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Abstract: A study of microstructure, phase composition, mechanical properties, corrosion processes,
and biocompatibility in vitro of the Zn–1%Mg and Zn–1%Mg–0.1%Ca alloys in an annealed state
and after rotary swaging (RS) is presented. Partially recrystallized microstructure is formed in the
studied alloys after RS at 200 ◦C. RS reduces the mass fraction of intermetallic phases in compar-
ison with annealed states of the alloys. RS at 200 ◦C increases the strength of the Zn–1%Mg and
Zn–1%Mg–0.1%Ca alloys up to 248 ± 9 and 249 ± 9 with the growth of ductility up to 10.3 ± 3% and
14.2 ± 0.9%, respectively. The structure after RS at 200 ◦C does not lead to a change in the corrosion
resistance of the studied alloys. However, an increase in the incubation period of the alloys in a
growth medium slows down the degradation process due to the formation of a film consisting of
degradation products. Rotary swaging does not impair the biocompatibility of the Zn–1%Mg and
Zn–1%Mg alloys, maintaining the viability and integrity of blood cells, preventing hemolysis, and
ensuring the adhesion and proliferation of osteogenic cells on the surface of samples.

Keywords: zinc alloys; rotary swaging (RS); microstructure; phase composition; mechanical properties;
corrosion resistance; biocompatibility in vitro

1. Introduction

According to statistics, fractures of upper and lower limbs account for more than 65%
of injuries registered in Russia in 2020 [1]. The period of temporary disability of the patient
in case of these injuries can range from several weeks to several months. Reduction in
the period of rehabilitation of a patient with fractures of varying degrees of severity is
an urgent task during the development of medical devices. One of the most promising
options for solving this problem is the development of a new generation of implants for
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osteosynthesis that can be dissolved in the body of patients [2–4]. The use of such devices
leads to a reduction in the period of treatment of an injury due to the possibility of their
complete degradation and, as a result, the disappearance of the necessity for extra surgical
intervention. Additionally, the use of biodegradable implants also reduces the risk of
developing peri-implant osteoporosis due to the so-called stress shielding effect [5]. In
addition, these implants are of particular interest for bone osteosynthesis of children and
adolescents with constant bone growth [6].

Zinc and its alloys are some of the most promising materials for the creation of
biodegradable osteo-reconstructive implants [7–9]. Firstly, zinc is an essential trace element
required for the functioning of the body [10], muscles, and bones [11,12]. It supports the
functioning of the central nervous [13] and immune systems [14], has a positive effect
on masculine and feminine health [15,16], and much more. Secondly, zinc has good
biocompatibility with human and animal cells [17,18]. Finally, the biodegradation rate of
zinc is optimal for bones healing and comparable to the rate of recovery of damaged bone
tissue [19]. However, a significant disadvantage of zinc as a material for osteosynthesis
is its low level of mechanical characteristics and its inability to provide support for the
bones of the limbs after fracture. Tong et al. showed that the ultimate tensile strength (UTS)
of pure zinc in an as-cast state is 33.6 MPa with a ductility value of 1.2% [20]. Alloying
leads to a noticeable increase in the strength characteristics of pure zinc, mainly due to
the formation of hardening phases. For example, a gradual increase in the Mg content
in binary Zn–Mg alloys from 0 to 0.8 wt.% leads to a monotonic increase in the ultimate
tensile strength from ~30 to ~120 MPa [21]. However, an addition of more than 3 wt.%
of Mg leads to embrittlement of the alloy and a decrease in the ultimate tensile strength
to ~90 MPa [22]. In the case of Zn–Cu alloys, it was shown that an increase in the Cu
content up to 4 wt.% leads to an increase in UTS to 105 MPa [23]. Huang et al. also showed
that a combination of UTS and ductility equal to ~158 MPa and ~6.3%, respectively, can
be obtained after the addition of 2 wt.% Al to cast Zn [24]. However, even this level of
mechanical characteristics is not sufficient for the successful use of zinc alloys as a material
for creating implants for osteosynthesis [25]. Therefore, the necessity for improvement in
the mechanical characteristics of Zn alloys appears. Plastic deformation is an optimal way
to perform it.

