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Abstract: The potential medical Zn-1.7%Mg and Zn-1.7%Mg-0.2%Zr alloys strengthened using
high-pressure torsion (HPT) were investigated in this work. HPT led to a significant refinement of
the microstructure of both alloys with the formation of an ultrafine-grained structure (UFG). The
average grain size after HPT was ~700-800 nm for both alloys. The formation of the UFG structure
led to an increase in the ultimate tensile strength of up to 401 + 16 and 482 + 12 MPa for the Zn-
1.7%Mg and Zn-1.7%Mg-0.2%Zr alloys, respectively. Additionally, a variation in ductility of the
Zn-1.7%Mg and Zn-1.7%Mg-0.2%Zr alloys of up to 56.3 & 16.9% and 4.4 £ 0.6%, respectively, was
also observed, apparently due to textural changes. HPT led to a small increase in the degradation
rate of the alloys after 1 day of incubation in the medium. However, an increase in the incubation
period of up to 30 days slowed down the degradation process and leveled the difference between
the initial and HPT-treated state of the alloys. HPT did not affect the cytotoxicity of the Zn-1.7%Mg-
0.2%Zr alloy and contributed to the reduction of hemolysis. Thus, the processing of the Zn-1.7%Mg
and Zn-1.7%Mg-0.2%Zr alloys using HPT accelerated their biodegradation without compromising
their biocompatibility.

Keywords: zinc alloys; high-pressure torsion; X-ray analysis; mechanical properties; corrosion
resistance; biocompatibility in vitro

1. Introduction

In recent years, zinc alloys have become competitors with Mg and Fe-based alloys for
creating bioresorbable implants due to their good biocompatibility and acceptable degrada-
tion rates [1-3]. Zinc is an essential trace element that promotes bone growth [4,5] and plays
an important role in strengthening the human immune system [6]. Furthermore, zinc has
been shown to suppress atherosclerosis [7], is necessary for protein synthesis [8], muscle
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growth, and recovery [9], promotes wound healing [10], regulates hormone production [11],
etc. Moreover, zinc ions are critical for cell growth and proliferation [12,13], including
osteoblasts [14,15]. However, despite their numerous advantages, the main drawback of
zinc alloys that limits their use as materials for bioresorbable implants (BRIs) is their low
mechanical properties. For example, Li et al. reported that the tensile strength and ductility
of pure cast zinc are only 18 MPa and 0.3%, respectively [16]. Tong et al. determined the
ultimate tensile strength (UTS), yield stress (YS), and elongation (EL) as 33.6 MPa, 29.3 MPa,
and 1.2%, respectively [17]. These values represent an improvement compared to the pure
cast zinc mentioned earlier, but they still fall below the mechanical properties required for
many biomedical implants. Alloying is a universal method for modifying the mechanical
and corrosion properties of materials. By adding different alloying elements, it is possible
to accelerate or slow down the corrosion process of zinc, as well as increase its strength. For
example, Tong et al. conducted a systematic study on the influence of 0.2 at.% of various
rare earth metals (REMs), namely Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, and Lu, on the corrosion resistance and mechanical properties of pure Zn [18]. They
demonstrated that Y had the greatest effect on the strength of pure zinc (UTS > 200 MPa),
while the alloy with Tb showed the least strength improvement (UTS ~100 MPa). At the
same time, all the investigated alloys showed degradation rates (DRs) in simulated body
fluid (SBF) that were close to the DR of pure Zn (0.08-0.12 mm/year). However, it is im-
portant to consider not only the influence of the element on the corrosion and mechanical
properties of zinc but also its biocompatibility when selecting the optimal alloying system.
Indeed, there is currently a limited range of systems being considered for the development
of biodegradable medical devices. The most extensively studied alloying elements for
biodegradable medical devices include Mg [16,19], Li [20,21], Mn [21], Cu [21,22], Ca [16],
Ag [23], Fe [24], Sr [16,25], and Zr [26]. These elements have a good effect on the strength,
corrosion resistance, and biocompatibility of Zn. But often alloying does not improve the
ductility of zinc and, in some cases, it may even worsen it. This makes it challenging to
further utilize these alloys as materials for medical purposes.

