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ABSTRACT

Bioresorbable zinc alloys are ever more often regarded as promising materials for medical
implants and vascular stents since they have a lower corrosion rate in a physiological environment
in comparison with magnesium alloys. At the same time, products made of zinc alloys must have
a controlled corrosion rate to provide the required time for the recovery of the body. It is known
that in determining the corrosion rate, an important role is played by the choice of the test method
and its parameters (corrosive environment, environment temperature, the sample's exposure time in
the corrosive environment). In the present study, the gravimetric method was used, based on a precise
measurement of the substance mass prior to and after testing. The surface of the samples subjected to
corrosion tests was investigated using scanning electron microscopy and energy-dispersive analysis.
The aim of the present study is to reveal the effect of the samples' exposure time in a corrosive
environment, as well as the frequency of surface cleaning, on the corrosion resistance of the
Zn-1Fe-1Mg biodegradable zinc alloy. It is shown that under the same test conditions but different
frequencies of surface cleaning, the corrosion rates may differ by a factor of 3.8.
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AHHOTALIMA

BbuopesopOupyemMble IIMHKOBBIE CIIaBBI BCE YaIlle PACCMATPUBAIOTCS KaK MEPCHEKTHBHBIE MaTepH-
anbl U1 MEJUIIMHCKAX UMIUIAHTATOB U COCYJUCTBIX CTEHTOB, IMOCKOJIKY OHM O0JIaJal0T MEHBIIEeH
CKOPOCTBIO KOPPO3UH B (PH3UOJIOTUUYECKOI Cpejie 10 CPaBHEHUIO ¢ MarHMEBBIMU CIulaBaMu. Bmecrte
C TeM U3JIeNus, CeIaHHbIE 3 IIMHKOBBIX CIUIABOB, JIOJIKHBI 00J1a/1aTh KOHTPOJIUPYEMOU CKOPOCTHIO
KOppO3UH JUIst 00ecreueH s Hy>KHOTO BpEMEHHOTO MHTEpBaJja /Uil BOCCTAHOBIEHHS opraHu3ma. Ms3-
BECTHO, YTO MPH ONPENIETICHUU CKOPOCTU KOPPO3UHU BAXKHYIO POJIb UTPAET BEIOOP METO/a MCTIBITAHUN
U ero rmapaMeTpoB (KOppO3HOHHAs cpesia, TeMIIepaTypa OKPYKaIoLIe cpeibl, BpeMsl BBIICPKKH 00-
pasia B KOppOo3HOHHOM cpene). B HacTosmiel pabore ObUT HCIIOIB30BaH IPABUMETPUUECKHI METO/I,
OCHOBAHHBIM HAa TOYHOM M3MEPEHHUH MACChI BEIIECTBA /10 U Tocie ucnbitanuid. [loBepxHOCTH 00pas-
1I0B, NTO/IBEPTHYTHIX KOPPO3UOHHBIM HCIIBITAHUSAM, HCCIIEN0BAIN C IPUMEHEHUEM METOI0B CKaHUPY-
IOLIeH 3JEKTPOHHOM MUKPOCKOIIMH M SHEPTrOAMCIIEPCHOHHOTO aHanu3a. Llenpro HacToseil paboTs
SBJISIETCS OIpE/eNICHHE BIMSHUS BPEMEHHU BBIIEP’KKHM 00pa3loB B KOPPO3MOHHOM cpene, a TakKe
MEPUOJUYHOCTH OUYHUCTKU MOBEPXHOCTH HA KOPPO3UOHHYIO CTOMKOCTH OMOJETPaupyeMOoro IIUHKO-
Boro cruiaBa Zn-1Fe-1Mg. Iloka3aHo, 4TO Npu OAMHAKOBBIX YCIOBUSAX UCIBITAHUMN, HO IIPH pa3HOU

MEPUOANYHOCTH OUUCTKH MOBEPXHOCTH CKOPOCTh KOPPO3UH MOKET OTIIMYaThes B 3,8 pasa.

KIJIFOYEBBIE CJIOBA

CxopocTh KOPpPO3UH; TPABUMETPUUECKUI METO/T; LIMHKOBBIHN CILJIaB.