Rotary swaging (RS) is a popular deformation method due to its simplicity, industrial
applicability, and low cost [26]. Recently, this deformation method has been widely used
for processing bioresorbable medical alloys based on Mg [27–29], which, like Zn, is a metal
with a hexagonal close-packed (hcp) lattice. In these studies, it was shown that RS makes it
possible to effectively refine the microstructures of hcp metals, increasing their strength
properties. The microstructure caused by RS can both increase the degradation rate of
alloys [30] and reduce it [31]. In addition, the degradation rate can remain unchanged due
to the formation of a mixed microstructure, including both ultrafine grains and deformation
twins [32]. At the same time, the effect of RS on the structure and properties of medical zinc
alloys has not been practically studied yet. However, the research shows the competitive
advantage of this type of processing [33]. Therefore, the purpose of this work was to
study the effect of rotary swaging at elevated temperatures on the change in the structure
and phase composition of Zn–1%Mg and Zn–1%Mg–0.1%Ca alloys, promising for use in
medicine. It is expected that the structure and phase changes caused by RS can increase
the mechanical characteristics of the alloys. It is also anticipated that the suppression of
twinning in the process of high-temperature deformation will not cause an increase in
the degradation rate. In addition, the effect of RS on the biocompatibility of the alloys by
evaluating hemolysis of red blood cells and cell viability after co-incubation with the alloys,
as well as cell colonization of their surface was investigated.

2. Materials and Methods

In this work, the Zn–1%Mg and Zn–1%Mg–0.1%Ca alloys were studied. The alloys
were melted in an induction furnace in a clay–graphite crucible under air conditions.
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The melt was poured into a steel mold preheated to 150 ◦C. The nominal composition of
alloys determined using chemical methods was Zn– ~0.98 wt.% Mg and Zn– ~1.06 wt.%
Mg– ~0.12 wt.% Ca. The alloys were annealed at 340 ◦C for 20 h with cooling in water. This
condition was referred to as «initial state» or «IS». The rods 19 mm in diameter and 150 mm
in length were cut from initial billets to conduct the deformation process. RS was carried
out with a gradual decrease in temperature up to 200 ◦C with a decrease in the diameter of
the rods from 19 to 6 mm (Figure 1). RS was carried out on a rotary swaging machine RKM
2129.02 (UZM, Sverdlovsk, USSR). A frequency and a striker travel were 1920 min−1 and
3 mm, respectively. It means that eight strokes of the strikers corresponded to one rotation
of the rod around its axis. The rods were heated at a deformation temperature for 45 min
before the first pass of RS. Then, the rods were heated for 15 min before every change of the
strikers. More details were described in [34]. A study of the alloy after RS was carried out
with a total deformation degree equal to 1.28 and 2.31.
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Figure 1. The RS processing regime employed (D denotes the diameter of the billet, ε (ε = ln(A0/Af)
where A0 and Af are the initial and the final cross-section areas of the billets, respectively) denotes the
deformation degree).

The microstructure was studied using optical microscopy using an M-24 microscope
(Reichert, Vienna, Austria). The study of the microstructure of the alloys after deformation
was carried out in the longitudinal direction (parallel to the RS direction). The average
grain size was calculated using Image Expert Professional 3 software (Version 3, Nexsys,
Moscow, Russia). The grain size was measured using the method of random sections. At
least 300 grains were measured to calculate the average grain size. The phase analysis
of the alloys after RS was carried out on a Bruker D8 Advance diffractometer (Bruker,
Karlsruhe, Germany). The research was performed using CuKα radiation (λ = 1.54 Å). The
results were processed according to the Rietveld method. Bruker DIFFRAC.EVA™ (Bruker,
Karlsruhe, Germany), DIFFRAC.TOPAS™ (Bruker, Karlsruhe, Germany), and ICDD PDF-2
2020™ (Newtown Square, PA, USA) software was used for this purpose. The mechanical
characteristics of the alloys were investigated in the longitudinal direction for alloys after
deformation on an Instron 3382 testing machine (Instron, High Wycombe, UK). The studies
were carried out at room temperature on flat samples with a working length of 5.75 mm
and a cross-section of 2 × 1 mm.

The texture was studied for the Zn1%Mg and Zn1%Mg0.1%Ca alloys after annealing
and RS at 200 ◦C (cross direction). It was analyzed using a DRON-7 X-ray texture diffrac-
tometer (SPE “Burevestnik”, St. Petersburg, Russia) in CoKα radiation in the reflection
mode by recording five incomplete pole figures {00.2} {10.0}, {10.1}, {10.2}, {11.0}. A maxi-
mum tilt angle (αmax) was 70◦ and a step of angles α and β (0–360◦) was 5◦. Here, α and β
are the radial and azimuth angles on the pole figure. The orientation distribution function
(ODF) was calculated from the measured pole figures using the method of approximation
using a large number (1000) of Gaussian normal distributions [35].

The corrosion resistance of the alloys was evaluated using the method of potentiody-
namic polarization at room temperature in 0.9% NaCl solution. The studies were carried
out using an SP-300 potentiostat (Bio-Logic SAS, Seyssinet-Pariset, France). The samples
were placed in a flat PAR cell (Ametek Instruments, Oak Ridge, TN, USA) with a “three-
electrode configuration”: working electrode (sample), Ag/AgCl reference electrode, and
counter electrode from Pt grid. At least six scans were performed for each state of the alloys.
The scanning rate was 1 mV/s. Corrosion parameters were calculated using the EC-Lab



Metals 2023, 13, 1386 4 of 18

program (BioLogic, Seyssinet-Pariset, France) in accordance with [36]. The corrosion rate
(CR) was calculated using the corrosion current density (icorr) as described in [36,37]:

CR =
3.27 ∗ 10−3 ∗ icorr ∗ EW

ρ ∗ S

where CR is the corrosion rate (mm/year), icorr is the corrosion current density, µA/cm2;
EW is the equivalent weight, g/eq; ρ—alloys density, g/cm3.

