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Abstract. The corrosion behaviour of magnesium alloys NZ30K and NZ30K alloyed with 0.1 wt.% silver in
Ringer's Locke solution has been studied, since their components are not toxic to the human body and do not cause
clinical complications in the treatment of bone fractures, and silver has antibacterial properties inherent in antibiotics.
It has been found that the E.,, potential of the silver-alloyed NZ30K sample was -1.57V during the first 100 seconds of
testing, but then it intensively shifted to the positive side to -1.54V within 512 seconds at a rate of 0.051 mV/s, which
decreased to 0.014 mV/s after the next 1000 seconds, and a stationary value of the potential E.,,. on the sample has been
recorded. The sample to uniform general corrosion has been subjected, and the improvement of its potential E ., during
its corrosion study was due to the most intense selective dissolution of magnesium, which has the most negative value of
the standard potential among the alloy components, and the enrichment of its surface with Zn, Nd, Zr, Ag, which have a
positive value of the standard potential. This trend contributed to a decrease in the rate of general corrosion and made
it impossible to develop local corrosion. The NZ30K alloy alloyed with 0.1 wt.% silver is recommended for further
potentiodynamic and volumetric corrosion studies to justify its selection as a structural material for the production of
biodegradable implants in osteosynthesis.
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1. Introduction

The controlled corrosion behaviour of magnesium alloys supports the development of advanced
biodegradable implants for surgical treatment in traumatology [1]. Magnesium is a very reactive metal and
corrodes rapidly in body fluids because it is unable to form self-protective oxide films [2]. Magnesium alloys
in the state of supply have low mechanical characteristics, which makes it impossible to produce
biodegradable implants for surgery. Currently, two approaches are used to improve the mechanical, physical,
chemical, and biological properties of magnesium implants, including various methods of magnesium
alloying [3-5] and grinding the microstructure to ultrafine or nanoscale grain [6-8].
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Al, Ca, Cu, Fe, Li, Mn, Ni, Sr, Y, Zn, Zr are most commonly used to alloy Mg, and rare earth elements
are used to modify its structure [9,10]. Aluminium-containing alloys are most commonly used in the
production of biodegradable implants because they have excellent casting properties, high strength, and good
relative elongation [11]. However, the corrosion products of this alloy contain AlO,; oxide, which can
contribute to Alzheimer's disease, muscle breakdown, and reduced osteosynthesis [12]. The magnesium alloy
NZ30K, unlike Al-containing alloys based on Al-Ca, Al-Zn, and Al-Li [13], does not have such
disadvantages. In addition, the mechanical properties of NZ30K magnesium alloy have high performance for
the production of biodegradable implants, since their yield strength (140 MPa) [14] is higher than that of
tubular bones (120 MPa) [15]. At the same time, the alloying of NZ30K alloy with silver in the amount of
0.1 wt. % increased its temporary tensile strength (og) by 8.6 and relative elongation by 63.9% [16]. In
addition, it has antibacterial properties characteristic of antibiotics [17], but long-term (6 weeks) corrosion
tests of samples in a solution of helofusin (an artificial blood substitute) contributed to its reduction by
22.9% [16]. At the same time, after prolonged corrosion tests of the alloy, this figure was 205 MPa [16],
which is significantly higher than the strength of tubular bones [15], and the presence of silver in the alloy
gives it antibacterial properties [17]. If the corrosion test results of silver-alloyed NZ30K alloy are
satisfactory, it can be recommended for the manufacture of biodegradable implants and clinical testing.
Therefore, we studied the corrosion behaviour of this alloy in Ringer-Locke solution.

2. Research materials and methods

We studied samples of magnesium alloys NZ30K and NZ30K alloyed with silver in the amount of 0.1
wt.% smelted in an induction crucible furnace and subjected to aging [16]. The diameter of the samples was
12 and the length was 30 mm. Their chemical composition by the X-ray spectral method at the installation
INKA ENERGY 350 has been determined (Table 1).

Table 1. Chemical composition of the studied samples.

Content of chemical elements, wt. %
Alloy Mg Zn Zr Nd Ag
NZ30K 95.67 0.67 0.89 2.77 -
NZ30K + Ag 95.57 0.69 0.86 2.79 0.09

Corrosion tests of the samples in a Ringer-Locke solution (an aqueous solution of bi-distilled water with
the following chemicals, in mg/l: NaCl — 9; NaHCO;; CaCl,; KCl no 0,2; C¢H;,06 — 1) at a temperature of
20£1°C has been carried out. The establishment of a stationary value of the corrosion potential E.,. on the
tested samples on the PN-2MK-10A potentiostat in automatic mode has been recorded. The surface of
corrosion damage on the samples after their testing in Ringer Locke's solution using an optical microscope
MMR-2P has been examined.

