doi: 10.18323/2782-4039-2023-2-64-7

Microstructure and properties of the Zn—1%Li-2% Mg alloy
subjected to severe plastic deformation
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Abstract: In this paper, the authors consider the mechanisms of formation of high-strength states in the Zn—1%Li-2%Mg

alloy as a result of its processing by the high pressure torsion (HPT) method. For the first time, the study showed that using HPT
treatment, as a result of varying the degree of deformation at room temperature, it is possible to increase the ultimate strength of
a zinc alloy from 155 to 383 MPa (with an increase in the yield stress from 149 to 306 MPa) without losing its ductility. To ex-
plain the reasons for the increase in the zinc alloy mechanical properties, its microstructure was analyzed by scanning electron
microscopy (SEM), X-ray phase analysis (XPA), X-ray diffraction analysis (XRD), and small-angle X-ray scattering (SAXS).
Using XPA, the authors established for the first time that ZneyecicytP-LiZnueutecticy—~11ZN3+ZNphase)tZ N precipitationy aNd
MgZn,—Mg,Zn;, phase transformations occur in the zinc alloy during HPT treatment. SEM analysis showed that at the initial
stages of HPT treatment, cylindrical Zn particles with a diameter of 330 nm and a length of up to 950 nm precipitate in B-LiZn;
phase. At the same time, the SAXS method showed that needle-like LiZn, particles with a diameter of 9 nm and a length
of 28 nm precipitate in the Zn phase. The study established that, only spherical Zn and LiZn, particles precipitate at high degrees
of HPT treatment. Precision analysis of the zinc alloy microstructure showed that HPT treatment leads to grain refinement, an
increase in the magnitude of crystal lattice microdistortion, a growth of the density of dislocations, which are predominantly
of the edge type. As a result of the analysis of hardening mechanisms, the authors concluded that the increase in the zinc alloy

strength characteristics mainly occurs due to grain-boundary, dislocation, and dispersion hardening.
Keywords: Zn—1%Li-2%Mg alloy; phase transformations in zinc alloy; severe plastic deformation; X-ray scattering

methods; strength and plasticity; deformation mechanisms.
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INTRODUCTION

Currently, zinc and its alloys demonstrate a high potential
for industrial applications in medicine, due to their high bio-
compatibility and corrosion resistance [1-3]. As is known
[4], pure Zn is a quite brittle material with low strength pro-
perties (yield strength is ~29 MPa, ultimate strength is
~34 MPa, ductility is ~1 %). Therefore, it needs significant
strengthening to meet the clinical requirements for biode-
gradable metal stents (yield strength is >200 MPa, tensile
strength is >300 MPa, ductility is >15-18 %) [5]. In order to
improve the physical and mechanical properties of zinc and
expand its application field in medicine, it is necessary to
alloy it with certain biosoluble admixtures (lithium, magne-
sium, calcium, etc.), and carry out thermomechanical treat-
ment according to various schemes and modes.

Among various classes of zinc alloys, the Zn-Li-Mg
system is of particular interest, since, on the one hand, it is
capable of aging, and, on the other hand, it has corrosion
resistance and biocompatibility values close to pure zinc [3;
6; 7]. Under traditional modes of thermomechanical treat-
ment (rolling + annealing), hardening in the Zn—Li system
alloys occurs due to the precipitation of LiZn, particles in
the Zn phase, and Zn particles in the primary B-LiZn4 phase
of predominantly acicular morphology, which, when inter-
twined, form a spatial grid [3; 6; 7]. This type of two-phase
precipitation of particles during warm rolling allows in-
creasing the ultimate strength of this alloy from 230 to
360 MPa [6]. In the recent work [8], the mechanical proper-
ties of Zn—0.8%Li, Zn—0.8%Li-0.2%Mg, and Zn—0.8%Li—
0.2%Ag alloys were studied. The study showed that a Zn—
Li-Ag system alloy has high ductility, and a Zn-Li-Mg
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system alloy has the highest yield strength and tensile
strength [8]. At the same time, by increasing the Mg con-
tent in the Zn—0.8%Li-0.4%Mg alloy and performing hot
extrusion, the authors [1] showed that the alloy achieves
a tensile strength of ~647 MPa, which is currently the ma-
ximum value.