Square-shaped samples with dimensions of 5 × 5 × 2 mm (length × width × thickness)
were used for biological studies in vitro and the immersion tests. Three samples of the
same alloy’s state were used for each test. Samples were sterilized via immersion in 70%
ethanol for 2 h, and then they were dried under sterile conditions.

Prior to degradation rate studies, the samples were weighed on a Sartorius M2P Micro
Balances Pro 11 electronic balance (Data Weighing Systems, Inc., Wood Dale, IL, USA;
three digits per 1 mg). Next, the samples were placed in separate wells of a 24-well plate
(Thermo Scientific, Waltham, MA, USA) with 2 mL of a complete growth medium based
on Eagle’s Minimum Essential Medium (Sigma, Welwyn Garden City, UK) supplemented
with 2 mM L-glutamine, 5% fetal bovine serum (PanEco, Moscow, Russia), and 50 U/mL
penicillin/streptomycin. The samples were immersed in a growth medium at 37 ◦C in an
atmosphere of 5% carbon dioxide for 1 and 30 days. The medium was changed every 2 days.
At the end of the incubation period, the samples were cleaned in a mixture of (NH4)2S2O8
and distilled water to remove degradation products. After cleaning, sterile-dried samples
were reweighed. The degradation rate of the studied alloys was calculated according to
the procedure described in [38]. The study of the surface of the samples after immersion
tests before cleaning was carried out on a JSM-7001F scanning electron microscope (JEOL;
Tokyo, Japan).

To assess the effect on hemolysis, red blood cells (RBC) extracted from the peripheral
blood of a Balb/c mouse (weight 20–22 g) were used. For this purpose, blood stabilized
with 10 IU of heparin (Belmedpreparaty, Minsk, Belarus) was suspended in Hank’s solution
(PanEco, Moscow, Russia) and centrifuged at 3000 rpm for 5 min to isolate RBC. Then, the
RBCs were washed three times with Hank’s solution.

A total of 1.5 mL of RBC suspension with a concentration of 4,420,000 cells per 1 mL
was added to wells with the samples for hemolysis assay. Samples with cell suspension
were incubated at 37 ◦C in an atmosphere consisting of 5% carbon dioxide. After 2 h, 300 µL
of cell suspension was taken from each well and centrifuged at 3000 rpm for 5 min. Then,
100 µL of the supernatant was taken from each sample into doublets and transferred to a
96-well plate (SPL Life Science, Pocheon, Republic of Korea). Finally, the optical density
(OD) was measured using a Spark plate reader (Tecan, Zürich, Switzerland) at 540 nm.

Suspension of cells treated with 1% Triton X-100 (PanReac, AppliChem, Barcelona,
Spain) was used as a positive control (Pos. control). A suspension of RBC, which was
incubated without samples, was used as a negative control (Neg. control). Hemolysis results
were calculated using the formula:

Hemolysis (%) =
OD (Alloy)− OD (Neg. control)

OD (Pos. control)− OD (Neg. control)
× 100

To assess the effect of alloys on cell viability, mouse peripheral blood mononuclear cells
(PBMC) were used. In order to perform this, the blood was stabilized with heparin, diluted
twice with Hank’s solution, carefully layered on ficoll (PanEco, Moscow, Russia), and
centrifuged at 1500 rpm for 20 min. Then, the interfacial ring was carefully removed and
washed three times using Hank’s solution at 1100 rpm for 5 min. PBMC were suspended in
a complete growth medium to a concentration of 300,000 cells per 1 mL. A total of 1.5 mL
of PBMC suspension was added to the samples and incubated for 24 h at 37 ◦C in an
atmosphere consisting of 5% carbon dioxide. At the end of the incubation, 300 µL of the
supernatant was taken and centrifuged at 1000 rpm for 5 min. The integrity of the cell
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membrane was analyzed by assessing the release of lactate dehydrogenase (LDH) using the
Lactate Dehydrogenase Activity Assay Kit (Sigma-Aldrich, St. Louis, MI, USA) according
to the manufacturer’s instructions. Optical density measurements were made in a 96-well
plate using a plate reader at 450 nm. As a control, PBMC incubated under similar conditions
in the absence of samples was used. Cell viability was calculated using the formula:

Cell viability (%) =
OD (Alloy)− OD (Medium)

