
tion patterns changes significantly (Fig. 3 a). Thus, even
after 0.5 revolution of HPT treatment (27 °C), suppres-
sion of reflexes corresponding to the FeZn;;, Mg,Zn;
phases and an increase in reflexes of the Zn phase are
observed (Fig. 3 a). In this case, the width of each reflex,
especially the Mg,Zn;; phase, increases significantly
compared to that characteristic of the initial state
(Fig. 3 a). With a further increase in the degree of HPT
treatment, the general appearance of the diffraction pat-
terns remains virtually unchanged (Fig. 3 a). However, it
should be noted that at high degrees of HPT treatment,
a further increase in the width of the reflexes and sup-
pression of the intensity of the reflexes corresponding to
the Mg,Zn,, phase are observed.

In the case of HPT treatment at a temperature of 150 °C,
an increase in the intensity of the MgZn, phase reflexes is

O Zn
o MgZn;
A MgZngg

15000 ; 4 FeZngs

o

A
1000 g, ot fl4aa |0 Sog el

Intensity, cps

5000 5 ~1

0 = Ll L1
34.00 36.00 38.00 40.00 42.00 44.00 46.00 48.00 50.00 52.00 54.00

26, degree
a

observed already at the early stages (Fig. 3 a). In this case,
the reflexes corresponding to the Zn and Mg,Zn;; phases
become wider, as compared to those obtained after HPT
at 27 °C. With a further increase in the degree of HPT
treatment, an increase in the intensity of the reflexes corre-
sponding to the Zn and MgZn, phases, and an increase
in the width of their peaks are observed.

An example of the diffraction pattern analysis for the
alloy state after 1 HPT revolution is shown in Fig. 3 b.
It shows the theoretical and experimental diffraction pat-
terns, the difference line and the background line, the dif-
ference electron density for the main phase (Zn), and
the positions of the reflexes in the form of peak diagrams
(Fig. 3 b). It is evident that the change in the difference
value (Pmeasured—Pealeutated) OF the electron density of the ex-
periment, and theory for the main phase is extremely insig-
nificant and is contained in a small range of deviations
(from —1.35 to +1.35 units) (Fig. 3 b). At the same time,
the difference line also has small deviations (Fig. 3 b).
These facts indicate a high degree of convergence of
the experimental and calculated curves, and this increases
the reliability of the data obtained.

Fig. 4 shows the results of the quantitative ratio of
the analysed phases depending on the degree of HPT
treatment, as well as other characteristics of the micro-
structure of the main phases. The quantitative XRD data
showed that the use of HPT treatment leads, on the one
hand, to an increase in the mass fraction of the Zn phase
in the alloy, and on the other hand, to the suppression of
the content of the Mg,Z,;; and FeZn,; phases (Fig. 4 a).
Based on the analysis of the width and positions of re-
flexes in the diffraction pattern, the average size of the
CSD, the average dislocation density, and the values of
the lattice constant of the main phases were determined.

50000 [ 1 1001 111 TRYHT 1 101 000 ) o i A A 1
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! I WE R Calculated
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——— Background
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—— Mg2Znl1
— MgZn2
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Fig. 3. X-Ray diffraction patterns of the Zn—1%Mg—1%Fe alloy: a — general view of diffraction patterns:
1 — heat treatment; 2 — HPT, 1 rev., 27 °C; 3 — HPT, I rev., 150 °C; 4 — HPT, 3 rev., 27 °C; 5 — HPT, 3 rev., 150 °C;
6 — HPT, 6 rev., 27 °C; 7— HPT, 6 rev., 150 °C; 8 — HPT, 10 rev., 27 °C; 9 — HPT, 10 rev., 150 °C;
b — an example of the diffraction pattern processed by the Rietveld method: HPT, I rev., 27 °C
Puc. 3. Juppaxmocpammer cnnasa Zn—1%Mg—1%Fe: a — obwuii 6ud ougpakmozpamm:
1 — mepmuueckas oopabomra, 2 — UMK, 1 06., 27 °C; 3 — UIIJK, 1 06., 150 °C; 4 — UIIJIK, 3 06., 27 °C;
5—-HIJK, 3 06., 150 °C; 6 — HIIJIK, 6 06., 27 °C; 7 — HIIJIK, 6 06., 150 °C; 8 — UII[IK, 10 06., 27 °C; 9 — UITJIK, 10 06., 150 °C;
b — npumep obpabomannoii memooom Pumeenvoa ougpaxmoepammer: UIIJIK, 1 06., 27 °C
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These microstructure characteristics depending on
the degree and temperature of HPT treatment are shown
in Fig. 4 b—d.