3. Research results and discussion

According to the results of the corrosion test of the NZ30K alloy sample (Table 1) in a Ringer-Locke
solution at 20°C, it has been found that its corrosion potential E,, slowly shifted to the positive side from -
1.579 to -1.576V during 1400 seconds of testing (Fig. 1, curve 1). Thus, the rate of this process was 0.0021
mV/s. Most likely, this trend is due to the formation of a magnesium hydroxide precipitate coating on the
alloy surface. After 1400 seconds of exposure of the sample to the test solution, a shift of the potential E.,, in
the negative direction by about 2 mV within 100 seconds and a shift of its value in the opposite direction
with the same intensity have been observed. After that, during 200 seconds of testing, the steady-state value
of this potential at -1.575 V has been recorded (Fig. 1, curve 1). The characteristic small fluctuation of the
potential E.,, during the establishment of its steady-state value is most likely due to the delamination of the
magnesium hydroxide precipitate coating on the surface of the sample in the vicinity of corrosion ulcers and
other corrosion damage formed near intermetallic compounds, which were identified in [16]. This is
consistent with the data from [18-20] on the nucleation and growth of pitting in the vicinity of inclusions in
passivated steels and alloys.
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Fig.1. Dependence between the corrosion potential E.,, of NZ30K alloy (1) and NZ30K alloy alloyed with 0.1 wt. %
silver (2) on the time of corrosion tests (1) of the sample in Ringer-Locke solution at a temperature of 20° C.

It has been found that the sample subjected the greatest corrosion damage in the peripheral areas, i.¢., in
the places of the greatest plastic deformation of the alloy and the number of microdefects on its surface
associated with the casting technology (Fig. 2, a).

Fig.2. Corrosion damage on the end surface of NZ30K alloy (a) and silver alloyed NZ30K (b) samples after corrosion

tests in Ringer-Locke solution.

These places are most often the focus of the origin and growth of local corrosion damage in chloride-
containing media, such as Ringer-Locke solution. In particular, it has been found that the area of local
corrosion damage on the end surface of the cylindrical specimen was 8.78 mm?®, which is 17.5% of the area
of the end surface of the cylindrical specimen (Table 2).

Table 2. Area of corrosion damage on the end surfaces of the tested samples

No. Sample Corrosion damage area, mm” | % of the end surface area of the sample
1 NZ30K alloy 8.78 17.5
2 NZ30K alloy additionally alloyed 8.12 16.24

with Ag

Note: total end surface area of the sample is 50.24 mm”.
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About 90% of the local corrosion damage at the intersection of the cylindrical and flat surfaces of the
sample has been recorded. In general, its cylindrical surface to intense local corrosion in the form of pitting
and deep corrosion ulcers has been subjected (Fig. 3, a). This type of corrosion damage is typical for
passivated steels and alloys in chloride-containing media [20]. Zirconium and zinc contribute to the
formation of a dense oxide film on the surface of the magnesium alloy NZ30K, which can be locally
damaged by chloride ions in the vicinity of intermetallic inclusions found in the alloy [16]. Such areas on the
surface of steels and alloys are the most likely centres of pitting nucleation and growth observed on the
surface of the NZ30K alloy sample (Fig. 3, a). Summarizing the above, it can be noted that NZ30K alloy
under intensive pitting in a Ringer-Locke solution with active hydrogen release, so it cannot be used for the
production of biodegradable implants without improving its resistance to local corrosion. Alloying NZ30K
alloy with silver in the amount of 0.1 wt.% significantly changed its corrosion behaviour.

a) b)

Fig.3. Corrosion damage on the cylindrical surface of NZ30K alloy (a) and silver-alloyed NZ30K (b) samples after
corrosion tests in Ringer-Locke solution.

In particular, according to the results of a corrosion study of a sample made of NZ30K alloy alloyed
with Ag in Ringer-Locke solution, it has been found that its corrosion potential E., after immersion in the
solution was ~ -1.57 V (Fig. 1, curve 2) and remained practically unchanged for 100 seconds (points 1-4 of
Table 3).

However, in the interval from 100 to 612 seconds of testing, it shifted intensively to the positive side to
-1.54432 V (point 20 of Table 3). Thus, it turns out that the rate of shift of the potential E.,, in the positive
direction was 0.051 mV/s. Then, in the interval from 612 to 1620 seconds, it decreased to 0.014 mV/s, and
from 1620 to 1800 seconds of testing, the sample recorded a stationary value of the potential E., ~-1.52 V.
It turns out that the steady-state value of the potential E,. of the NZ30K alloy alloyed with Ag was set from -
1.5696 (point 1) to -1.52716 V (point 40 of Table 3) within 1800 seconds.

The characteristic features of establishing the stationary value of the potential E, of the NZ30K alloy
alloyed with Ag in Ringer-Locke solution are due to the different intensity of dissolution of its components,
which formed the microrelief of the sample surface after its corrosion test (Fig. 2, b). In (Fig. 2, b), we
observed etched areas of metal in the form of irregularly shaped black spots up to 500 um in size, which is
characteristic of corrosion destruction of micro volumes of metal in the vicinity of inclusions at the
intersection with alloy grain boundaries [20, 21] and multidirectional curved lines, which is inherent in the
local selective dissolution of metals by grain boundaries in alloys and steels. It should be noted that the area
of corrosion damage on the end surfaces of the silver-alloyed NZ30K sample is 7.8% smaller than that of the
MZ30K sample (Table 2). It is obvious that secondary phases, grain size, and structure affect the corrosion
rate [22, 23]. In particular, works [24, 25] found that the larger the mean austenite grain diameter of the
studied steels and alloys, the less likely they are to intersect with inclusions in the vicinity of which pitting
occurs and develops, which under certain conditions can turn into corrosion ulcers.
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Table 3. Corrosion potentials E.,, of NZ30K alloy alloyed with Ag depending on the sample holding time (t) in
Ringer-Locke solution