Introduction

Zinc alloys are known to be subject to
corrosion due to chemical or electrochemical
interaction with a physiological environment. At
the same time, the fast interaction of zinc alloys
with a physiological environment can be used
for medical purposes to create biodegradable
medical implants. In this case, the implant
material musthave certainstrength and functional
properties, be harmless for the body and degrade
with a controllable rate in order to provide the
required time for the recovery of the body. The
material must retain its strength and functional
characteristics in the presence of a corrosive
environment since the human body is saturated
with various ions, in the first place, CI", which
makes the environment rather aggressive. When
studying bioresorbable metallic materials, the
following test methods are used: the gravimetric
(weight) method [1-7], the hydrogen evolution
method [4-7] and the potentiodynamic method
[2, 8-10]. The gravimetric method is one of
the simplest methods and is based on a precise
measurement of the substance mass prior to
and after testing. The choice of the corrosive
environment, the environment temperature,

the sample’s exposure time in the corrosive
environment play a significant role in the test
results.

Corrosion processes start from the surface
of metallic products, and in some cases, they
combine with the action of different mechanical
factors (tensile or alternating stresses, friction,
impact, etc.).

The corrosion properties of biodegradable
materials are tested under the conditions similar to
those of the human body, such as the temperature,
composition of the corrosive environment and
the pH level. In such studies, when selecting
the corrosive environment, often applied are
Hanks’ solution (in one liter of distilled water:
8 g NaCl, 0.4 g KCI, 0.12 g Na,HPO,-12H,0,
0.06 g KH,PO,, 0.2 g MgSO,-7H O, 0.35 g
NaHCO, and 0.14 g CaCl,; the pH value of
the solution is 7.4) [4, 9, 10, 11] and Ringer’s
solution (8.60 g NaCl, 0.30 g KCl and 0.33 g
CaCl, per one liter of water) [1, 3, 5, 12], and
less often applied is a simulated body fluid —
SBF (a solution with an ion concentration close
to the ion concentration in the human body
plasma) [13—15]. The ion concentration in the
solutions is presented in Table 1.
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Table 1. Ion concentrations (mmol) in corrosive environments

Tadauna 1. Konuenrpaunu nonos (MMoiib) B KOPPO3HOHHBIX Cpeax

Na K Mg Ca Cl HCO.3 | HPO.4 SO.4
Body plasma / 42 | s | 15 | 25 | 1030 | 270 1.0 0.5
I1na3zma xpoBu
SBF 142 5 1.5 2.5 148.8 4.2 1.0 0
Ringer’s solution / 147 4 B 225 | 155.6 B B B
PactBop Punrepa
Hanks”solution /= = | 5 | 24 | 189 | 160 4.1 6.2 0.5
PactBop XsHKca

The exposure time in a corrosive
environment in finding the corrosion rate
of bioresorbable metallic materials by the
gravimetric method influences the test results.
For example, there are intermittent tests [1,
3, 16-18], where samples, owing to frequent
mass measurements, enable evaluating the
sample’s corrosion rate and establishing a
certain dependence. Many studies also practice
a long-term, for 7 and more days, exposure
in a corrosive environment where the pH is
maintained at 7.2—7.8 by means of replacing the
corrosive environment [2, 4-7, 19, 20].

Therefore, the aim of this study is to reveal
the differences in intermittent and long-term
exposures of samples in a corrosive environment
when finding the corrosion rate of bioresorbable
materials by the gravimetric method through the
example of the Zn-1Fe-1Mg zinc alloy.

1. Materials and Methods

The material of the study is the Zn-1Fe-1Mg
zinc alloy that was smelted in a chamber furnace
in a graphite crucible 20 mm in diameter with a
closed lid at a temperature of 580 °C. Further,
the samples were subjected to homogenizing
annealing at a temperature of 300 °C for
12 hours. Chemical composition was found
using a Thermo Scientific ARL Optim’X X-ray
fluorescent spectrometer.

Using an ARTA 120 CNC electrical
discharge machine, discs with a diameter of
20 mm and thickness of 1.8 mm were cut. The
preparation of samples for structural studies
included mechanical grinding and polishing
on diamond suspensions with abrasive particle
sizes of 1 and 0.5 pum.

82 2024.T.6,Ne 1(16)

Corrosion tests were performed on three
samples having the same shape, sizes and
surface preparation. Using a drilling machine,
holes @1 mm were drilled in the upper part
of the samples, serving for the hanging of the
samples in a corrosive environment.

