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CHARACTERISTIC FEATURES OF CORROSION
DISSOLUTION OF A MODEL BIODEGRADABLE
IMPLANT MADE OF NZ30K ALLOY + 0.1 wt.% Ag CLAD
WITH A SILVER LAYER IN RINGER-LOCKE SOLUTION

Introduction. In recent years, biodegradable magnesium alloy implants have been increasingly employed in trau-
matology for the surgical treatment of bone fractures. Their capacity to gradually degrade within the body elimi-
nates the need for secondary removal surgeries.

Problem Statement. The widespread clinical adoption of magnesium-based biodegradable implants has been
limited by their uncontrolled corrosion behavior and the potential for adverse biological reactions during the hea-
ling process.

Purpose. This study aims to determine the characteristic features of the corrosion dissolution of NZ30K +
+ 0.1 wt.% Ag alloy clad with a silver layer when exposed to Ringer-Locke solution.

Materials and Methods. The corrosion behavior of NZ30K + Ag alloy samples, clad with a 1200 nm thick
silver layer, has been examined in Ringer-Locke solution using electrochemical techniques. Corrosion damage has
been characterized through optical and scanning electron microscopy.

Results. The NZ30K + Ag alloy samples clad with a 1200 nm silver layer have undergone both contact and
crevice corrosion in Ringer-Locke solution. This is reflected in the evolution of the corrosion potential E,  during
testing. Initially, the E<sub>cor</sub> value shifts negatively at a rate of 0.06 mV/s — 1.5 and 1.8 times faster
than that observed for the samples with coating thicknesses of 900 nm and 500 nm, respectively. Subsequently, the
shift rate decreases to 0.014 mV/s, indicating a partial inhibition of crevice corrosion. This process gets stabilized
at a steady-state E, = —1.426 V, at which selective dissolution of the surface occurs. Corrosion damage manifests
itself as of pores and channels, characteristic of preferential degradation of the magnesium matrix.

Conclusions. The study has revealed that the sample with a 1200 nm silver coating exhibits selective dissolu-
tion with localized pore formation. In contrast, the sample with a 900 nm coating has demonstrated significantly
Jewer and smaller corrosion sites. Based on these findings, NZ30K + Ag alloy implants with a 900 nm silver coa-
ting have been recommended for further clinical evaluation.

Keywords: biodegradable implant made of NZ30K alloy + 0.1 wt. Ag clad with a layer of silver, Ringer-Locke
solution, control of the dissolution rate of biodegradable implants.
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Characteristic Features of Corrosion Dissolution of a Model Biodegradable Implant

Recently, biodegradable magnesium alloy implants
have been used in traumatology for the surgical
treatment of broken bones [1]. Their elastic modu-
lus is close to that of tubular bones [2], which cont-
ributes to better stress redistribution during its
treatment [3]. At the same time, magnesium alloy-
ing with Ca improves the mechanical characteris-
tics of the alloy [4], promotes bone formation du-
ring implant biodegradation [5, 6], but MgCa in-
termetallic compounds can be a focus of intense
corrosion due to the formation of galvanic pairs
with magnesium [7, 8]. The magnesium alloy
NZ30K alloyed with Zn, Zr, Nd, and Ag does not
have this disadvantage, since these alloying ele-
ments do not form secondary phases that contrib-
ute to local corrosion of magnesium alloys, increase
its mechanical characteristics [9] and specific ab-
sorb ability [10], which can contribute to the resis-
tance of biodegradable implants to vibration loads
during human movement [11], and significantly
reduce the rate of corrosion dissolution (~50%)
during osteosynthesis [ 12]. This factor is very rele-
vant for controlling the dissolution rate of biodeg-
radable implants during bone treatment. For this
one, in addition to alloying magnesium alloys
[4, 12] and plastic deformation to obtain ultrafine
grains [13], organic [ 14] and polymer-based memb-
rane coatings [ 15] are currently used. However, the
effect of the dissolution products of such coatings
on the surface of implants on the human body has
not been sufficiently studied and they, at least, do
not contribute to additional disinfection of open
wounds during the treatment of bone fractures.
In [16], the magnesium alloy NZ30K was alloyed
with 0.1 wt. % Ag, which made it possible to imp-
rove its mechanical properties, reduce the dissolu-
tion rate in Ringer-Locke solution, and saturate
the solution with silver ions, which can contribute
to wounds disinfection and reduce the amount of
antibiotics in the treatment of bone fractures. To
enhance this effect and control the biodegradation
rate of the NZ30K alloy + 0.1 wt. % Ag clad with a
1200 nm thickness silver layer, the paper investi-
gates the inherent features of its corrosion disso-
lution in a model osteosynthesis solution.
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We studied samples of silver-alloyed magnesium
alloy NZ30K, which were smelted in an induc-
tion crucible furnace and subjected to aging [16].
The diameter of the samples was 12 and the length
was 30 mm. Its chemical composition by the X-ray
spectral method using the INKA ENERGY 350
has been determined (Table 1).