Fig. 5 shows the changes in the crystallographic orienta-
tions of grains in the Zn phase depending on the degree and
temperature of HPT treatment. For a convenient and visual
understanding of the evolution of texture formation pro-
cesses, the preferred grain orientations in Fig. 5 are shown
in the form of an inverse pole figure (IPF) (0001), which is
parallel to the plane of the disk (sample). In the initial state
of the alloy, the Zn phase grains are characterised by
the presence of Dbasic {0001}<1000>, pyramidal
{10-11}<0-110> and {21-36}<1-210>, as well as pris-
matic {21-30}<1-210> and {31-40}<1-320> texture com-
ponents (Fig. 5). Moreover, compression twin components
{11-22}<uwtv> are revealed in some grains (Fig. 5). Ana-
lysis of the evolution of the crystallographic texture of Zn
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phase during HPT showed that the texture formation pro-
cesses, depending on the degree and temperature of its
treatment, have similarities and differences. In particular,
even after 1 revolution of HPT at 27 °C, the character of
the distribution of texture maxima on the (0001) IPF chang-
es sharply (Fig. 5). In this case, the basic {0001}<1000>
texture components are enhanced, while the prismatic
{21-30}<1-210> / {31-40}<1-320> and pyramidal
{21-36}<1-210> orientations, on the contrary, are suppressed.
At the same time, new components {11-21}<1-100>,
{20-21}<0-110> and {11-24}<1-100> of pyramidal grain
orientations, as well as components {10—12}<uwtv> of
tension twinning are formed (Fig. 5).

With an increase in the number of revolutions to 3,
the pyramidal, prismatic and twin texture components revealed
after 1 HPT revolution are suppressed, and the pole density
of the basic component is enhanced (Fig. 5). At high revo-
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Fig. 4. Patterns of change in fine structure parameters depending on the number of revolutions of the HPT treatment:
a — mass fraction of detected phases; b — average size of coherent scattering domains and average dislocation density at 27 °C;
¢ — average size of coherent scattering domains and average dislocation density at 150 °C; d — lattice constant of Zn
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Fig. 5. Inverse pole figures (0001) for the Zn phase in the initial state and after HPT treatment
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lutions of the HPT treatment, further suppression of all tex-
ture components in favor of the basic one is observed,
which becomes the main texture component (Fig. 5).
During the HPT treatment of the alloy at a temperature
of 150 °C, the evolution of texture formation processes in
the Zn phase has its own characteristics. Thus, at the initial
stage (1 revolution) of the HPT treatment, compared to that
implemented during the HPT at 27 °C, additional texture
components are formed (Fig. 5). In particular, new compo-
nents related to the pyramidal {21-34}<1-210>,
{21-36}<1-210> and {31-44}<1-320> types are visible
on the IPF (Fig. 5). The pole densities of additional texture
components increase with an increase in the number of
HPT revolutions to 3 (Fig. 5). In this state, an increase in
the basic {0001}<1000> and prismatic {21-30}<1-210> /
{31-40}<1-320> texture components is also observed
(Fig. 5). At high degrees of HPT treatment, the basic
{0001}<1000> texture component predominates over all
other components of the crystallographic texture (Fig. 5).