One of the most effective methods for enhancing the strength and ductility of alloys
is microstructure refinement. Microstructure refinement can be achieved using various
methods, such as the addition of grain-refining elements during casting, plastic deformation,
and recrystallization. The volume fraction of the grain boundaries increases, resulting
in an enhancement of the strength and, in some cases, the ductility after refinement of
the microstructure. For example, the addition of grain-refining modifiers involves the
formation of solid particles into the melt during the pre-crystallization stage. These particles
act as nucleation sites, promoting the formation of small and equiaxed grains during
solidification. As a result, the microstructure is refined, leading to improved mechanical
properties, including increased strength and sometimes ductility. One of the most popular
grain-refining modifiers is Zr. It is used to refine the microstructure of many alloys, such as
those based on Al [27] and Mg [28,29]. Zinc alloys are no exception. Li et al. demonstrated
that adding 0.1 wt.% Zr to a Zn-4%Al (Further in the text, the composition of the alloys is
indicated in wt.%, unless otherwise indicated) alloy significantly refines its microstructure
due to the formation of Zr-containing particles [30]. A similar situation occurred in the
Zn-1%Mg alloy with the addition of 0.1 and 0.2 wt.% Zr, where the formation of Znj,Zr
phase particles resulted in grain refinement [31]. However, the most effective method for
enhancing mechanical properties is a combination of plastic deformation and the addition of
grain-refining modifiers. In this case, along with improved strength, an increase in ductility
occurs due to the formation of a favorable combination of microstructures and textures.
For example, Watroba et al. showed that adding 0.05 wt.% Zr to a Zn-1%Ag alloy followed
by extrusion at 250 °C results in a combination of strength and ductility, with values of
211 £ 1 MPa and 35 £ 1%, respectively [32]. Jin et al. demonstrated that the strength and
elongation of hot-rolled Zn-1.5%Cu-1.0%Ag-xZr alloys initially increase and then decrease
with an increasing Zr content [33]. This approach has also shown promise in obtaining
high-strength alloys of the Zn-Mg-Zr system with various Mg and Zr contents [31,34,35].
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Therefore, the aim of this study was to investigate the combined effect of adding 0.2 wt.%
Zr and using high-pressure torsion (HPT) on the microstructure, mechanical properties,
and biological activity of a Zn-1.7%Mg alloy. The work will evaluate the effect of HPT
on the grain size of the alloys with and without the addition of zirconium. At the same
time, the effect of the grain size of HPT-treated alloys on their corrosion resistance, and
therefore biocompatibility, will also be investigated. The biological activity of the alloys
was studied by estimating the hemolytic activity and cytotoxicity, allowing us to assess the
biocompatibility of medical materials.

2. Materials and Methods

The effect of high-pressure torsion (HPT) on the microstructure, phase composition,
texture, and mechanical and functional properties of Zn-1.7%Mg and Zn-1.7%Mg-0.2%Zr
alloys was investigated in this study. The alloys were melted in an induction furnace
without the use of a protective atmosphere following the procedure described in [36].
The actual composition of the obtained alloys was determined using a Bruker S8 Tiger
sequential X-ray fluorescence wave-dispersive spectrometer (series 2; Bruker, Karlsruhe,
Germany) according to the standard method provided by the manufacturer. The actual
composition of the alloys was determined as Zn-1.69%Mg and Zn-1.66%Mg-0.226%Zr. The
alloys were annealed at 320 °C for 20 h, followed by water quenching before HPT. Disks
with a diameter of 20 mm and a thickness of 1.5 mm were used for high-pressure torsion.
Deformation was carried out at room temperature and under a pressure of 6 GPa. The
deformation speed was 1 revolution per minute.

The microstructure of the alloys in their initial states was examined using a JSM-7001F
(JEOL, Tokyo, Japan) scanning electron microscope (SEM). For that purpose, the prepared
samples were etched using a 0.5% HNOj solution in ethanol according to the standard
procedure. The microstructure of the alloys was examined using a transmission electron
microscope (TEM) JEM-2100 (JEOL, Tokyo, Japan) equipped with an energy-dispersive
spectrometer (EDS). The samples for the investigation of the microstructure of the alloys
after HPT were prepared using an electrochemical method and a Struers TenuPol-5 unit
(Struers, Copenhagen, Denmark) at a voltage of 20 V. Image Expert Professional 3 software
(version 3, Nexsys, Moscow, Russia) was used to calculate the average grain size of the
alloys after HPT. A random section method was used to calculate the average grain size.
For this purpose, at least 20 fields of view were used and at least 350 grains were measured.
The results are presented as the mean value + standard deviation.

An Ultima IV X-ray diffractometer (Rigaku, Tokyo, Japan) using CuK« radiation and
a graphite monochromator on a diffracted beam was used for X-ray diffraction (XRD)
analysis. Phase analysis was performed using the PDXL2 software package (Rigaku, Tokyo,
Japan) and the Powder Diffraction File (PDF2) database (ICDD, Newtown Square, PA,
USA). The texture analysis was conducted using the method of constructing direct pole
figures using a multifunctional attachment (Rigaku, Tokyo, Japan).

The degradation rate of the alloys before and after HPT was investigated using the
standard method described in [37]. For these goals, the pre-polished samples in the form of
1/8 disks with a diameter of 20 mm and a thickness of 1 mm were sterilized in 70% ethanol
for 2 h, and then dried under sterile conditions. The immersion tests were conducted at
a temperature of 37 °C for 1 and 30 days in a complete growth medium based on Eagle’s
Minimum Essential Medium (Sigma, Welwyn Garden City, UK). A more detailed testing
methodology, including sample cleaning of the degradation products and calculation of
the average degradation rate, is described in [38]. The surface examinations of the samples
after immersion tests and prior to the removal of the degradation products were performed
using a JSM-7001F scanning electron microscope (JEOL, Tokyo, Japan).