The samples of the alloy under study were clad
with a 1200 nm thick layer of silver using a DC
magnetron sputtering system equipped with a cir-
cular source and an Ag target (50 mm in diameter)
in a gas discharge. The vacuum chamber of the sys-
tem was a cylinder with an internal diameter and
height of 500 mm. Cylindrical samples made of sil-
ver-alloyed NZ30K alloy (Table 1) were chemically
degreased and cleaned by ultrasonication in a hot
ethanol bath for 10 minutes and dried in warm air.
Then they were mounted on a rotating (9 Hz) fix-
ture located 90 mm from the sputtering source. Be-
fore deposition of the silver coating, air was pumped
out of the chamber by a diffusion oil pump to a re-
sidual pressure of 1—10-% Pa. The samples were
ion-etched at a bias potential of 1000 V for 35 mi-
nutes at a pressure of 1.5 Pa. An unbalanced mag-
netron was used in a 600 mA DC mode at 400 V.
The silver coating was applied at a constant mag-
netron power of 240 W and a substrate bias voltage
of 100 V. The argon pressure in the deposition
chamber was 1.0 Pa. The time of silver deposition
on the surface of the studied magnesium alloy
was 35 minutes fora coating thickness of 1200 nm.

Corrosion tests of silver clad samples carried
out in a Ringer-Locke solution (an aqueous solu-
tion of distilled water with the following chemi-
cal reagents, in mg/l NaCl — 9; NaHCO,; CaCl,;
KCl,,;CH,,0, —1)atatemperatureof20 + 1 °C.

The establishment of the stationary value of the
corrosion potential E_ on the tested samples re-

Table 1. Chemical Composition of Silver Alloy NZ30K

Content of chemical elements, wt. %
Alloy
Mg Zn Zr Nd Ag
NZ30K + Ag | 95.57 0.69 0.86 2.76 0.09
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Fig. 1. Surface microstructure of the sample from NZ30K alloy + 0.1 wt. % Ag clad with a 1200 nm thick silver layer:

a—%500; b — %1000

Fig. 2. Surface of the sample from NZ30K alloy + 0.1 wt. % Ag
clad with a 1200 nm thick silver layer after corrosion tests in
Ringer-Locke solution

corded on the PN-2MK-10A potentiostat in auto-
matic mode. The surface of corrosion damage on
the samples after its testing in the Ringer-Locke
solution examined using an optical microscope
MMR-2P and a JSM6360 scanning electron mic-
roscope with a JED-2300 energy dispersive micro-
analyzer.

According to the results of metallographic ana-
lysis of the surface of a sample of NZ30K alloy +
+ 0.1 wt. % Ag clad with a 1200 nm thick silver
layer revealed that it has an ordered, defect-free,
fine-dispersed, dense structure (Fig. 1).

100

It has been recorded that it consists of peaks and
pits (Fig. 1, b) with a maximum size of up to 0.5 um.
They were the focus of the nucleation and growth
of localized corrosion damage after testing the
sample in the Ringer-Locke solution (Fig. 2).