Corrosion tests were conducted by the
gravimetric ~ method, specifically, using
intermittent and long-term exposure in a
corrosive environment for 60 days.

The intermittent test method consisted in
sample exposure in a corrosive environment —
Ringer’s solution (composition: 8.6 g/l NaCl,
0.3 g/l KCI, 0.25 g/l CaCl,, pH 7). The tests
were conducted at a constant temperature
of 38+1 °C. The samples were weighed and
photographed before and after cleaning from
corrosion products every two days. The cleaning
from corrosion products was performed in
accordance with ASTM G1-03-E in a solution
of chromium(VI) oxide (200 g of the reagent
per 1000 ml of distilled water), then in distilled
water with the use of a KAISI-105 ultrasonic
bath. After the cleaning, the samples were dried
and weighed on an EJ-123 electronic scale with
measurement accuracy up to 0.01 mg. After the
cleaning from corrosion products and weighing,
the samples were again subjected to the action
of the corrosive environment. The surface of
the samples was studied by scanning electron
microscopy and energy-dispersive analysis
every 14 days.

In the long-term exposure, the corrosion
tests included exposure in Ringer’s solution
for 10, 20, 30, 40, 50, and 60 days. There were
two samples per each exposure. The tests were
conducted at a constant temperature of 38+1 °C.
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During the tests, the pH was maintained at 7-7.8
by means of measuring the pH and replacing the
corrosive environment without the extraction
of the samples. After the specified time ran out,
the samples were extracted from the corrosive
environment, dried and photographed with
corrosion deposits on the sample surface, and
weighed. Further, the material was cleaned
in a solution of chromium(VI) oxide, then in
distilled water using a KAISI-105 ultrasonic
bath. After that, the samples were weighed and
photographed once again.

The corrosion rate (CR), mm/year, was
calculated in accordance with ASTM G3-63592
by the formula:

__87.6 (My—M,)
—_—
Stp

CR

where CR is the corrosion rate, mm/year; S is the
sample surface area, cm*; M, is the initial mass,
mg; M is the mass after immersion, mg; 7 is the
exposure time, h; p is the metal density, g/cm?.

25pm

Mass loss in % was calculated by the formula:

ML =

(a1 _M1)~100%,
M

where ML is the mass loss, %.

Afterwards, the surface of the corroded
samples was studied using a JSM-6490LV
scanning electron microscope.

2. Results and Discussion

Fig. 1 shows the structure of the initial
cast material after a homogenizing annealing.
Presumably, the phases Zn, Mg ,Zn  and FeZn |
are present in the alloy, which is in agreement
with the phase diagram of Zn-Mg [21] and
Zn-Fe [22]. According to enegy-dispersive
X-ray spectroscopy (EDS), the Mg Zn , phase
is located at the boundaries of the Zn phase
(Fig. 1, d). Calculations show that the average
grain diameter of the Zn phase is 60 um, while
the FeZn , phase size varies from 1.5 to 30 um
(Fig. 1, a, b).

Zn Kal

Mg Kal,2

I25|.u‘|1l

d
Fig. 1. Structure of the Zn alloy in the initial state (a), and the EDS analysis of the alloy (b, ¢, d)

Puc. 1. CrpykTypa IMHKOBOTO cIuIaBa B HCXOAHOM cocTostHuM (a) n OJ1C anamms cmiasa (b, ¢, d)
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Table 2 presents the results of photographing
after the intermittent and long-term exposures
of the Zn alloy in Ringer’s solution. In the
intermittent test method, the sample surface was
visually little different from that at the moment
of immersion; it did not become covered with
degradation products, and therefore it was not
photographed prior to cleaning.

The corrosion damage of the Zn alloy is
conditioned by its non-uniformity in terms
of its chemical and phase composition. Table
2 shows the effect of Ringer’s solution on the
structure of the initial alloy during a period of
60 days. Here, we observe an increase in the
corroded surface area with increasing duration
of stay in the solution, as well as the penetration

of corrosion into the depth of the material,
which correlates with the mass loss of the
samples presented in Table 3. In the intermittent
method, the mass loss of the samples is much
smaller than that after long-term exposure
(Table 3). In the former case, the corrosion
rate is 0.044 mm/year on average, and in
the latter case, for long-term exposure for
10 days we observe the maximum corrosion
rate of 0.315 mm/year which decreases
two-fold after an exposure for 60 days. Thus,
as a result of the formation of a passivating
film, the rate of metal dissolution in the case of
long-term exposure decreases, but still remains
higher than that in the case of the intermittent
method.