OD (Control)− OD (Medium)
× 100

Cell colonization was assessed using multipotent mesenchymal stromal cells (MMSCs)
obtained from mouse femur bone marrow. The bone marrow was isolated from the femurs
that were removed from the mice after euthanasia. The bone marrow cells were suspended
in a complete growth medium. Further, MMSC culture was generated from the isolated
cells in Mesenchymal Stem Cell Expansion Media (R&D Systems, Minneapolis, MN, USA).
The cells of passage 3 with the CD45–CD34+CD105+ phenotype, which was determined
via flow cytometry on a NovoCyte instrument (Acea, San Diego, CA, USA) using Anti-
mouse CD45, Anti-mouse CD34, Anti-mouse CD105 antibodies (eBioscience, Thermo
Scientific, Waltham, MA, USA), conjugated with fluorochromes were used for studies.
The concentration of living cells was determined using a Luna-II cell analyzer (Logos
Biosystems, Gyeonggi-do, Republic of Korea) in accordance with the manufacturer’s
instructions. Cells were concentrated in a complete growth medium. The cell concentration
was 80,000 living cells per 1 mL. A total of 15 µL of the cell suspension was seeded on
the dry surface of the alloy samples and incubated for 30 min at 37 ◦C in an atmosphere
consisting of 5% carbon dioxide. Then, 2 mL of complete cell medium was carefully added
to the wells and incubated for 15 days under the described above conditions. The medium
was changed every 2 days. The test result was evaluated via the change in cell viability after
staining with AlamarBlue (Invitrogen, Thermo Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions. The optical density was measured using a plate reader at
570 nm. The cells incubated under the same conditions without samples were used as a
control. The result was calculated using the formula:

Cell colonization (%) =
OD (Alloy)− OD (Medium)

OD (Control)− OD (Medium)
× 100

In addition, to visualize the cells on the surface of the samples, staining was used with
the Live/Dead kit (Invitrogen, Thermo Scientific, Waltham, MA, USA) and analyzed using
a Lionheart FX microscope (BioTek, Shoreline, DC, USA).

The results of the studies are presented as the mean ± standard deviation (Mean ± SD).
Comparison between the two groups was performed using Student’s t-test. Differences
were considered statistically significant at p < 0.05.

3. Results and Discussion

Figure 2 shows the results of a study of the microstructure of alloys in the annealed
state and after RS at 300 ◦C and 200 ◦C. The structure of the alloys after annealing consists
of α–Zn grains surrounded by a thick phase layer. As shown earlier, this phase is a mixture
of Mg2Zn11 and MgZn2 phases [39]. In addition, the inclusions with a regular geometric
shape are observed in the structure of the Zn–1%Mg–0.1%Ca alloy. They were previously
identified as CaZn11 and CaZn13 phases [39]. The average grain size of α–Zn was 36 ± 2
and 30 ± 3 µm for Zn–1%Mg and Zn–1%Mg–0.1%Ca alloys, respectively (Figure 2a,b).

RS leads to microstructure refinement and elongation of α–Zn grains and grain-
boundary phase along the deformation direction. The grains with an average width of
25 ± 2 and 20 ± 1 µm are formed after RS at 300 ◦C in the Zn–1%Mg and Zn–1%Mg–0.1%Ca
alloys, respectively (Figure 2c,d). A further decrease in the deformation temperature leads
to the formation of the alloys of a mixed fine microstructure. This microstructure includes
the remains of grains elongated along the RS direction, recrystallized grains, and inclusions



Metals 2023, 13, 1386 6 of 18

of magnesium and calcium phases comparable in size to recrystallized grains (Figure 2e,f).
The average size of the recrystallized grains in this case was 7 ± 0.4 and 10 ± 0.6 µm in
Zn–1%Mg and Zn–1%Mg–0.1%Ca alloys, respectively.
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Figure 3 and Table 1 show the results of X-ray diffraction analysis of alloys after RS
at 300 ◦C and 200 ◦C. In our previous study, it was shown that three phases are formed
in the annealed Zn–1%Mg alloy: α–Zn, Mg2Zn11, and MgZn2 [40]. In the case of the
Zn–1%Mg–0.1%Ca alloy, additional phases of CaZn11 and CaZn13 were found [39]. The
phase composition of the alloys does not change after RS at both temperatures (Figure 3).
However, it should be noted that partial dissolution of both Mg- and Ca-containing phases
occurs during the RS process. This process is accompanied by an increase in the mass
fraction of α–Zn.
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Figure 3. X-ray analysis of the Zn–1%Mg (a,c) and Zn–1%Mg–0.1%Ca (b,d) alloys after RS at 300 ◦C
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Table 1. Quantitative phase analysis (Rietveld method) of the Zn–1%Mg and Zn–1%Mg–0.1%Ca
alloys before and after RS.