Despite the relatively high hardness indices of the Zn—
Li-Mg system alloys, an active search for new modes and
schemes of thermomechanical treatment aimed at further
increasing the strength properties of this alloy, is still car-
ried out, since this issue remains very relevant. Recent stu-
dies demonstrate that an increase in strength properties in
metals and alloys can be achieved by grinding the grain
structure using severe plastic deformation (SPD) [9-11].
One should note that the grain structure refinement in zinc
alloys has its own characteristics, since in thermally hard-
ened zinc alloys, the aging processes are observed, which
leads to the release of atypical hardening particles of the
second phases [12]. This creates additional opportunities
for improving the strength properties of zinc alloys; howev-
er, it requires optimization of technological modes for ob-
taining ultrafine-grained (UFG) samples, which simultane-
ously combine high biocompatibility, increased strength,
and optimal corrosion rate. At the same time, new harden-
ing mechanisms (segregations and nanoclusters) can also be
involved in UFG metallic materials leading to an increase
in the mechanical properties of metals and alloys. In this
regard, it is important to comprehensively study the micro-
structure of the formed UFG Zn-Li-Mg alloys using vari-
ous methods of X-ray phase analysis (XPA), X-ray diffrac-
tion analysis (XRD), electron microscopy, and small-angle
X-ray scattering (SAXS).

The purpose of the study is to improve the strength
characteristics of the Zn—1%Li—2%Mg zinc alloy as a result
of SPD, as well as to identify possible hardening mecha-
nisms explaining high-strength states.

METHODS

As an object of research, the biosoluble Zn—1.0 wt. % Li—
2.0 wt. % Mg alloy made of high-purity components
Zn (99.95 wt. %), Mg (99.95 wt. %), and Li (99.95 wt. %)
was selected. To enhance strength characteristics and im-
prove corrosion resistance, this alloy was subjected to high-
pressure torsion (HPT) at room temperature with a number
of revolutions equal to 0.5, 1, 2, 3, 6, 8 and 10. The pres-
sure applied during HPT was 6 GPa, the rotation speed of
the strikers was 1 rpm. Mechanical tensile tests of the alloy
were carried out using a special-purpose testing machine
for small samples, and the material microhardness was
measured by the Vickers method on a Shimadzu HMV-G
universal hardness tester with an indenter load of 100 g.

To determine the microstructure parameters using
the XRD method, the authors analyzed the diffraction pat-
terns obtained on a Bruker D8 Advance diffractometer
(Bragg — Brentano scheme). The diffraction patterns were
measured in the continuous shooting mode at a speed of
1.5 °/min within the scattering angle 26 from 20° to 150° on
Cug, radiation generated at a voltage of 40 kV and a current
of 40 mA. The lattice constant, the size distribution of co-
herent scattering domains (CSD), the dislocation density,
and the fraction of edge-type dislocations were determined
using the PM2K program [13]. The diffraction patterns

were analysed by refining such parameters as sample dis-
placement in depth and angular position, lattice constant a,
dislocation density p, fraction of edge-type dislocations m;y,,
effective dislocation radius R,, shapes and sizes of CSD D.
Qualitative X-ray phase analysis was performed using
the PDF-2 diffraction database in the EVAplus program
(www.bruker.com). Quantitative X-ray phase analysis with
determining the ratio of the identified phases was carried
out by the Rietveld method [14] in the TOPAS v. 4.2 pro-
gram (www.bruker.com). Scattering curves necessary to
analysed the size and shape of precipitates were obtained on
a Bruker D8 Advance diffractometer with a small-angle
attachment in the parallel beam mode. Scattering curves
were measured within the range of g vector from 0.0 to
1.5 nm"". The diameter of the analysed surface was ~4 mm.
The investigated alloy microstructure analysis was car-
ried out by scanning electron microscopy (SEM) on
a FEI Thermo Scientific Q250 scanning electron micro-
scope. The main characteristics of the survey: accelerating
voltage of electrons is 25 kV, beam diameter is 2 um, focal
length is 10.0 mm, pressure in the chamber is 5x10™* Pa.