The microhardness of the alloys was measured using a Vickers microhardness tester,
in particular the 402MVD model from Instron Wolpert Wilson Instruments (Wilson Instru-
ments, Norwood, MA, USA). The applied load during indentation was 100 g with a holding
time of 10 s. The measurements were conducted on samples that were ground using P2500
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abrasive paper and polished. Samples were securely and firmly fixed during testing. In
the case of the initial alloys, the microhardness was measured at 10 different points on the
sample surface, and then the averaged value was calculated. For the samples after HPT,
the change in microhardness along the diameter of the sample with a step size of 1 mm
was investigated. At each point, five measurements were taken to obtain the averaged
value of microhardness. The mechanical properties of the alloys before and after HPT were
measured on flat specimens (working length—>5.75 mm, cross-section—2 x 1 mm) using
an Instron 3382 testing machine (Instron, High Wycombe, UK). In the case of the alloys
after HPT, the samples were cut from the region corresponding to the half-radius of the
disks [36].

Square-shaped samples with dimensions of 5 mm x 5 mm x 2 mm (length x width
x thickness) were used for biological research. They were sterilized using immersion
in 70% ethanol for 2 h, followed by air-drying under sterile conditions. The biological
studies included the evaluation of the hemolytic and cytotoxic activities of the samples in
relation to red blood cells (RBCs) and white blood cells (WBCs) isolated from Balb/c mice,
in accordance with the previously described procedure [38].

To evaluate the hemolytic activity of the samples, the RBCs were suspended in Hank’s
solution (PanEco, Moscow, Russia) at a concentration of 4.42 X 10° cells per 1 mL and
incubated with the samples for 2 h in a 5% carbon dioxide atmosphere at 37 °C. At the end
of the incubation period, the RBC suspension was collected from each well and centrifuged
at 3000 rpm for 5 min. Then, the optical density (OD) of the supernatant was measured in a
96 well plate (SPL Life Science, Geumgang-ro, Korea) at 540 nm using a Spark microplate
reader (Tecan, Madnnedorf, Switzerland). As a 100% control, an RBC suspension treated
with Triton X-100 (PanReac, AppliChem, Barcelona, Spain) was used. As a 0% control, a
cell suspension that was incubated without any samples was used. The hemolysis results
were calculated using the following formula [39]:

OD (Alloy) — OD (0% control)

1
OD (100% control) — OD (0% control) X 100

Hemolysis (%) =

To evaluate the cytotoxic activity of the alloys, the WBCs were suspended in a com-
plete growth medium at a concentration of 3 x 10° cells per mL and incubated with the
alloy samples for 24 h at 37 °C in a 5% carbon dioxide atmosphere. Subsequently, the
cellular activity of lactate dehydrogenase was measured and calculated using a Lactate
Dehydrogenase Activity Assay Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the
manufacturer’s instructions. The optical density measurements were performed in a 96 well
plate at 450 nm using a microplate reader. As a control, the WBC suspension was incubated
without any samples. The cell viability was assessed using the following formula:

o OD (Alloy) — OD (Cell medium) o
Cell viability (%) = OD (Control) — OD (Cell medium) x 100%

Three samples of the same alloy state were used to assess the degradation rate and
biocompatibility. The results are presented as the mean value + standard deviation. The
statistical analysis was performed using Student’s t-test. Differences were considered
statistically significant at p < 0.05.

3. Results

The SEM images of the microstructure of the Zn-1.7%Mg and Zn-1.7%Mg-0.2%Zr
alloys in their initial states are presented in Figure 1. The microstructure of both alloys
consists of a-Zn grains with an average size of ~30 um for the Zn-1.7%Mg alloy and
~15 um for the Zn-1.7%Mg-0.2%Zr alloy. According to the SEM-EDS mapping data, a Mg-
containing phase is observed surrounding these grains. In addition, an insignificant amount
of Zr was also detected in the solid solution based on the «-Zn in the Zn-1.7%Mg-0.2%Zr
alloy in its initial state (Figure 1b).
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Figure 1. Microstructure of Zn-1.7%Mg (a) and Zn-1.7%Mg-0.2%Zr (b) alloys in their initial states.

A significant refinement of the dendritic x-Zn cells, resulting in the formation of
an ultrafine-grained (UFG) microstructure, was observed after HPT (Figure 2). The mi-
crostructure of the Zn-1.7%Mg alloy after HPT consists of recrystallized x-Zn grains with
an average size of 660 & 20 nm. Additionally, it should be noted that the magnesium-rich
phase also significantly refines after HPT. In this case, the formation of a nanostructure with
a grain size of approximately 50-100 nm occurred. The precipitation of magnesium-rich
particles with an average size of approximately 50 nm is also observed after HPT.

Zn, at. %
| Spectrum 1 100.00
Spectrum 2 90.32

Figure 2. TEM images of microstructure of the Zn-1.7%Mg alloy after HPT (a) and its selected area
electron diffraction pattern (b).