DISCUSSION

The conducted studies have shown that the Zn—
1%Mg—1%Fe alloy subjected to HPT treatment demon-
strates increased strength characteristics along with suffi-
cient ductility during its extension (Table 1). To determine
the reasons for the increase in strength and ductility of this
alloy, comprehensive studies of its microstructure were
conducted. According to the conducted studies, the initial
Zn—Mg-Fe alloy subjected to heat treatment consists of
the Zn, Mg,Zn,; and FeZn3 phases. In this case, cylindri-
cal MgZn, particles precipitated in the Mg,Zn,; phase
(Fig. 2 a). Earlier, some works [25; 26] also noted that
MgZn, particles strengthening the alloy can precipitate in
the Mg,Zn;, phase.

The conducted analysis of the microstructure showed
that even at the early stages of HPT treatment (0.5 revo-
lution), the alloy does not exhibit eutectic structures

characteristic of the cast state. In this case, a band struc-
ture consisting of a mixture of the Zn, FeZn,;; and
Mg,Zn;; phases is formed, in which MgZn, particles pre-
cipitate (Fig. 2 b). MgZn, particles inside the Mg,Zn;;
bands (darker areas) are revealed as numerous light areas
of different morphology (Fig. 2 b, inset). According to
microscopy data, with an increase in the degree and tem-
perature of HPT treatment, the width of the bands corre-
sponding to the Zn, Mg,Zn;, and FeZn,; phases decreas-
es. Moreover, a refinement of the structural components
is observed inside the bands of each phase. In particular,
the formation of equiaxial grains with a diameter of
230 nm in the Mg,Zn; bands is demonstrated in the inset
to Fig. 2 c. In addition to the structure refinement, at high
speeds of HPT treatment, Zn and MgZn, particles of
spherical morphology strengthening the alloy precipitate
in the Mg,Zn;, phase (Fig. 2 d, inset). With an increase in
the HPT temperature (150 °C), the dynamic strain ageing
process is implemented more completely. This fact is
explained by an increase in the proportion of MgZn, par-
ticles in the Mg,Zn;; phase (Fig. 4 a). In this regard, one
can argue that the role of dispersion, strengthening of
the alloy increases significantly with an increase in
the HPT temperature.

The obtained microscopy results are in good agree-
ment with the X-ray diffraction analysis data. In particu-
lar, the quantitative X-ray diffraction method found that
in the initial (as-cast) state of the alloy, the content of
the Zn, Mg,Zn,;, FeZn,; and MgZn, phases is 69.0, 17.3,
13.5, and 0.2 %, respectively (Fig. 4 a). According to
the literature data [23; 24], the mixture of Zn and
Mg,Zn;; phases is in the eutectic state, and this fact is
consistent with the SEM study data. At the same time,
the presence of the FeZn;; phase in the microstructure
was also identified as a result of the SEM analysis, and
traces of intense precipitation of MgZn, particles in
the Mg,Zn;, phase were observed after heat treatment of
the alloy (Fig. 2 a, 3 a).
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In the case of HPT treatment, even a small defor-
mation (0.5 revolutions) leads to changes in the ratio of
the identified phases. In particular, it is clear that after 0.5
HPT revolution, a regular decrease in the Mg,Zn,; and
FeZn,; mass fractions is observed (Fig. 4 a). At the same
time, the Zn mass fraction increases monotonically
(Fig. 4 a). An increase in the degree of deformation leads
to a further regular decrease in the content of the Mg,Zn;;
and FeZn;; phases (Fig. 4 a). At high degrees and an in-
crease in the HPT temperature, the Zn phase content, as
well as the MgZn, (precipitates) mass fraction increase
significantly (Fig. 4 a).