RESULTS

Results of measuring the mechanical properties

Table 1 shows the results of tests for measuring the zinc
alloy microhardness and mechanical properties. The analy-
sis of the results of tensile tests of samples showed that
the alloy in the initial state is characterized by relatively
low values of the yield strength, tensile strength and ex-
tremely low ductility, typical of the coarse-grained analogs
of this alloy [3; 6]. HPT treatment leads to the expected
growth of strength characteristics (Table 1). In particular,
even at the initial HPT treatment stages (1-2 revolutions),
the value of the yield strength increases by ~1.7 times, and
the ultimate strength value increases by more than 2 times
compared to the initial state. In this case, a sharp increase in
ductility is observed. The increase in the alloy microhard-
ness values is also in good agreement with the data of me-
chanical tests (Table 1).

When increasing the number of HPT revolutions from 3
to 6, a further, although insignificant, increase in the alloy
strength characteristics is observed. The results after 10 HPT
revolutions are the most interesting (Table 1). In this state,
compared with the initial (as-cast) state, the microhardness
value increases by more than 5 %, the ultimate strength
increases by more than 2 times, and the ultimate strength
increases by ~2.6 times.

Results of SEM studies

Fig. 1 shows the SEM images of the microstructure of
the alloy in the initial (as-cast) state. The as-cast zinc alloy
microstructure is characterized by bright and dark areas
(Fig. 1 a—c), and two types of bright areas are distinguished
(Fig. 1 a). The first type predominantly consists of an oval
shape with an average diameter of 18 pm (Fig. 1 a). In some
places, these areas merge into rather large areas. The second
type of bright areas has a layered structure of different
lengths (Fig. 1 b). The average layer width is 800 nm, and
their length varies from one to several tens of microns.
The analysis of the area of light regions showed that its surface
fraction is ~88 %. As is known [3; 6], on the Li—Zn alloy phase
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Table 1. The values of microhardness and mechanical properties of the Zn—1I%Li—2%Mg alloy

State HV o7, MPa 6, MPa e, %

Initial 170.0+8.0 149 155 ~0,4
1 rev. 183.8+12.8 256 383 42
2 rev. 176.9+6.8 260 332 41
3 rev. 176.7£12.0 264 361 44

HPT

6 rev. 180.6+11.3 278 363 48
8 rev. 179+12.6 301 394 51
10 rev. 178.9+13.3 330 409 47

Note. HV — Vickers microhardness; or— yield stress; og— ultimate strength; e — percentage of elongation.

2um .

d

Fig. 1. SEM images of the zinc alloy microstructure in the post-cast state at various magnifications:
a— x2000; b— %8000, in the insert x80000; ¢ — x6000; d — distribution of Mg atoms in Fig. I ¢

diagram at a Zn content of about 97 %, one can expect
the formation of the primary B-LiZn, phase, as well as
the Zn and B-LiZn, eutectic phases. According to [6], lithium
atoms have a much lower retarding potential, in contrast to
zinc atoms. Considering the Li—Zn system phase diagram, it
can be affirmed that the light (oval + layered) regions in
the SEM images should belong to the Zn+B-LiZn, eutectic
phases. At the same time, dark areas with a surface fraction
of ~12 % should belong to the primary -LiZn, phase.