In the case of the Zn-1.7%Mg-0.2%Zr alloy, the microstructure is also significantly
refined after HPT (Figure 3). However, in this case, the average grain size is 730 £ 40 nm.
The magnesium-rich phase also significantly refines with the formation of grains with
a size of about 50-100 nm occurring, but no particle precipitation was observed as in
the Zn-1.7%Mg alloy. It is worth noting that in the case of the Zn-1.7%Mg-0.2%Zr alloy,
extinction contours are observed along the grain boundaries, indicating the presence of
significant internal stresses within them (Figure 3a).
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wing : ' /' o~ Zn, at. % | Mg, at. % | Zr, at. %
Spectrum 1 93.72 6.28 0.00

' w > "' Spectrum 2 | 100.00 0.00 0.00
g Spectrum 3 | 99.95 0.00 0.05

Figure 3. TEM images of microstructure of the Zn-1.7%Mg-0.2%Zr alloy after HPT (a) and its selected
area electron diffraction pattern (b).

According to the phase analysis results (Figure 4, Table 1), the Zn-1.7%Mg alloy after
annealing consisted of a mixture of an «-Zn phase (P63/mmc, card number 01-078-9363)
and MgZn; phase (P63/mmc, card number 01-071-9623). The formation of the MgZn,
phase can be attributed to the occurrence of non-equilibrium crystallization processes,
which is confirmed by the SEM-EDS mapping data. HPT of the Zn-1.7%Mg alloy leads
to grain refinement and the stimulation of diffusion processes, resulting in the formation
of an equilibrium mixture of a-Zn and Mg,Zn;; phases (Pm3, card number 03-065-1853).
It should be noted that a noticeable increase in the intensity of the (001) type lines in the
diffraction pattern of the Zn-1.7%Mg alloy occurred after HPT, which may indicate the
formation of a basal texture. In the Zn-1.7%Mg-0.2%Zr alloy, after annealing, the presence
of an o-Zn phase (P63 /mmc, card number 01-078-9363), Mg>Zn1; phase (Pm3, card number
03-065-1853), and Zny,Zr phase (Fd3m, card number 01-072-3397) is observed. The absence
of the MgZn; phase indicates a more equilibrium state being achieved after annealing.
The presence of the ZnyZr phase is not detected using phase analysis. However, it is
noteworthy that after HPT, the lattice spacing of the Mg,Zn1; phase in the Zn-1.7%Mg-
0.2%Zr alloy is larger than that in the Zn-1.7%Mg alloy (Table 1). The increase in the lattice
period of the Mg,Zn;; phase may be attributed to the formation of a solid solution with
Zr substitution in the (Mg, Zr),Zn;; phase, as Zr has a larger atomic radius compared
to Mg. A sharp increase in the intensity of the (001) type lines is also observed in the
Zn-1.7%Mg-0.2%Zr alloy after HPT, which may indicate the formation of a basal texture.

Table 1. Result of XRD analysis of the Zn-1.7%Mg and Zn-1.7%Mg-0.2%Zr alloys.

Alloy Phase Composition Periods of the Phase Lattice

Phase Mass Fraction, wt.% (£0.002 A)

. Zn (P63/mmc) 92+3 a=2.664 A, c=4947 A

Zn-1.7%Mg, 1 fad ;

n & annealing MgZn, (P63 /mmc) 8+1 a=5218 A, c=8564 A

Zn-17%Mg, HPT Zn (P63/mmc) 77 +3 a=2663A, c=4942 A
MgyZny; (Pm3) 2341 a=8533 A

Zn (P63 /mmc) 79 +4 a=2665A,c=4948 A
Zn-1.7%Mg-0.2%Zr, annealing Mg,Zn1; (Pm3) 202 a=8541 A
ZnyZr (Fd3m) 1405 a=14777 A

Zn (P63 /mmc) 77 +3 a=2665A,c=4946 A

Zn-1.7%Mg-0.2%Zx, HPT

Mg, Zny; (Fd3m) 23+2 a=8539 A
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Figure 4. Results of XRD analysis of the Zn-1.7%Mg (a,b) and Zn-1.7%Mg-0.2%Zr (c,d) alloys in their
initial states (a,c) and after HPT (b,d).

The pole figures (001) of the Zn-1.7%Mg and Zn-1.7%Mg-0.2%Zr alloys (Figure 5)
confirm the presence of a sharp basal texture after HPT. The pole figures (001) of the Zn-
1.7%Mg and Zn-1.7%Mg-0.2%Zr alloys showed that after annealing, this texture is not
detected (Figure 5). A coarse grain effect is also observed in the Zn-1.7%Mg-0.2%Zr alloy
(Figure 5c), which does not contradict the SEM data (Figure 1b). The pole figures (001) of
the Zn-1.7%Mg and Zn-1.7%Mg-0.2%Zr alloys after deformation confirmed the formation
of a basal texture; however, the texture axis deviates between the normal and the sample
surface by an angle of no more than 5 degrees. HPT also leads to a significant increase in
texture intensity, which is in good agreement with the results of XRD analysis. In addition,
texture scattering is no longer observed in the HPT-treated alloys. The authors of this
article previously showed a similar phenomenon in an HPT-treated Zn-1%Mg alloy [36].
At the same time, the intensity of the (001) lines of the deformed Zn-1.7%Mg-0.2%Zr alloy
is slightly lower in comparison with the alloy without the addition of Zr (~1.1 x 10° cps
for Zn-1.7%Mg vs. ~7.5 x 10* cps for Zn-1.7%Mg-0.2%Zr; Figure 4d). The reason for this
phenomenon may be the formation of ZnyZr particles. E.g., Zhao et al. in [40] showed
that the particles of the ZnyZr phase can weaken texture and encourage pyramidal slip.
The effect of texture weakening due to the presence of Zny,Zr particles has also been
demonstrated in Zn1AgxZr alloys [32].
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Figure 5. The texture of the Zn-1.7%Mg (a,b) and Zn-1.7%Mg-0.2% Zr (c,d) alloys in their initial
states (a,c) and after high-pressure torsion (HPT) (b,d).