No. of points 1,8 Eeor» V No. of points 1,8 Eeor, V
1 4 -1.5696 21 852 -1.53792
2 36 -1.57024 22 884 -1.53952
3 68 -1.57024 23 948 -1.5392
4 100 -1.56704 24 980 -1.53888
5 132 -1.56896 25 1012 -1.53888
6 164 -1.56448 26 1044 -1.53824
7 196 -1.56416 27 1108 -1.53696
8 228 -1.56224 28 1140 -1.53664
9 260 -1.56064 29 1204 -1.53664
10 292 -1.55872 30 1236 -1.53664
11 324 -1.55648 31 1300 -1.53536
12 356 -1.5536 32 1332 -1.5344
13 388 -1.55424 33 1364 -1.5328
14 420 -1.55488 34 1492 -1.53088
15 452 -1.55552 35 1556 -1.53184
16 484 -1.55328 36 1588 -1.5312
17 516 -1.54976 37 1620 -1.53024
18 548 -1.54816 38 1716 -1.52928
19 580 -1.54688 39 1748 -1.52864
20 612 -1.54432 40 1800 -1.52768

Secondary phases, inclusions, and grain size of Ag alloy NZ30K alloy alloyed with Ag are primarily
caused by magnesium alloying with zinc, zirconium, neodymium, and silver (Table 1). Due to their low
solubility in Mg, the metastable supersaturated solid solution can decompose naturally, forming fine
inclusions in magnesium grains. They can block the increase in grain size [26]. In particular, work [16]
found that alloying NZ30K alloy with silver in the amount of 0.1 wt.% contributed to a 4-fold reduction in
the mean grain diameter. This may contribute to reduce the rate of general corrosion, but increase the
likelihood of pitting in chloride-containing media [27]. It is also known [28], that alloying elements of
magnesium alloys can create a micro-galvanic effect between the Mg matrix and various inclusions and
secondary phases. They play the role of cathodes, in the vicinity of which a solid magnesium solution
selectively dissolves [29]. In particular, the formation of pitting in the vicinity of the secondary phases
AlMg, AlMgFe, Mg;; Aly; or Mg, Cu in [30] has been observed. This is consistent with the data of [18-20,
24,25, 31] for chromium-nickel steels and alloys.

It should be noted that the sample from the NZ30K alloy of alloyed Ag 612 s after its immersion in the
test solution had a potential E.,, =-1.544V (point 20 of Table 3), which corresponds to a change in the
intensity of selective dissolution of metals from the sample surface and its enrichment with silver (the place
of a rapid change in the potential E.; Fig. 1, curve 2). This may be one of the reasons for the rapid, almost 5-
fold decrease in the rate of shift of its potential E.,, to the positive side. After 1620 s of studying the alloy in
the Ringer-Locke solution, the sample reached a stationary value of the potential E.,; =-1.53 V (point 37 of
Table 3), which most likely corresponds to the process of maximum saturation of the sample surface with
silver and the formation of a stable double electric layer on it.

Summarizing the above, it can be noted that the NZ30K alloy alloyed with silver in the amount of
0.1 wt.% was subjected mainly to general corrosion (Fig. 3, b), because no local corrosion damage was
found on the sample cylindrical surface, which is typical for the NZ30K alloy sample (Fig. 3, a). Therefore,
it is promising for the production of biodegradable implants, provided that the results of electrochemical,
volumetric, and clinical studies are positive.
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4. Conclusions

According to the results of corrosion studies, it has been found that the steady-state value of the
corrosion potential E.,, of the NZ30K alloy sample has been formed from 1.579 to -1.575V during 1800
seconds of testing in the Ringer-Locke solution, and its surface to intense pitting and ulcer corrosion has
been subjected with intense hydrogen release at the cathodic areas of the sample. The most intense hydrogen
emission on the surface of the sample after its immersion in the test solution at the most negative value of
E.o has been visually recorded. It has been found that E., of the sample made of NZ30K alloy alloyed with
0.1 wt.% silver during the first 100 seconds in the solution was ~ 1.57V, then during 500 seconds of testing it
shifted to the positive side at a rate of 0.051 mV/s, but in the test interval from 612 to 1620 seconds it
decreased to 0.014 mV/s, and after 1800 seconds a stationary value of this potential at ~ -1.53V has been
established. The sample was mainly subjected to uniform general corrosion with varying intensity until the
steady-state value of E., has been established, and its ennoblement was most likely due to the most intense
selective dissolution of Mg from the sample surface and its enrichment with silver, zirconium, and
neodymium. This alloy is recommended for further research as a structural material for the production of
biodegradable implants.
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