Fig. 1 b and the insert show the precision areas of light
and dark regions at high magnifications. During microstruc-
ture detailed analysis, one can see that there are numerous
fine particles of predominantly acicular shape (Fig.1b,
insert) in the primary B-LiZn, phase (dark areas). The aver-
age particle diameter is ~80 nm, and their length varies
within 60-230 nm. According to the literature data [3; 6; 7],
in the primary B-LiZn, phase, when the alloy is cooled, zinc
particles usually precipitate (Fig. 1 b, insert). On the other
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hand, the light areas belonging to the Zn+f-LiZn, phase
have a lamellar structure typical of a eutectic (Fig. 1 b, in-
sert). Since the dark areas are more subjected to etching
corrosion processes, they can be identified in SEM images
as B-LiZn, eutectic phases (Fig. 1 b).

Fig. 1 ¢ shows an image atypical for the Zn—-Li system
alloy with many bright areas located mainly along
the boundaries of the Zn+B-LiZn, eutectic and the primary
B-LiZn, phase. To identify them, the authors carried out
the element-by-element mapping, the result of which is
shown in Fig. 1 d. A comparative analysis of the images
(Fig. 1 ¢, 1d) showed that the Mg atoms belonging to
the MgZn, phase, as shown below by the XPA method, are
concentrated in the detected bright areas.

Fig. 2 presents SEM images of the alloy after various
degrees of HPT treatment. It is evident that during imple-
menting the HPT treatment, even at the early stages of tor-
sion (0.5 revolution), changes in the ratio of dark and bright
areas are visible against the initial (as-cast) state (Fig. 2 a).
It can be seen that, in the primary B-LiZn, phase (dark are-
as), filamentous zinc precipitates grow intensively with the
formation of a peculiar network of precipitates (Fig. 2 a,
insert). The analysis showed that the diameter of zinc pre-
cipitates varies from ~90 to ~785 nm, and their length va-
ries from 110 nm to 10 um. Moreover, at the boundary of
the eutectic Zn+Mg,Zn,; phase (bright areas, according to
X-ray diffraction data presented below), a ~2 um thick zinc
phase is formed (Fig.2 a, insert). The belonging of this

c

layer to the zinc phase follows from the fact that there is no
clear transition interface between this phase and zinc pre-
cipitates in the primary B-LiZn, phase. This fact confirms
that these structures belong to the same phase.

When increasing the number of HPT rotations
(1 revolution), a band (elongated) structure oriented per-
pendicular to the radius of the sample is formed (Fig. 2 b).
Moreover, in the primary B-LiZn, phase, a certain orienta-
tion of zinc precipitates is visible, which sometimes merge
(Fig. 2 b, insert). The images show that the thickness of the
Zn+Mg,Zn;, phase plates decreases even more.

It was noted that when increasing the number of HPT
treatment revolutions, the proportion of dark areas increas-
es, while the proportion of light areas decreases (Fig. 2 c,
2 d). High degrees of HPT treatment are characterised by
effective grinding of the Zn+~LiZn; (~LiZn; phase is simi-
lar to B-LiZn,) phase, as well as of the Zn+Mg,Zn;, and Zn
phases (Fig. 2 ¢, 2 d). In particular, it can be seen that the
average grain size of the zinc phase is ~230 nm (Fig. 2 c,
insert), which contain darkened areas related to LiZny4 pre-
cipitates. In this case, the Zn precipitates themselves in the
~LiZn; phase precipitate in a spherical shape (Fig. 2 d, in-
sert). The information found by the microscopy method
indicates the intense phase transitions and changes that
have occurred in certain phases. In particular, by increasing
the proportion of dark areas and XPA results, it is possible
to identify the ZnytecticytB-LiZN4(eutecticy=>~L1ZN3+ZNphase)t
+ZN0precipitatey M 221, 1 +B-LiZn, phase transition.

d

Fig. 2. SEM images of the zinc alloy microstructure in the state after HPT treatment:
a — 0.5 revolution, in the insert — Zn particles and Zn phase; b — 1 revolution, in the insert — Zn particles;
¢ — 6 revolutions, in the insert — Zn grains; d — 10 revolutions, in the inserts — Zn particles

Frontier Materials & Technologies2023.7 2