The investigation of the degradation processes of the alloys before and after HPT was
conducted for 1 and 30 days (Figure 6). The study showed that the addition of 0.2% Zr
does not lead to a significant deterioration in corrosion resistance. The degradation rate is
0.30 £ 0.03 and 0.33 £ 0.03 mm/year for the Zn-1.7%Mg and Zn-1.7%Mg-0.2%Zr alloys
in their initial states after 1 day of incubation, respectively. After 30 days of incubation,
the degradation rate decreases to 0.13 £ 0.04 and 0.11 £ 0.03 mm/year for the Zn-1.7%Mg
and Zn-1.7%Mg-0.2%Zr alloys, respectively. HPT of both alloys leads to a significant
acceleration of the degradation process during short-term tests. The degradation rate after
1 day of incubation in the growth medium is 0.45 + 0.08 and 0.58 & 0.13 mm/year for the
HPT-treated Zn-1.7%Mg and Zn-1.7%Mg-0.2%Zr alloys, respectively. However, an increase
in the incubation period results in a slowing down of the degradation process of both
alloys. After 30 days of incubation in a complete growth medium, the degradation rate
of the HPT-treated Zn-1.7%Mg alloy was 0.16 £ 0.02 mm/year, which is not significantly
different from the degradation rate of the initial alloy (0.13 + 0.04 mm/year). For the
HPT-treated Zn-1.7%Mg-0.2%Zr alloy, the degradation rate after 30 days of incubation was
0.23 & 0.04 mm/year, compared to 0.11 £ 0.03 mm/year in its initial state.
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before and after HPT.

Figure 7 shows the results of the surface examination of the Zn-1.7%Mg and Zn-
1.7%Mg-0.2%Zr alloy samples in the initial and HPT-treated states after 30 days of incuba-
tion in a complete growth medium. The results showed that the degradation of the alloys
is accompanied by the formation of a film consisting of degradation products. In the case
of HPT-treated alloys, this film appears visually denser (Figure 7b,d).

— 100pm JEOL
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4.0kV  SEI SEM WD 9mm 12:07:02

Figure 7. The surface of the Zn-1.7%Mg (a,b) and Zn-1.7%Mg-0.2%Zr (c,d) alloy samples before (a,c)
and after HPT (b,d) after immersion tests.

Figure 8 shows the results of the microhardness study of the alloys before and after
HPT. It should be noted that the addition of Zr results in an increase in the microhardness
of the Zn-1.7%Mg alloy in its initial state from 1003 & 42 to 1183 4 42 MPa. HPT leads to
an increase in the microhardness of the Zn-1.7%Mg alloy, while it has a weak influence on
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the microhardness of the Zn-1.7%Mg-0.2%Zr alloy. It should be noted that the microhard-
ness in the center of the HPT-treated alloy samples is lower than at half the radius. The
inhomogeneity is caused by the uneven distribution of stresses during the HPT process
of the samples. Typically, the maximum stresses occur at the periphery of the samples
during the HPT process. As a result, the highest deformation of the samples occurs in this
region. In our case, the microhardness of the HPT-treated alloy becomes homogeneous
at a distance of 2 mm from the center of the disk. Comparing the microhardness of the
HPT-treated alloys revealed that the alloy with the addition of Zr exhibits significantly
higher microhardness compared to the similar alloy without Zr.

| ——Zn-1.7Mg-0.2Zr IS
1300 500 - —— Zn-1.7Mg-0.2Zr HPT
[V ——Zn-1.7Mg IS
Qo 1250 —0—Zn-1.7Mg HPT
s © 400
‘q”; 1200 L
-S 1150 ~ Eﬁ 300~
(/2]
|
@ 1100 3
< @ 5004
o n
—
5 10501
E 1000 4 +Zn_|\/|g IS —*—Zn-Mg-Zr 1S 1004
—O—Zn-Mg HPT ——Zn-Mg-Zr HPT
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-10 8 6 -4 -2 0 2 4 6 8 10 0 10 20 30 40 50 60 70
Distance from the center, mm Strain, %
(a) (b)

Figure 8. Distribution of microhardness over the diameter of the sample after HPT in com-
parison with initial microhardness value (a) and stress—strain curves (b) of the Zn-1.7%Mg and
Zn-1.7%Mg-0.2%Zr alloys.