As is known [18; 19; 27; 28], metallic materials subject-
ed to HPT are characterised by a grain refinement, an in-
creased density of induced defects, a developed crystallo-
graphic texture and an extremely nonequilibrium state of
grain boundaries. The XRD analysis of the zinc alloy data
shows that the microstructure changes differently in each of
the main phases during HPT deformation. In particular,
the Mg,Zn;, phase is characterised by a sharp decrease in
the CSD size (Fig. 4 b), which can be associated with grain
refinement during HPT. It is evident that even at the initial
stages of HPT treatment (up to 1 revolution), the average
CSD size of the Mg,Zn;; phase decreases to ~30 nm
(Fig. 4 b). With an increase in the number of HPT revolu-
tions to 3, a further decrease in the average CSR size down
to ~20 nm is observed. At high HPT degrees, the average
CSD size in the Mg,Zn;; phase remains virtually un-
changed, and remains in the range of 18...22 nm (Fig. 4 b).
The same pattern of decrease in the CSD size in
the Mg,Zn;; phase is observed, with an increase in the HPT
temperature (Fig. 4 c). On the other hand, the process of
refinement of the structural elements in the Zn phase during
HPT treatment is not as effective as expected (Fig. 4 b).
In particular, it is obvious that at the early HPT stages
(up to 1 revolution), the average CSD size remains virtually
unchanged (Fig. 4 b). Only after reaching high degrees of
HPT treatment (after 10 revolutions), the average CSD size
in the Zn phase decreases to ~65 nm (Fig. 4 b). On the con-
trary, with an increase in the HPT temperature to 150 °C,
the CSD size of the Zn phase decreases significantly even
at the initial stages of deformation (Fig. 4 c¢). At high de-
grees of HPT, the CSD size of the Zn phase reaches satura-
tion and is ~50 nm.

Comparative analysis showed, that the average densities
of the induced defects in the analysed phases also change
non-monotonically (Fig. 4 b). In particular, in the Mg,Zny;
phase, after 3 HPT revolutions, the dislocation density
reaches its maximum value (~4.5-10"° m™), and then de-
creases slightly with an increase in the number of revolu-
tions (Fig. 4 b). According to the X-ray diffraction data,
a similar trend is observed in the Zn phase. However, com-
pared to the Mg,Zn;, phase, it has a relatively low disloca-
tion density, not exceeding 0.8-10"° m > (Fig. 4 b). At high
degrees of HPT treatment, a decrease in the dislocation
density is observed in the Zn phase (Fig. 4 b). With an in-
crease in the HPT temperature to 150 °C, the dislocation
density in the Zn phase increases significantly (Fig. 4 c).
In this case, in the Mg,Zn,; phase, the dislocation density
values found, are comparable with those obtained after HPT
at 27 °C (Fig. 4 ¢).

The changes in the lattice constant values in the Zn
phase depending on the degree of HPT treatment shown in
Fig. 4 d are interesting. In particular, in the as-cast state,
the lattice constant of Zn along the edge a of the hexagonal
close-packed (hcp) lattice is 0.266549 nm, and along
the basic edge c, it is 0.494952 nm (Fig. 4 d). The values
found differ from the tabular data (a=0.26648 nm,
¢=0.49467 nm [29]), especially in the direction of the basis
c of the hep lattice. After 0.5 revolution of HPT treatment,
a gradual increase in the lattice constant along the edge «,
and a decrease in the value along the ¢ direction of the hcp
lattice are observed (Fig. 4 d). With a further increase in
the number of revolutions and the temperature of HPT,
the lattice constant of Zn along the edge a continues to in-
crease, and along the face c it normally decreases. This change
in the Zn lattice constant is most likely associated with
the presence of Fe and Mg impurity atoms in this phase, which
is supported by the SEM analysis data (Fig. 1 d).