State State Phase Mass Fraction, wt.% Crystallite Size, nm

Zn–1%Mg

Annealing *
α–Zn 89.7 ± 2.2 913 ± 109

Mg2Zn11 7.3 ± 1.6 619 ± 378
MgZn2 3.0 ± 0.8 212 ± 64

RS at 300 ◦C
α–Zn 95.4 ± 2.9 954 ± 153

Mg2Zn11 3.5 ± 2.7 516 ± 369
MgZn2 1.0 ± 0.6 35 ± 23

RS at 200 ◦C
α–Zn 96.0 ± 3.5 952 ± 182

Mg2Zn11 2.9 ± 1.3 636 ± 356
MgZn2 1.1 ± 0.7 92 ± 29

Zn–1%Mg–0.1%Ca

Annealing *

α–Zn 72.9 ± 9.3 804 ± 133
Mg2Zn11 5.9 ± 1.3 549 ± 408
MgZn2 8.9 ± 1.4 356 ± 119
CaZn13 6.0 ± 2.0 635 ± 120
CaZn11 6.3 ± 1.9 194 ± 139

RS at 300 ◦C

α–Zn 94.8 ± 7.2 945 ± 472
Mg2Zn11 2.0 ± 0.6 835 ± 667
MgZn2 0.5 ±0.3 163 ± 116
CaZn13 1.7 ± 0.8 189 ± 121
CaZn11 1.0 ± 0.5 101 ± 56

RS at 200 ◦C

α–Zn 95.4 ± 7.2 954 ± 557
Mg2Zn11 1.3 ± 0.6 890 ± 636
MgZn2 0.7 ± 0.4 189 ± 136
CaZn13 1.5 ± 0.8 292 ± 209
CaZn11 1.1 ± 0.5 105 ± 59

* Results of quantitative phase analysis (mass fraction) of annealed alloys were presents in [39,40].
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Table 2 and Figure 4 present the results of a study of the mechanical characteristics
of Zn–1%Mg and Zn–1%Mg–0.1%Ca alloys before and after RS. A slight increase in the
ultimate tensile strength (UTS) and ductility occurred in the Zn–1%Mg alloy after RS at
300 ◦C. However, a decrease in the RS temperature up to 200 ◦C and an increase in the
deformation degree leads to a significant increase in UTS (up to 248 ± 9 MPa) and ductility
(up to 10.3 ± 2.0%).

Table 2. Mechanical properties of the Zn–1%Mg and Zn–1%Mg–0.1%Ca alloys in the initial state and
after RS.

Alloy State YS, MPa UTS, MPa El, %

Zn–1%Mg

Annealing 153 ± 7 156 ± 3 0.2 ± 0.04

RS at 300 ◦C 157 ± 14 179 ± 9 2.2 ± 1.0

RS at 200 ◦C 223 ± 23 248 ± 9 10.3 ± 2.0

Zn–1%Mg–
0.1%Ca

Annealing 135 ± 13 154 ± 5 0.4 ± 0.1

RS at 300 ◦C 174 ± 13 195 ± 17 1.1 ± 0.3

RS at 200 ◦C 215 ± 13 246 ± 9 14.2 ± 0.9
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before and after RS.

A gradual increase in strength and ductility also happens in the Zn–1%Mg–0.1%Ca
alloy after RS. Thus, the strength of the alloy after RS at 200 ◦C increased from 154 ± 5 to
246 ± 9 MPa. In addition, a significant increase in ductility from 0.4 ± 0.1% to 14.2 ± 0.9%
was observed in the alloy.