The results of the mechanical properties” investigation are presented in Figure 8 b and
in Table 2. It should be noted that the addition of Zr leads to a significant increase in the
yield strength of the Zn-1.7%Mg alloy and a slight improvement in the ultimate tensile
strength. The refinement of the microstructure leads to an increase in the strength of the
alloys by more than 5 times for the Zn-1.7%Mg alloy and by more than 3.5 times for the
Zn-1.7%Mg-0.2%Zr alloy. The yield stress (YS) and ultimate tensile strength (UTS) of the
Zn-1.7%Mg alloy increased from 47 £ 11 and 75 £ 14 MPa to 373 =+ 15 and 401 &+ 16 MPa,
respectively. In the case of the Zn-1.7%Mg-0.2%Zr alloy, these values increased from 125 4= 7
and 128 £ 8 MPa to 376 £ 21 and 482 4 12 MPa, respectively. Additionally, the increase in
ductility (El) of the alloys after HPT should be noted. In the case of the Zn-1.7%Mg-0.2%Zr
alloy, a ten-fold increase in ductility was observed (from 0.4 £ 0.2% to 4.4 &= 0.6%). In the
case of the Zn-1.7%Mg alloy, an increase in ductility of nearly 50 times (from 1.3 £ 0.3% to
56.3 + 16.9%) after HPT occurred.

Table 2. Mechanical properties of the Zn-1.7%Mg and Zn-1.7%Mg-0.2%Zr alloys in their initial states

and after HPT.
Alloy State YS, MPa UTS, MPa El, %
. Initial state 47 + 11 75 + 14 13403
Zn-1.7%Mg HPT 373 + 15 401 + 16 56.3 + 16.9
Initial state 12547 128 + 8 04+ 02

Zn-1.7%Mg-0.2%Zr HPT 376 + 21 482 + 12 44406
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Hemolysis, % vs Control

Zn-Mg

To evaluate the effect of HPT on the biocompatibility of the alloys, their hemolytic
activity and cytotoxicity were assessed. The studied HPT-treated alloys were characterized
by good biocompatibility, while they did not affect the viability of the white blood cells
and had low hemolytic activity, not exceeding an average of 5% (Figure 9). Comparative
statistical analysis did not reveal significant differences in the level of hemolysis and cell
viability after incubation with the Zn-1.7%Mg and Zn-1.7%Mg-0.2%Zr alloys in their initial
states compared to with these alloys after HPT (p > 0.05). The absence of statistically
significant differences in the biological properties of alloys with different elemental compo-
sitions should be also noted. However, a tendency for the hemolysis levels to decrease after
incubation of the cells with the HPT-treated alloy samples was observed. This indicates an
improvement in their biocompatibility compared to the initial state.
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Figure 9. Hemolytic activity (a) and cell viability (b) of Zn-1.7%Mg and Zn-1.7%Mg-0.2%Zr alloys in
the annealing state and after HPT.

4. Discussion

The conducted research has shown that HPT and the addition of Zr can significantly
improve the strength and ductility of the Zn-1.7%Mg alloy. The addition of 0.2%Zr leads
to a reduction in the grain size of «-Zn by approximately half (from 30 to 15 um), which
results in a significant increase in the YS (from 47 & 11 MPa to 125 £ 7 MPa) and UTS (from
75 £ 14 MPa to 128 =+ 8 MPa) of the alloy compared to in its initial state. Grain refinement is
believed to be associated with the formation of Zny,Zr particles in the Zn-1.7%Mg-0.2%Zr
alloy. A similar effect was previously observed by Zhou et al. in their study [31]. Zhou et al.
demonstrated that Zny,Zr particles precipitate in the eutectic area, acting as nucleation
centers for Zn dendrites [31]. This leads to a reduction in their size, thereby refining the
microstructure. A similar effect, observed in pure Zn, was reported in [41]. HPT also leads
to a further increase in the strength of both investigated alloys due to the formation of a
hybrid structure consisting of ultra-fine x-Zn grains and nano-sized precipitates of the
magnesium-containing phase. In our case, the presence of predominantly point reflections
in the ring electron diffraction pattern indicates the formation of a microstructure with a
high-angle misorientation of grains. Dynamic recrystallization may be one of the probable
reasons for this. Bednarczyk et al. previously observed a similar effect in a HPT-treated
Zn-0.5Cu alloy (wt.%) [22]. It should be noted that the HPT-treated alloy with 0.2%Zr
exhibits a significantly higher strength compared to the Zn-1.7%Mg alloy, despite the minor
differences in the microstructure size. The presence of (Mg, Zr),Zn;; particles likely causes
this effect.