Table 2. View of Zn-1Fe-1Mg samples after testing in Ringer's solution

Tadauua 2. Bun o6pasio Zn-1Fe-1Mg nmocne ncnsitanmii B pactBope Punrepa

Intermittent exposure /

ITocne ouncrku

[IpepriBucTas Long-term exposure / JITuTenbHast BBIICPKKA
BBIJICPIKKA
After cleaning / Before cleaning / After cleaning /

J1o ouncTKH Ilocne ounctku

10 days / 10 mueit

20 days / 20 nueit
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The end of table 2

Oxonuanue mabnuywl 2

After cleaning / Before cleaning / After cleaning /
[Tocne ouncrtku o ounctku ITocne ounctku
30 days / 30 nueit
40 days / 40 nueii
50 days / 50 mueit
60 days / 60 mHeit

2024. Vol. 6, No. 1(16) 85
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During the stay of the samples in Ringer’s
solution there was no gas emission, which
is in agreement with [23, 24]. During the
stay of the samples in Ringer’s solution the
pH gradually increased with time, which
indicates the absorption of hydrogen ions in the
solution, therefore during long-term exposure

the solution was often renewed during the
experiment, whereas in the intermittent
study it was replaced every 48 hours. During
intermittent exposure, on the sample surface
there formed a film (Fig. 2) where there were
predominantly corrosion deposits containing
Na, Zn, O.

Table 3. Mass loss of the samples during the corrosion tests, %

Tadaumna 3. [Torepst Macchl 00pa3IoB BO BpeMst KOPPO3UOHHBIX HCIBITAHUH, %o

10 days / 20 days / 30 days / 40 days / 50 days / 60 days /
10 cyTok 20 cyTok 30 cyTox 40 cyTok 50 cyTox 60 cyTok
Intermittent
exposure / 0.31% 0.41% 0.71% 0.89% 1.06% 1.48%
IIpepbiBucTas
BBIJICPIKKA
Long-term
exposure / 2.27% 2.05% 3.97% 5.43% 435% 7.30%
JnurenbHast
BBIJICPIKKA
Table 4. Corrosion rate, mm/year
Tadonnua 4. CKOpoCTh KOPPO3UH, MM/TOJT
10 days / 20 days / 30 days / 40 days / 50 days / 60 days /
10 cyrok 20 cyTok 30 cyTok 40 cyTok 50 cyTok 60 cyTok
Intermittent
exposure / 0.056 0.03 0.045 0.042 0.040 0.047
[IpepriBucTas
BBIJICPIKKA
Long-term
exposure / 0315 0.247 0.258 0.198 0.182 0.179
JmutenpHas
BBIJICPIKKA
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m 4}

£ lSpectru
T

Spectrum O Na Mg K Ca Fe Zn

Spectrum 1 | 17.51  18.83 0.00 0.12 0.00 0.00 63.55
Spectrum 2 | 14.69 15.67  0.00 0.21 0.00 0.00 69.42
Spectrum 3 | 8.19  5.86 0.00 0.00 0.00 0.00 85.95
Spectrum 4 | 8.88  6.09 0.00 0.00 0.00 0.29 84.74
Spectrum 5 | 8.62  8.54 0.00 0.00 0.17 0.00 82.67
Spectrum 6 | 13.12  10.00  0.00 0.00 0.00 0.39 76.49

Fig. 2. Image of the sample surface obtained by a scanning electron microscope (SEM)
after exposure for 20 days without cleaning

Puc. 2. 300paxeHne MOBEpXHOCTH 00pa3OB Ha paCTPOBOM AJIEKTPOHHOM MHUKpockorie (POM)
MOCJIC BBIACP)KKH B TeueHue 20 qHEH 03 OUUCTKH

Fig. 3 displays the images obtained by
a scanning electron microscope. During the
corrosion tests by the intermittent method
for a period of 20 days, the dissolution of the
whole surface adjacent to the FeZn , particles
was observed. There can be seen in Fig. 3, ¢
in large magnifications plates of the eutectic

phase where the Mg Zn  plates turned out
be dissolved as a result of corrosion. On day
60 of the corrosion tests, the degradation
of the FeZn , particles that had previously
dissolved the alloy’s other phases while
remaining fully intact (Fig. 4), became
noticeable.