The increase in strength characteristics is mainly caused by a decrease in grain size
during deformation. Thus, a slight refinement of the microstructure after RS at 300 ◦C
causes only a small increase in strength. At the same time, YS and UTS of alloys are
increased significantly after RS at 200 ◦C, which correlates with a strong grain refinement.
In this case, the increase in ductility is apparently associated with two factors. The first is
connected with the decrease in the proportion of grain-boundary phases and the change
in their shape and location. The second arises from the changes in the texture of the
alloys. The last factor often accompanies the deformation of zinc, leading to an increase in
ductility. Lou et al. showed that the texture transformation of the Zn–0.2Mg–0.8Mn (wt.%)
alloy during indirect extrusion at different temperatures significantly increased elongation
from 12% to 33% [41]. At the same time, Wang et al. showed that activation of non-basal
texture components increased the ductility of Zn–Mg–Mn alloys from 23% to 30% [42].
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Therefore, the texture of alloys after annealing and RS at 200 ◦C was studied to evaluate
the contribution of texture to the increase in their ductility. The analysis of the results of
this study is presented in Figure 5. The texture of the Zn–1%Mg alloy after annealing is
characterized by a dispersed basal orientation (Figure 5a). Further scattering of this basal
texture (see Figure 5b) occurs after RS at 200 ◦C due to dynamic recrystallization caused by
warm deformation. The texture of the Zn–1%Mg–0.1%Ca alloy after annealing (Figure 5c)
and RS (Figure 5d) is close to the texture of the Zn–1%Mg alloy and is characterized by a
dispersed basal component. The difference is observed in the annealed state of the alloy,
where the scattering of the basal component is greater than in the Zn–1%Mg alloy. The
main reason for the appearance of a dispersed basal component after RS is likely associated
with the process of dynamic recrystallization.
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Based on the obtained data, it can be concluded that RS does not lead to a significant
change in the texture of the studied alloys. Therefore, its significant contribution to the
increase in ductility can be excluded. Apparently, the structural phase changes that occur
in alloys after RS are the probable reason for the increase in the ductility of alloys in this
case. Firstly, the decrease in the mass fraction of phases can affect elongation. Secondly,
changes in the location of these phases from a continuous network along the α–Zn grain
boundary to individual lines of small, round inclusions have a beneficial effect. In our case,
the mass fraction of Mg- and Ca-containing phases decreases after RS at 300 ◦C (Table 1).
However, the location of these phases is still similar to the location of phases in alloys in
the initial state. On the other hand, the mass fraction of phases in alloys after RS at 200 ◦C
does not decrease in comparison with RS at 300 ◦C, but their location and shape change.
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Probably, the shape and distribution of the phases have the greatest effect on ductility. In
addition, partial dynamic recrystallization caused by warm RS can also improve ductility.
It was previously reported that continuous dynamic recrystallization in Zn–Mg alloys
is possible in a wide range of deformation temperatures, including even below-freezing
temperatures [43,44]. At the same time, Jarzebska et al. demonstrated a tremendous effect
of continuous dynamic recrystallization on the ductility of Zn–1Cu alloy [45].

Figure 6 and Table 3 show the results of studies of electrochemical corrosion and
weight loss (immersion tests) of the alloys after 1 and 30 days of incubation.
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Table 3. Corrosion resistance and degradation rate (DR in mm/y) of the Zn–1%Mg and Zn–1%Mg–
0.1%Ca alloys in the initial state and after RS.

Alloy State E, mV (Ag/AgCl) I, µA/cm2 CR, mm/y DR, mm/y
1 Day 30 Days

Zn–1%Mg

Annealing −1018 ± 8 20.7 ± 7.9 0.30 ± 0.17 0.25 ± 0.02 0.12 ± 0.02

RS at 300 ◦C −1059 ± 20 10.5 ± 1.8 0.19 ± 0.05 - -

RS at 200 ◦C −1029 ± 15 16.7 ± 1.7 0.26 ± 0.05 0.28 ± 0.01 0.11 ± 0.01

Zn–1%Mg–0.1%Ca

Annealing −1009 ± 5 10.7 ± 4.4 0.20 ± 0.08 0.25 ± 0.01 0.20 ± 0.02

RS at 300 ◦C −1055 ± 18 13.2 ± 2.6 0.22 ± 0.06 - -

RS at 200 ◦C −1033 ± 16 15.3 ± 3.2 0.25 ± 0.07 0.31 ± 0.03 0.25 ± 0.01

RS at 300 ◦C leads to a significant decrease in the corrosion potential of both alloys,
which indicates an increase in the tendency of alloys to electrochemical corrosion. At the
same time, RS at 300 ◦C also leads to a decrease in the corrosion current density, which
means a reduction in the rate of electrochemical corrosion. A decrease in the deformation
temperature to 200 ◦C increases both the corrosion potential and the corrosion current
density relative to the state deformed at 300 ◦C. However, it should be noted that the
corrosion parameters obtained for alloys after RS at 200 ◦C do not differ significantly
from the values obtained for the initial state of the alloys (Table 3). Based on the results
of the study of mechanical and corrosion properties, it was decided to carry out further
investigations on alloys in the initial state and after RS at 200 ◦C.

The results of immersion tests, in general, are in good agreement with the results of
the study of electrochemical corrosion. Thus, it was shown that RS at 200 ◦C does not lead
to a change in the degradation rate relative to the initial state of the alloy, neither after 1 day
nor after 30 days of incubation (Table 3). In the Zn–1%Mg alloy, the degradation rate after
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1 day of incubation is 0.25 ± 0.02 mm/y and 0.28 ± 0.01 mm/y before and after defor-
mation, respectively. In the Zn–1%Mg–0.1%Ca alloy, these values are 0.25 ± 0.01 mm/y
and 0.31 ± 0.03 mm/y, respectively. An increase in the sample incubation period leads
to a slowdown in the degradation rate for both states of the alloys. In the case of the
Zn–1%Mg alloy, the degradation rate decreased by a factor of 2 (0.12 ± 0.02 mm/y and
0.11 ± 0.01 mm/y before and after deformation, respectively). At the same time, only a
slight decrease in the degradation rate to 0.20 ± 0.02 mm/y and 0.31 ± 0.01 mm/y occurred
in the Zn–1%Mg–0.1%Ca alloy before and after deformation, respectively. The corrosion
rate (CR) calculated from the electrochemical plots is in good agreement with the data
obtained in immersion tests (DR).