It is also worth noting that HPT leads to an increase not only in strength. In the
case of the Zn-1.7%Mg-0.2%Zr alloy, an approximately 10-fold increase in ductility (from
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0.4 £ 0.2% in the initial state to 4.4 + 0.6% after HPT) is observed. In the case of the Zn-
1.7%Mg alloy, the ductility also increased by about 10 times, but the ductility of the alloy
after HPT was significantly higher in comparison with the HPT-treated Zn-1.7%Mg-0.2%Zr
alloy (56.3 £ 16.9%). The probable reason for this effect is the texture changes after HPT. In
our case, HPT of both alloys results in the formation of a strong basal texture. A similar
texture was formed in the Zn-0.5Cu alloy processed using high-pressure torsion, which
also led to a significant increase in ductility [22]. A notable enhancement in ductility is also
observed in Mg-based alloys where a basal texture is formed after deformation [42—44].
The presence of fine-dispersed (Mg, Zr),Zn;; particles in the Zn-1.7%Mg-0.2%Zr alloy after
HPT can hinder the improvement of ductility during deformation. A comparison of the
mechanical properties obtained in this study with the properties presented in the literature
is shown in Table 3.

Table 3. Mechanical properties of Zn-Mg and Zn-Mg-Zr alloys after various deformation treatments.

System Alloy Treatment YS, MPa UTS, MPa El, % Ref.
Zn-1.7%Mg HPT at room temperature 373+ 15 401 + 16 56.3 £16.9 This study
Zn-1.5%Mg Room temperature rolling - 366 £ 3.7 184420 [45]
Zn-1.5%Mg Extrusion at 300 °C 308 + 34 333+ 19 02+01 [46]

Zn-Mg o Rapid solidification +
Zn-1.6%Mg extrusion at 300 °C 332 370 9 [47]
Zn-2%Mg Extrusion at 400 °C - ~380 ~6 [48]
Zn-1.6%Mg ECAP at 150 °C (N = 12) 361 423 5.2 [49]
Zn-1.6%Mg ECAP at 150 °C (N = 8) - 474 7 [50]
Zn-1.7%Mg-0.2%Zr HPT at room temperature 376 + 21 482 +12 44+006 This study
S S
Zn-1%Mg-0.02%Zr 2176 +20  259.6+21 124+£13
Zn-1%Mg-0.05%Zr Hot rolling 2180+21 2632+23 121411 [34]
Zn-1%Mg-0.1%Zr 2191+15 2678+18 107+14 i

Zn-Mg-Zr  7Zn-1%Mg-0.3%Zr 2019 £2.5 266.1 £2.7 83+1.1
Zn-0.5%Mg-0.5%Zr - ~300 -
Zn-1%Mg-0.5%Zr Extrusion at 145 & 15 °C - ~360 - [35]
Zn-1.5%Mg-0.5%Zr - ~420 -
Zn-1%Mg-0.1%Zr 248 314 25
Zn—l%Mg-O.ZS%Zr Extrusion at 145 °C 236 300 2.5 [40]
Zn-1%Mg-0.4%Zr 241 316 47

The results of the current mechanical study significantly exceed the values reported
for the Zn-(1.5-2)%Mg alloys processed using extrusion and rolling [45-48]. The strength
of the alloys in the mentioned works does not exceed approximately 380 MPa, while the
maximum achieved ductility is around 20%. At the same time, using ECAP achieves a
strength level that exceeds that of the Zn-1.7%Mg alloy after HPT. However, the ductility
of these alloys was significantly lower [49,50]. In the case of the Zn-1.7%Mg-0.2%Zr alloy,
a unique combination of properties was achieved using the methods of HPT, including
excellent strength (482 + 12 MPa) and acceptable ductility (4.4 & 0.6%). The strength and
ductility obtained in similar alloys after extrusion at different temperatures are lower than
the results obtained in this study [31,35,40]. A higher level of ductility was obtained for
Zn-1%Mg-(0.02-0.3)%Zr alloys after hot rolling (up to 12.4 &= 1.3%). However, the strength
values of the alloys in [34] were lower by almost half compared to the results obtained in
this work.