As studies have shown, alloying Zn with Mg and Fe
atoms and conducting HPT treatment, made it possible to
increase significantly the alloy strength characteristics and
simultaneously increase its ductility (Table 1), which meet
the requirements for fixing bones and stents. Despite
the low tensile strength (33 MPa) of the initial alloy, its
microhardness (118 HV) is much higher than that of pure
zinc (41 HV according to [1]). As SEM studies have
shown, the initial alloy contains coarse Mg,Zn;; and FeZn3
phases (Fig. 1). Moreover, according to work [30],
the hardness of the Mg,Zn;; phase is ~300 HV and that of
the FeZn,; phase is 290 HV [31]. In this regard, the high
microhardness of the initial alloy can be explained by
the presence of coarse Mg,Zn;; and FeZn,; phases in its
structure. As a result of HPT treatment (e.g. after
1 revolution, 27 °C), the alloy strength increases to
289 MPa, however, the microhardness of the alloy in this
state is no more than 114 HV (Table 1). Studies have
shown that HPT treatment of the alloy causes both the
fragmentation of the Mg,Zn;; and FeZn;; phases (Fig. 2),
and a decrease in the content of these phases (Fig. 4).
At the same time, the proportion of the Zn phase increases
(Fig. 4). These facts apparently limit the growth of the alloy
microhardness, and explain the observed decrease in its
microhardness during HPT. In general, the formation of
a band structure consisting of the Zn, FeZn;3 and Mg,Zn;;
phases, grain refinement in the main phases, and the preci-
pitation of particles in them, turned out to be the main fac-
tors in the zinc alloy increasing its mechanical properties.
An equally important factor determining the level and ani-
sotropy of the strength properties of the alloy under study is
its developed crystallographic texture.

Analysis of the crystallographic textures showed that
the Zn phase grain orientations in the initial alloy belong to
the basic {0001}<1000>, pyramidal {10-11}<0-110> and
{21-36}<1-210>, as well as prismatic {21-30}<1-210>
and {31-40}<1-320> texture components. At the same time,
there are compression twin components {11-22}<uwtv>
(Fig. 5). However, when the alloy is subjected to HPT
treatment, the spatial orientation of the Zn phase grains
in the sample changes significantly, as indicated by the tex-
ture maxima redistribution on the (0001) IPF (Fig. 5).
In particular, already at the early stages of HPT treatment
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(after 1 revolution, 27 °C), suppression of prismatic and
pyramidal texture components, and strengthening of
the basic orientation of grains are observed. In this case,
other orientations of the pyramidal {11-21}<1-100>,
{20-21}<0-110> and {11-24}<1-100> types, as well as
{10-12}<uwtv> tension twin components are formed
(Fig. 5). With an increase in the number of HPT revolutions
to 3, the proportion of the basic {0001}<1000> component
increases, and all other identified grain orientations are
slightly suppressed. At high HPT degrees, further suppres-
sion of all texture components is observed in favour of
the basic one, which becomes the main one.

With increasing the HPT temperature (150 °C), the tex-
ture formation processes proceed identically with the pre-
dominance of the basic {0001}<1000> texture component
(Fig. 5). However, at the early stages of HPT at 150 °C,
except for the components characteristic of HPT at 27 °C,
new grain orientations are formed in the sample. In this
case, the pole densities of the new texture components in-
crease with an increase in the number of HPT revolutions
to 3 (Fig. 5). In this state, the basic {0001}<1000> and
prismatic {21-30}<1-210> / {31-40}<1-320> texture
components also increase (Fig. 5).

As shown by tensile tests, in the state after 3 revolutions
of HPT at 150 °C, the alloy demonstrates the highest me-
chanical properties (Table 1). In this state, the Zn phase
grains have pyramidal, prismatic and twin components of
the volume fraction texture, in addition to the basic one.
As is known [32; 33], the value of the critical shear stress,
which determines the onset of operation of certain slip sys-
tems, is minimal for basic systems, and has the highest
values for pyramidal, prismatic and twin systems. In this
regard, one can argue that the formation of pyramidal,
prismatic and twin texture components at the initial stages
of HPT treatment of the alloy, contributes to an increase
in its strength properties, since their operation requires high
loads. At high degrees of HPT, the main orientation is
the basic component, and for the operation of the alloy, i. e.
for the implementation of its plastic deformation, less im-
pact is required. The formation of a predominantly basic
texture component, can explain the decrease in the strength
properties of this alloy at high degrees of HPT.