87
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Fig. 3. Image of the sample surface obtained by a SEM after exposure for 20 days after cleaning:
a — intermittent method; b, ¢ — long-term exposure method

Puc. 3. Uz00paxerne moBepxHOCTH 00pa3oB Ha POM mocne Beiaepkkn B TedeHne 20 qHel mociae OUNCTKH:
a — npepuvigucmolii Memoo, b, ¢ — memoo ¢ OnumenbHOU 8b10EPHCKOU

20kv  X1,500 10pm 10 55 SEI

Fig. 4. Image of the sample surface after a long-term exposure for 60 days

Puc. 4. V300pakeHre TIOBEPXHOCTH 00PA3IOB MOCIC [UIUTEIILHON BRIICPKKHU B TeucHue 60 nHeit

88 2024.T. 6, Ne 1(16)



The corrosion of the Zn alloy may be
conditioned by the presence of particles
(Mg,Zn , and FeZn,) which have a more
electronegative potential in comparison to
pure Zn. The corrosion damage of the Zn alloy
depends on the activity of a metal that the
particles have in their composition, i.e., on their
ability to part with electrons at the outer electron
shell. The degree of activity of a metal is
characterized by the respective electrochemical
series of metals. Among the Zn alloy’s elements
Zn (—0.76), Fe (—0.440), Mg (—2.363), the
most active is Mg. Corrosion occurs in places
where Mg is concentrated since it has a more
electronegative potential and therefore acts as
an anodic center and dissolves faster [25, 26].
The FeZn , particles are cathodic and accelerate
the dissolution of the Zn matrix.

Conclusions

The studies have shown a 3.8-fold difference
in the corrosion resistance after intermittent
and long-term exposures of the Zn alloy in
Ringer’s solution as a result of the testing by the
gravimetric method.

The formation of a passivating film during
long-tern exposure decelerates the metal
dissolution almost by a factor of 2. However, the
corrosion rate values are higer than those for the
intermittent method.

The intermittent method enables evaluating
the corrosion rate for any time durtion. However,
this method does not take into account the
formation of a protective film and the change in
corrosion rate due to surface passivation.

Acknowledgments / BiarogapuocTun

The work was supported by the Ministry of
Science and Higher Education of the Russian
Federation within the framework of the state
task of Ufa University of Science and Technology
(No. 075-03-2024-123/1) of the Youth Research
Laboratory “Metals and Alloys under Extreme
Impacts”.

The work of RK. Islamgaliev was
performed with financial support of the Russian

MATED

Foundation of Basic Reseach under project
No. 21-53-46017.

Paboma nooodepocana Munucmepcmeom
Hayku u evicue2o obpazoseanus Poccuiickou
Dedepayuu 6 pamkax 20cy0apcmeeHHo20 3a0a-
Hus Yumckozo ynusepcumema HAyKu u mex-
Honoautt (Ne 075-03-2024-123/1) monooedxcroi
uccneoosamenvckou arabopamopuu «Memannvl
U Cnasvl 8 YClo8UAX IKCMPEMATbHbIX 8030eli-
CMBULLY.

Paboma Hcnameanuesa P.K. evinonnena
npu ¢unarcogoll noodepoicke npoekma PODOU
Ne 21-53-46017.

REFERENCES
1. Kulyasova 0.B., Khudododova G.D.,
Dyakonov  G.S., Bazhenova J.V,, Valiev R.Z

Characterization and the corrosion behavior of the
bioresorbable Mg-1Ca alloy // Materials. Technologies.
Design. 2022. V. 4, No. 3(9). P. 13-23. DOI:
10.54708/26587572 2022 43913.

2. Wang K., Tong X., Lin J., Wei A., Li Y., Dargusch
M., Wen C. Binary Zn-Ti alloys for orthopedic
applications: corrosion and degradation behaviors,
friction and wear performance, and -cytotoxicity //
J. Mater. Sci. Technol. 2020. V. 74. PP. 216-229. DOI:
10.1016/j.jmst.2020.10.031.

3. Nafikov R.N., Kulyasova O.B., Khudododova G.D.,
Enikeev N.A. Microstructural assessment, mechanical
and corrosion properties of a Mg-Sr alloy processed by
combined severe plastic deformation. / Materials. 2023.
V. 16, Iss. 6. Article number 2279. DOI: 10.3390/
mal6062279.