Figure 7 shows the results of studying the sample surface of both alloys after immer-
sion tests for 30 days in an environment based on the Eagle’s Minimum Essential Medium.
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Figure 7. SEM images of degraded surfaces of the annealed (a,c) and RS-treated (b,d) Zn–1%Mg
(a,b) and Zn–1%Mg–0.1%Ca (c,d) alloys after immersion tests for 30 days in the Eagle’s Minimum
Essential Medium.

The layer of degradation products formed on the surface of all samples is ununiform.
A zone with a dense film of degradation products on the surface is observed. It protects
the sample from further degradation. However, zones that practically are not covered by
degradation products are also discovered. There, the degradation process goes faster. The
formation of zones with a denser layer of degradation products is probably associated with
the presence of less corrosion-resistant magnesium and calcium phases. The presence of
these phases leads to the beginning of micro galvanic corrosion between the more resistant
zinc matrix (cathode) and phases (anode) [46]. At the same time, the formation of the
film apparently leads to inhibition of the degradation process with an increase in the
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incubation period, which affects the value of the degradation rate. However, the formation
of inhomogeneous film leads to a decrease in degradation rate. It should be noted that the
film formed on the surface of the Zn–1%Mg alloy samples is denser compared to the Zn–
1%Mg–0.1%Ca alloy (Figure 7). Apparently, this is the reason for the stronger deceleration
of the degradation process for the Zn–1%Mg alloy. To assess the composition of the formed
degradation products, SEM elemental scanning of the surface of the samples was carried
out (Figures 8 and 9).
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Figure 9. Elemental mapping of annealed (a) and RS-treated (b) Zn–1%Mg–0.1%Ca alloy after
immersion tests.

The results of the study of the composition of the alloy degradation products showed
that the composition of the degradation products also contained such elements as O, P,
Na, K, S, and Cl in addition to the main components of the alloy (Zn, Mg, and Ca). The
presence of these elements is caused by the composition of the immersive medium [47].

The presence of a large amount of chlorine in the degradation products in the form of
clusters on the surface of the samples also should be noted. Apparently, they are mostly
NaCl aggregations, which are the basis of the Eagle’s Minimum Essential Medium culture
medium [47]. The SEM-EDS analysis of degradation products carried out in areas of Cl
accumulation confirms this hypothesis (Figure 10 and Table 4). The SEM-EDS analysis of
Zn–1%Mg–0.1%Ca alloy after RS showed that there are two types of zones on the surface
of the samples after incubation in Eagle’s Minimum Essential Medium. Zinc oxides ZnO
are predominantly formed in the first case (spectrums 1 and 4). The NaCl compounds
(spectrums 2 and 3) appear in the second case.
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Table 4. SEM-EDS analysis of degradation products of RS-treated Zn–1%Mg–0.1%Ca alloy (at. %).

Spectrum Zn, % O, % Cl, % K, % Na, % S, % Ca, % P, % Total, %

Spectrum 1 31.85 60.74 6.36 0.72 - 0.33 - - 100.00
Spectrum 2 4.22 6.37 44.07 0.23 45.11 - - - 100.00
Spectrum 3 3.42 11.59 38.71 - 46.28 - - - 100.00
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Since this work involved obtaining alloys that are promising for the development of
implantable medical devices, the assessment of biocompatibility is a necessary aspect of
studying the effect of RS on the original alloys. A comparative analysis of the effect of the
Zn–1%Mg and Zn–1%-Mg–0.1%Ca alloys before and after RS on hemolysis, cell viability,
and cell colonization was conducted for this purpose.

The results of the assessment of induced hemolysis did not show a significant dif-
ference between the groups of samples in the initial and RS-treated states after 2 h of
co-incubation with RBC (Table 5). It is a typical situation for biocompatible materials and
alloys. This preliminary conclusion was later confirmed by the results of other experiments.
It was shown that incubation with alloy samples for 24 h does not lead to a significant
decrease in cell viability in comparison with the control. It indicates the absence of a
cytotoxic effect for Zn–1%Mg and Zn–1%Mg–0.1%Ca alloys in the initial state and after
RS. Comparison of data obtained for alloys before and after RS also confirmed the absence
of differences in the effect of deformed and undeformed alloys on cells (p > 0.05). In
general, it can be concluded that RS did not affect the biocompatibility of the Zn–1%Mg
and Zn–1%Mg–0.1%Ca alloys.