Obviously, the reason for their appearance on the
surface of the sample was contact corrosion bet-
ween the magnesium alloy NZ30K + 0.1 wt. % Ag
and the silver coating due to the contact of the
alloy with the Ringer-Locke solution in the pits,
where the thickness of the cladding layer is mini-
mal and the probability of through microdefects
in the coating is maximal. The large potential dif-
ference (~3V) [17] between this alloy and the
coating accelerated the anodic dissolution of Mg,
Zn, Zr,Nd, and Ag in localized corrosion damage.
They were mainly point-shaped with a maximum
diameter of up to 100 um (Fig. 2). At the same ti-
me, in the right corner and at the bottom (Fig. 2),
local corrosion damage of a linear shape on the
surface of the coating with a length of slightly
more than 1 mm has been observed, and in the
upper right corner, its delamination from the sur-
face of the magnesium alloy at the point of transi-
tion of the end surface of the sample to the cylind-
rical one. This nature of localized corrosion dama-
ge to the sample is associated with imperfections
in the silver coating in these areas, the develop-
ment of contact corrosion in through defects, the
formation of a gap between the coating and the
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alloy in them under the influence of anodic dis-
solution of metals, the development of crevice
corrosion with delamination of the coating from
the alloy due to the mechanical effect of hydro-
gen “bubbles” on it in the gap, which has been ob-
served visually. It should be noted that the num-
ber and size of localized corrosion damages on the
cylindrical surface of the sample is smaller than
on the end surface (2, 3), which is most likely due
to the technology of silver deposition on them
and the microrelief of the surfaces formed by me-
chanical cutting of the ends and crystallization of
the cylindrical surface of the sample after casting
into a metal mold.

In particular, the characteristic location of lo-
cal corrosion damages on the cylindrical surface of
the sample (Fig. 3) may indicate that they were for-
med on microdefects in the silver coating, which,
for example, were recorded on the imperfections
of the cast surface of the NZ30K + 0.1 wt. % Ag
(Fig. 1). This is consistent with the data of [ 18, 19]
that pitting on the surface of steels and alloys in
chloride-containing media, which is also the Rin-
ger-Locke solution, emerges and grows on imper-
fections in their structure or microdefects and
turns into corrosion ulcers under the conditions
of establishing critical potentials on them, which
determine the inherent features of selective dis-
solution of metals in them inherent in the stable
development of pitting and corrosion ulcers [20,
21]. Tt is obvious that contact corrosion between
the magnesium alloy NZ30K + 0.1 wt. % (Table 1)
and the silver coating on its surface contributed
to the establishment of a critical potential value
on the sample in the Ringer-Locke solution, which
caused selective dissolution of metals in localized
corrosion damage (Fig. 4), which was supported
by the solid-phase diffusion of Mg atoms to its
surface, as a chemical element of the alloy with the
most negative value of the standard electrode po-
tential and less thermodynamically stable among
its components [22], and Zn, Zr, V,Nd, and Ag in
the opposite direction. In addition, it is known [23]
that the ionization of a more electronegative che-
mical element on the surface of an alloy promotes
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Fig. 3. Cylindrical surface of a sample from NZ30K alloy +
+0.1 wt. % Ag clad with a 1200 nm thick silver layer after
corrosion tests in Ringer-Locke solution

Fig. 4. Characteristic surface microrelief of a local corrosion da-
mage on the surface of a sample from NZ30K alloy + 0.1 wt. %
Ag clad with a 1200-nm-thickness silver layer is inherent in
the selective dissolution of metals in them with the forma-
tion of pores and corrosion tunnels up to 5 pm in diameter

the formation of uneven vacancies that diffuse
into its volume, where they coagulate and form
pores. Such pores were found in a corrosion ulcer
on the surface of the alloy under study (Fig. 4).
This feature of the selective dissolution of the che-
mical element steels and alloys is inherent in the
conditions for the transformation of local corro-
sion damage on their surface (pitting) into corro-
sion ulcers [24—26]. This is the tendency obser-
ved on the surface of the test sample after its exa-
mination in the Ringer-Locke solution (Fig. 4).
This is consistent with the data [27] that the se-
lective dissolution of metals from alloys causes so-
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Fig. 5. Dependence between the corrosion potential E, of a
sample from NZ30K alloy + 0.1 wt. % Ag clad with a 1200 nm
thickness silver layer on the time of its exposure in the Ringer-
Locke solution

lid-phase diffusion of atoms of their constituents
into the surface layers, characterized by critical
potentials at which their corrosion behavior
changes significantly. In particular, at alloy po-
tentials exceeding the critical ones, reorganiza-
tion of surface layers with the formation of pores,
corrosion tunnels, and ulcers is observed, which
causes an increase in their defectiveness and a de-
crease in corrosion resistance.