4. Myagkikh PN., Merson E.D., Poluyanov V.A,,
Merson D.L. Structure effect on the kinetics and staging
of the corrosion process of biodegradable ZX10
and WZ31 magnesium alloys. // Front. Mater. Technol.
2022. No. 2. P. 63-73. DOI: 10.18323/2782-4039-2022-
2-63-73.

5. Myagkikh P.N., Merson E.D., Poluyanov V.A.,
Merson D.L. Kinetics and evolution of corrosion
failure of pure magnesium with various grain sizes: in-
situ study. // Materials. Technologies. Design. 2022. V. 4,
No.1(7).P.39-47.DOI:10.54708/26587572 2022 41739.

6. Merson D., Brilevsky A., Myagkikh P,
Tarkova A., Prokhorikhin A., Kretov E., Frolova T.,
Vinogradov A. The functional properties of Mg-Zn-X
biodegradable magnesium alloys. // Materials. 2020.
V. 13, Iss. 3. Article number 544. DOI: 10.3390/
mal3030544.

2024. Vol. 6, No. 1(16) 89



MATED

7. Merson D.L., Brilevsky A.l., Myagkikh P.N.,
Markushev M.V., Vinogradov A. Effect of deformation
processing of the dilute Mg-1Zn-0.2Ca alloy on the
mechanical properties and corrosion rate in a simulated
body fluid. // Lett. Mater. 2020. V. 10, No. 2. P. 217-222.
DOI: 10.22226/2410-3535-2020-2-217-222.

8. Kulyasova O.B., Mukaeva V.R., Khudododova
G.D., Islamgaliev R.K., Parfenov E.V. Nanostructured
bioresorbable Mg alloys for medical applications. //
Materials. Technologies. Design. 2021. V. 3, No. 3(5).
P. 49-55. DOI: 10.54708/26587572 2021 33549.

9. Kadirov P., Pustov Y., Zhukova Y., Karavaeva M.,
Sheremetyev V., Korotitskiy A., Baranova A.,
Prokoshkin S.D. Dependence of electrochemical
characteristics of a biodegradable Fe-30Mn-5Si wt.%
alloy on compressive deformation in a wide temperature
range. // Metals. 2023. V. 13, Iss. 11. Article number 1830.
DOI: 10.3390/met13111830.

10. Bazhenov V., Li A., Iliasov A., Bautin V.,
Plegunova S., Koltygin A., Komissarov A., Abakumov
M., Redko N., Shin K.S. Corrosion behavior
and biocompatibility of hot-extruded Mg—Zn-Ga—
(Y) biodegradable alloys. // Journal of Functional
Biomaterials. 2022. V. 13, Iss. 4. Article number 294.
DOI: 10.3390/jtb13040294.

I1. Liu X., Sun J., Yang Y., Pu Z., Zheng Y. In vitro
investigation of ultra-pure Zn and its mini-tube as potential
bioabsorbable stent material. // Mater. Lett. 2015. V. 161.
P. 53-56. DOI: 10.1016/j.matlet.2015.06.107.

12. Moreno L., Mohedano M., Arrabal R., Matykina
E. Degradation rate control issues of PEO-coated wrought
Mg0.5Zn0.2Ca alloy. // Coatings. 2024. V. 14, Iss. 3.
Article number 309. DOI: 10.3390/coatings14030309.

13. Du, Shaokang & Shen, Yunong & Zheng, Yufeng
& Cheng, Yan & Xu, Xiaoxue & Chen, Dafu & Xia,
Dandan. (2023). Systematic in vitro and in vivo study
on biodegradable binary Zn-0.2 at% Rare Earth alloys
(Zn-RE: Sc, Y, La—Nd, Sm—Lu). Bioactive Materials. 24.
507-523.10.1016/j.bioactmat.2023.01.004.

14. Gong H., Wang K., Strich R., Zhou J.G. In vitro
biodegradation behavior, mechanical properties, and
cytotoxicity of biodegradable Zn—Mg alloy. // J. Biomed.
Mater. Res. B Appl. Biomater. 2015. V. 103, Iss. 8.
P. 1632-1640. DOI: 10.1002/jbm.b.33341.