However, in accordance with current trends, the planned design of the implant and
the choice of material for it should ensure not only optimal mechanical functions and
biocompatibility but also a favorable response of the cells and tissues of the patient’s
body. It is known that various types of implant treatment can modulate the adhesion,
proliferation, and phenotypic expression of osteoblast cells [48]. To assess the effect of RS
on biological activity, cell colonization of the surface of alloy samples was studied (Table 5,
Figure 10). Since the alloys are being developed to create orthopedic implants, MMSCs with
osteogenic potential as a cell model were used [49]. The obtained results showed that all
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studied samples stimulate cell colonization by activating their adhesion and proliferation.
At the same time, the comparative analysis does not reveal a significant effect of RS on this
parameter of biological activity (Table 5, Figure 11). However, a trend towards an increase
in the number of proliferating living cells adhered to the surface of the Zn–1%Mg alloy
after RS in comparison with the samples in the initial state should be noted (p > 0.05). It can
be seen that most of the cells are alive and functionally active, arranged in clusters on the
surface of RS-treated samples, and have a large flattened body. It indicates a high reactivity
of the cell culture.

Table 5. Results of biological studies of Zn–1%Mg and Zn–1%Mg–0.1%Ca alloys in the initial state
and after RS (* difference between initial and RS-treated states, р < 0.05).

Parameter State Mean ± SD, % * p

Hemolysis

Zn–1%Mg
Initial 6.8 ± 1.5

0.2519
RS at 200 ◦C 6.3 ± 0.9

Zn–1%Mg–0.1%Ca
Initial 5.7 ± 1.7

0.3962
RS at 200 ◦C 5.9 ± 1.5

Cell viability

Zn–1%Mg
Initial 99.4 ±0.9

0.4312
RS at 200 ◦C 99.3 ± 2.0

Zn–1%Mg–0.1%Ca
Initial 101.0 ± 2.6

0.2911
RS at 200 ◦C 99.7 ± 4.6

Cell colonization

Zn–1%Mg
Initial 21.0 ± 6.9

0.2520
RS at 200 ◦C 24.4 ± 9.9

Zn–1%Mg–0.1%Ca
Initial 22.6 ± 15.5

0.4360
RS at 200 ◦C 23.7 ± 3.9
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after RS at 200 ◦C. Staining via two-color assay to determine live (green) and dead (red) cells.
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Confirmed cell colonization stimulation via alloys is an important competitive advan-
tage of the future implant. In particular, this property can help reduce the risk of developing
implant-related infections since colonization of the implant surface using osteogenic cells is
known to inhibit the formation of a bacterial film [50,51]. The maturation of cells follows
after their adhesion and proliferation on the implant surface. At this stage, cells are char-
acterized by an increased level of alkaline phosphatase activity, the synthesis of fibrillar
collagen-I, and osteoid mineralization by hydroxyapatite [52,53]. Thus, the foundation is
laid for the formation of a stable osteosynthesis that integrates the implant into the patient’s
bone tissue. This process provides a functional reconstruction for bone defects.

4. Conclusions

1. A partially recrystallized microstructure with an average size of recrystallized grains
of 7 ± 0.4 and 10 ± 0.6 µm for Zn–1%Mg and Zn–1%Mg–0.1%Ca alloys, respectively,
is formed in both studied alloys after rotary swaging at 200 ◦C. RS does not change the
phase composition of the alloys but reduces the mass fraction of intermetallic phases.

2. RS significantly improves both the strength and ductility of the Zn–1%Mg and
Zn–1%Mg–0.1%Ca alloys. It was possible to achieve a combination of UTS and
elongation equal to 248 ± 9 MPa and 10.3 ± 2.0%, respectively, in the Zn–1%Mg
alloy after RS at 200 ◦C. In the case of the Zn–1%Mg–0.1%Ca alloy, these values were
246 ± 9 MPa and 14.2 ± 0.9%, respectively.

3. The texture of the studied alloys changes slightly after RS at 200 ◦C.
4. RS at 200 ◦C does not affect the corrosion resistance (both chemical and electro-

chemical) of both studied alloys. The degradation rate of RS-treated Zn–1%Mg and
Zn–1%Mg–0.1%Ca alloys was 0.28 ± 0.01 and 0.31 ± 0.03 mm/y, respectively, after
1 day of incubation in the complete growth medium. An increase in the incubation
period slows down the degradation process due to the formation of a protective film.
The rate of deceleration of the degradation process of the Zn–1%Mg alloy is greater
than that of the Zn–1%Mg–0.1%Ca alloy.

5. RS does not impair the biocompatibility of the Zn–1%Mg and Zn–1%Mg–0.1%Ca
alloys, maintaining the integrity of RBC and the viability of PBMC, providing adhesion
and proliferation of osteogenic cells on the surface of samples.
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