The studies conducted using XRD and microscopy
methods showed that as a result of HPT, a unique UFG
structure consisting of the Zn, Mg,Zn;, and FeZn,; phases,
in which particles of spherical morphology precipitate, is
formed in the Zn-1%Mg-1%Fe alloy. During HPT,
the density of introduced structural defects also increases
and a developed crystallographic texture is formed.
The discovered facts indicate that dispersion, grain-
boundary (according to the Hall-Petch relationship), and
dislocation strengthening mechanisms are implemented
in the alloy. At the same time, the stability of the pyra-
midal, prismatic and twin texture components during
HPT treatment determine the level and anisotropy of
the strength properties of this alloy. In general, com-
pared to pure Zn, the Zn—1%Mg—1%Fe alloy, optimised
by the HPT method, exhibits higher strength properties
(tensile strength, hardness) with sufficient ductility, and
with such characteristics it can be used as implants for
some applications [34].

CONCLUSIONS

A new Zn—1%Mg—1%Fe alloy with improved mechani-
cal properties (ultimate tensile strength is 415 MPa, ductili-
ty is 82 %) to be used in medicine, as implants, has been
produced by alloying and forming a UFG structure in it as
a result of HPT (3 revolutions, 150 °C). It has been found
that HPT in the main phases (Zn and Mg,Zn,;) results in
effective refinement of the grain structure, and an increase
in the density of introduced defects. At the initial stages of
HPT, a developed crystallographic texture consisting of
basic, pyramidal, prismatic and twin texture components
is formed in the Zn phase. The stability of the pyramidal,
prismatic and twin texture components during HPT, de-
termines the level and anisotropy of the strength proper-
ties of this alloy. Effective refinement of grains in
the main phases and the formation of the UFG structure,
as well as the precipitation of spherical particles with
a high content, are the main factors increasing the me-
chanical properties of this alloy.
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Annomayua: CraThsl TOCBSIIECHA IONYYCHUIO, AHAIN3Y MHKPOCTPYKTYPBI, KPHCTAJUIOrPa(pUIECKOH TEKCTYpHI
¥ MEXaHU3MOB JedopManuy yibTpaMmenkozepauctoro (YM3) nuakoBoro Zn—1%Mg—1%Fe crmaBa, 1eMOHCTpUPYIOIIETO
YHUKaJIbHBIE (PU3MKO-MEXaHUIECKHE CBOWCTBA 1O CPABHEHMIO C €T0 KPYMHOKPHUCTAUIMYECKUMH aHanoraMu. [{nHKOBBIH
CIUIaB C YJy4YIIEHHBIMH MEXaHWYECKUMH CBOWCTBAMH pa3padaThiBany B JBa 3Tana. Ha mepBoMm 3Tane Ha OCHOBE aHAIM3a
JUTEPaTypHBIX JAHHBIX OTJIMBAIM CIIJIaB CO CICAYIONIMM XHMHUYECKHM cocTaBoM: Zn—1%Mg—-1%Fe. B nanpreimem
CIUIaB TOABEPTaIN WHTEHCUBHOH Iuiactudeckoil neopmarun kpyderrneM (UITJK) ¢ menpro MOBBIIIEHUSI MEXaHUIECKHAX
CBOHMCTB B pe3yJbTaTe M3MENbYEHHUsS 3EPEHHOW CTPYKTYpPHl W pealn3allid B HEM AMHAMHUYECKOro Je(OopMaluoHHOTO
crapenus. [IpoBeieHHbIE MEXaHUUECKHE UCITBITAHNS HA PacTsHKEHHs 00pa3IoB U OLIEHKA TBEPIOCTH CIUIaBa MOKa3alH, YTO
UITJIK-06paboTka NMPUBOAUT K POCTY mpeaena ero npodyHoctd 1o 415 MIla, yBenmuueHHIO TBEPIOCTH A0 3HAYCHHMS
144 HV wu noBelmieHuto mmiactuyHocTd A0 82 %. IlonmydeHHble MeXaHWYEeCKHE XapaKTEePUCTUKU JEMOHCTPUPYIOT
NPUTOJHOCTh HCIIOJIb30BaHUS Pa3pabOTaHHOTO CIUIaBa B MEAWIMHE B KayecTBE HEKOTOPHIX HUMILUIAHTATOB (CTEHTOB),
TPeOYIONMX OONBIINX MPHIOKEHHBIX HArpy3ok. [y oObsICHEHHs! TPUYHH MOBBIIICHUSI MEXaHUYECKUX CBOWCTB JaHHOTO
CIUIaBa NPOBEIEHBI KOMILIEKCHBIE HCIBITAHUS METOJAaMH MHUKPOCKOIIMU M PEHTTEHOCTPYKTYPHOTO aHaim3a. AHaIu3
MHUKPOCTPYKTYPHI TIOKa3ajl, YTO MpH (OpMHUPOBaHUN YM3 CTpYyKTypHl peanm3yercs (pa3oBBIA Iepexon MO ciexyromeit
CXeMe: ZnBBTeKTI/lKa + MgZZHIIBBTeKTl/IKa + Feznl3 - an)am + Mg2znll¢a3a + MgZHleaCTm[LI + Zn'-laCTHL[LI' YCTaHOBHeHO, 4qTo
B pesynprate MIIJIK-06paboTkn B ocHOBHBIX (pazax (Zn, Mg,Zn;;) IpONCXOOUT HW3MEIbUCHHUE 3EPEHHON CTPYKTYpPHI,
MOBBIIICHNE TNIOTHOCTH BHECEHHBIX e(heKkTOB 1 (popMHUpOBaHHE Pa3BUTOH KPHCTAIUIOrPAPUIECKON TEKCTYPbI, COCTOSIIEH
u3 0a3uCHBIX, MUPAMHUIAIBHBIX, MPU3MATHUCCKUX M JBOMHMKOBBIX KOMIIOHEHT TEKCTYyphl. [loka3aHo, 9TO CTOHKOCTB
MUpaMHUANbHBIX, PU3MAaTUYECKUX U JBONHMKOBBIX KOMIIOHEHT TEKCTYypbl Ha HadanbHbIX dTamax UIIJIK ompenenser
YpOBEHb ¥ aHWU3OTPOINHMIO TPOYHOCTHBIX CBOMCTB JaHHOrO cruiaBa. OOCyXOaeTcs B3aMMOCBS3b OOHAapYKEHHBIX
CTPYKTYPHBIX 0COOCHHOCTEH MOIYYEHHOI'O CILUIaBa C €r0 YHUKAJIbHBIMU MEXaHHYECKUMH CBOHCTBAMH.