15. Térne K., Larsson M., Norlin A., Weissenrieder J.
Degradation of zinc in saline solutions, plasma, and whole
blood. // J. Biomed. Mater. Res. B Appl. Biomater. 2016.
V. 104, Iss. 6. P. 1141-1151. DOI: 10.1002/jbm.b.33458.

16. Milenin A., Wrobel M., Kustra P., Packo M.,
Byrska-Wojcik D., Sulej-Chojnacka J., Plonka B.
Mechanical properties, crystallographic texture, and in
vitro bio-corrosion of low-alloyed Zn-Mg, produced by
hot and cold drawing for biodegradable surgical wires. //
Archiv. Civ. Mech. Eng. 2021. V. 21. Article number 163.
DOI: 10.1007/s43452-021-00311-6.

90 2024.T 6, Ne 1(16)

17. Milenin A., Kustra P., Byrska-Wojcik D., Wrdbel
M., Packo M., Sulej-Chojnacka J., Matuszynska S., Ptonka
B. The effect of in vitro corrosion on the mechanical
properties of metallic high strength biodegradable surgical
threads. // Archiv. Civ. Mech. Eng. 2020. V. 20. Article
number 60. DOI: 10.1007/s43452-020-00062-w.

18. Medeiros M.P., Carvalho A.P.,, Isaac A,
Afonso C.R.M., JaneCek M., Minarik P., Martinez Celis
M., Figueiredo R.B. Using high pressure torsion to
process magnesium alloys for biological applications. //
Journal of Materials Research and Technology. 2023.
V. 22. P. 3075-3084. DOI: 10.1016/j.jmrt.2022.12.127.

19. Mostaed E., Sikora-Jasinska M., Mostaed A.,
Loffredo S., Demir A.G., Previtali B., Mantovani D.,
Beanland R., Vedani M. Novel Zn-based alloys for
biodegradable stent applications: Design, development
and in vitro degradation. / J. Mech. Behav. Biomed.
Mater. 2016. V. 60. P. 581-602. DOIL: 10.1016/.
jmbbm.2016.03.018.

20. Niu J., Tang Z., Huang H., Pei J., Zhang H.,
Yuan G., Ding W. Research on a Zn-Cu alloy as a
biodegradable material for potential vascular stents
application. // Mater. Sci. Eng. C. 2016. V. 69. P. 407—-413.
DOI: 10.1016/j.msec.2016.06.082.

21. Jiang P., Blawert C., Zheludkevich M.L. The
corrosion performance and mechanical properties of Mg-
Zn based alloys—A review. // Corrosion and Materials
Degradation. 2020. V. 1, Iss. 1. P. 92—158. DOI: 10.3390/
cmd1010007.

22.Shi Z.Z., Gao X.X., Zhang H.J., Liu X.F., Li H.Y,,
Zhou C., Yin Y.X., Wang L.N. Design biodegradable Zn
alloys: Second phases and their significant influences on
alloy properties. // Bioactive Materials. 2020. V. 5, Iss. 2.
P. 210-218. DOI: 10.1016/j.bioactmat.2020.02.010.

23. Prosek T., Nazarov A., Bexell U., Thierry D.,
Serak J. Corrosion mechanism of model zinc-magnesium
alloys in atmospheric conditions. // Corros. Sci. 2008.
V. 50, Iss. 8. P 2216-2231. DOI: 10.1016/.
corsci.2008.06.008.

24. Xue P, MaM,, Li Y, Li X, Yuan J., Shi G., Wang
K., Zhang K. Microstructure, Mechanical properties, and
in vitro corrosion behavior of biodegradable Zn-1Fe-xMg
alloy. // Materials. 2020. V. 13, Iss. 21. Article number
4835. DOI: 10.3390/mal13214835.

25. Byun J M., Yu J.M.,, Kim D.K. Kim T.-Y,
Jung W.-S., Kim Y.D., Kim D. Corrosion behavior of
Mg2Znll and MgZn2 single phases. / Korean J. Met.
Materials. 2013. V. 51, Iss. 6. P. 413—419. DOI: 10.3365/
KIMM.2013.51.6.413

26. Vojtéch D., Kubasek J., Serak J., Novak P.
Mechanical and corrosion properties of newly developed
biodegradable Zn-based alloys for bone fixation. // Acta
Biomater. 2011. V. 7,1ss. 9. P. 3515-3522. DOI: 10.1016/j.
actbio.2011.05.008.