The study of the corrosion resistance of the alloys revealed that HPT leads to an
acceleration of the degradation processes. The degradation rate of the HPT-treated alloys
after 1 day of incubation exceeds that of the initial alloys by approximately 50%. The
increased degradation rate is caused by structural and phase changes and an increase in
the density of defects in the crystalline lattice after deformation. For example, a significant
increase in the Mg-containing phase is observed in the Zn-1.7%Mg alloy after HPT. This
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can adversely affect its corrosion resistance by creating galvanic couples with the Zn matrix.
Kafri et al. showed that the degradation rate of the Zn-1.3%Fe alloy increases due to
microgalvanic corrosion between the zinc matrix and the Znj;Fe phase particles [51]. In
Zn-0.5Al-xMg alloys (x = 0-1%), an increase in Mg content of up to 1%, and consequently,
the mass fraction of the Mg,Zn;; phase, leads to a decrease in corrosion resistance due
to galvanic corrosion between the Zn and Mg,Zn;; phases [52]. At the same time, the
presence of strong internal stress fields in the structure of the Zn-1.7%Mg-0.2%Zr alloy after
HPT can also contribute to an increase in the degradation rate. Chen et al. demonstrated
that an increase in the applied load accelerates the degradation rate of stents made from
the magnesium WE43 alloy, iron, and zinc [53]. Wei et al. showed a similar effect of
deformation on the corrosion resistance of zinc-based alloys [54]. At the same time, an
increase in the incubation period of the alloys in the growth medium results in a significant
reduction in the degradation rate due to the formation of a film composed of degradation
products (Figure 7). It was demonstrated in [55] that the degradation of Zn-Mg alloys
proceeds in three stages: activation of the surface, active corrosion, and passivation by
the corrosion products. It also shown that the finer the microstructure of the alloy, the
greater its effect on the formation of the passivation film [55]. In our case, the effect of an
ultrafine-grained structure is more pronounced for the Zn-1.7%Mg alloy. Here, an increase
in the incubation period of up to 30 days reduces the degradation rate of the initial and
HPT-treated alloys by 2.3 and 2.8 times, respectively. In the case of the Zn-1.7%Mg-0.2%Zr
alloy, a more pronounced corrosion rate reduction is observed for the alloy in its initial state
(3 and 2.5 times over for the alloys before and after HPT, respectively). At the same time,
the formation of a sharp basal texture, which is observed in HPT-treated alloys, usually
improves the corrosion resistance of metals. For example, it was shown for pure Mg [56]
and AZ31 [57] alloy that the (0001) basal plane has improved corrosion resistance. A
similar situation was also observed in the deformed alloy Zn-2.03wt.%Cu-0.54wt.%Mn [58].
However, the increase in the degradation rate of the HPT-treated Zn-1.7%Mg and Zn-
1.7%Mg-0.2%Zr alloys, in which a sharp basal texture is formed, indicates the prevailing
influence of the microstructure in comparison with texture.

The changes in the microstructure of the alloys after HPT did not cause significant
changes in the biological properties that characterize biocompatibility. There were no
indications of increased cytotoxic effects due to contact with the Zn-1.7%Mg and Zn-
1.7%Mg-0.2%Zr alloy samples after deformation treatment, despite the acceleration of
degradation. It is noted in several studies that the acceleration of biodegradation in metals
can lead to a deterioration in biocompatibility [59-61]. In particular, the authors observed a
similar correlation during investigation of the magnesium WE43 alloy in their previous
studies [62]. However, on the contrary, a slight decrease in the level of hemolysis was
observed in this study, although this effect in the Zn-1.7%Mg alloy was not statistically
significant. This effect may be associated with a favorable concentration of Zn ions in the
growth medium. It was shown in previous studies that low concentrations of Zn?* ions can
improve cell viability, proliferation, and adhesion, while high concentrations of Zn%* jons
having the opposite effect [63-65]. It is possible that we would observe a more pronounced
positive effect of the HPT-treated alloys on the preservation of the integrity and viability of
the blood cells by varying the contact time between the alloys and the cells. This hypothesis
will be investigated in our future studies. In general, the obtained data indicate that the
mechanical processing of alloys based on a Zn-Mg system can significantly alter their
mechanical properties without impairing their biocompatibility. This approach enables the
creation of materials that are specifically dedicated to the fabrication of orthopedic implants,
providing enhanced mechanical properties, biocompatibility, and corrosion resistance.
These materials can address various challenges in modern medicine, including improving
patient outcomes, reducing implant failure rates, and promoting tissue integration. This
advancement ultimately contributes to the advancement of orthopedic surgery and medical
technologies in general.
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5. Conclusions

1. HPT results in the formation of ultrafine-grained structure in the Zn-1.7%Mg and Zn-
1.7%Mg-0.2%Zr alloys, with grain sizes of 660 £ 20 nm and 730 & 40 nm, respectively.
Additionally, it leads to the formation of a nanoscale structure (50-100 nm) in the
boundary phase. HPT also leads to the transformation of the MgZn, phase into a
more thermodynamically stable phase Mg,Zn1; and increases its mass fraction in the
Zn-1.7%Mg alloy. In the Zn-1.7%Mg-0.2%Zr alloy, HPT promotes the dissolution of
the Zny,Zr phase and the formation of the (Mg, Zr),Zn;; phase.

2. HPT causes the formation of a sharp basal texture in both of the investigated alloys.

3. HPT accelerates the degradation process of both investigated alloys due to the struc-
tural and phase transformations that occur during deformation. At the same time,
an increase in the incubation time slows down the degradation process due to the
formation of a protective film.

4. The structural and textural changes caused by HPT result in a significant increase
in the strength and ductility of both alloys. The strength of the Zn-1.7%Mg alloy
after HPT was 401 &+ 16 MPa, with a level of ductility of 56.3 £ 16.9%. The strength
and ductility of the Zn-1.7%Mg-0.2%Zr alloy after HPT was 482 £ 12 MPa and
4.4 & 0.6%, respectively.

5. HPT does not affect the cytotoxicity of the Zn-1.7%Mg-0.2%Zr alloy and contributes
to a reduction in hemolysis.
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