Knroueswvte cnoea: crnas Zn—1%Mg—1%Fe; dha3oBbie mepexopl B I[MHKOBOM CIUIABE; MHTCHCHBHAS IUTACTHYCCKAs
nedopmanus; METOIbI PEHTTEHOBCKOTO PACCESIHUS; MEXaHMYEeCKHUE CBOWCTBA; IMPOYHOCTB; IUIACTUYHOCTB; KPHCTAal-
norpadudeckast TeKCTypa.

bnazooapuocmu: ViccnenmoBaHue BBIIOJHEHO 3a c4eT rpaHTa Poccuiickoro HayyHoro ¢onma Ne 23-29-00667,
https://rscf.ru/project/23-29-00667.

Jna yumuposanusn: Curmuxos B.JI., Xapuzora 3.[., IMonmenok M.B. MukpocTtpykrypa, Kpucramrorpaduaeckas
TEKCTypa M MeXaHH4eckue cBoicTsa cruaBa Zn—1%Mg—1%Fe, moaseprayToro HHTEHCHBHOHN IIacTHYeckor nedopmanym //
Frontier Materials & Technologies. 2024. Ne 3. C. 75-88. DOI: 10.18323/2782-4039-2024-3-69-7.

88 Frontier Materials & Technologies. 2024. No. 3


https://rscf.ru/project/23-29-00667