It should be noted that the thickness of the
clad layer of silver on the surface of the studied
samples from NZ30K alloy + 0.1 wt. % Ag signifi-
cantly affects this process, since it has been found
that the surface of corrosion damage on the samp-

Tuble 2. Corrosion Potentials E,_of NZ30K Alloy + 0.1 wt. % Ag Clad with a 1200 nm
Thick Silver Layer Depending on the Time t of Corrosion Tests of the Sample in Ringer-Locke Solution

No. of points T, -, No. of points 1,8 Y No. of points TS Y
1 4 —-1.37088 21 340 —-1.40096 41 1000 —1.41536
2 20 -1.37408 22 364 —1.40256 42 1024 —1.41536
3 36 —-1.37504 23 412 —-1.40288 43 1072 -1.41664
4 52 -1.3776 24 436 —1.40448 44 1096 —1.41568
5 68 -1.37952 25 460 -1.4048 45 1120 —1.41504
6 84 -1.38112 26 508 —1.40512 46 1192 -1.41728
7 100 -1.38304 27 532 -1.40704 47 1216 -1.4176
8 116 —-1.38656 28 580 —-1.40832 48 1264 —1.41728
9 132 —-1.38656 29 604 -1.40832 49 1288 —1.41824
10 148 —-1.38784 30 652 —-1.40992 50 1360 -1.4192
11 164 —-1.38944 31 676 -1.41024 a1 1384 —1.42048
12 180 -1.39104 32 700 -1.41152 32 1408 -1.4208
13 196 -1.39264 33 748 -1.41184 53 1432 —1.41984
14 212 -1.39392 34 772 -1.41152 54 1504 -1.42176
15 228 —-1.39488 35 820 —-1.41376 35 1528 —-1.42208
16 244 -1.39616 36 844 -1.41312 56 1576 —1.42144
17 260 —-1.39968 37 868 -1.41312 57 1600 —1.42304
18 276 —-1.39808 38 916 —-1.41408 58 1672 —1.42432
19 308 —-1.40096 39 940 —1.41472 39 1720 —1.42368
20 324 —-1.40032 40 964 —-1.41504 60 1768 —1.42592

102

ISSN 2409-9066. Sci. innov. 2025. 21(4)



Characteristic Features of Corrosion Dissolution of a Model Biodegradable Implant

le with a coating thickness of 1200 nm is 5.8 mm?
(11.5% of the total surface of the end surface of the
sample), which is 1.28 and 2.29 times less than
that of samples with coating thicknesses of 900
and 200—300 nm, respectively. Obviously, this is
due to the likelihood of the appearance of through
microdefects on the surface of coatings of diffe-
rent thicknesses. This is evidenced by the estab-
lished inherent features of the formation of the
steady-state value of the £ _corrosion potential of
the sample with a coating thickness of 1200 nm.

In particular, it has been found that it has a
slightly more positive value (—1.462 V) (Table 2)
than that of samples from the same alloy without
coating (—1.528) and clad with a silver layer with
a thickness of 200—300 (—1.465); 500 (—1.466)
and 900 nm (—1.4718). Obviously, this trend is
related to the surface of interaction between the
Ringer-Locke solution and the NZ30K alloy +
+ 0.1 wt.% Ag into local corrosion damage. The in-
tensity of local corrosion processes on the surface
of the tested sample, their features inherent in
contact [17], pitting [17, 21, 24], and crevice cor-
rosion [20] of steels and alloys, determined the
nature of the formation of the stationary value of
its E__potential.

In particular, according to the results of corro-
sion tests, it has been found that the corrosion
potential of the NZ30K alloy + 0.1 wt. % Ag clad
with a 1200 nm thick silver layer intensively shif-
ted in the negative direction (Fig. 5) from —1.3708
(point 1; 4 s of testing) and —1.37408 (point 2;
20 s of testing) to —1.40992 and —1.41024 V (po-
ints 30, 31; 652 and 676 s of testing) (Table 2).

This tendency showed that at the first stage of
the formation of the stationary value of the samp-
le’s potential, it shifted to the negative side at a
rate of 0.06 mV /s. This is 1.5 and 1.8 times faster
than for samples of the same alloy clad with a 900
and 500 nm thickness silver layer. Further, after
748 s of testing the sample in the test solution
(point 33, Table 2), it has been recorded that this
process slowed down, since the corrosion potential
E_ shifted tothe negativesideonlyto—1.41184 V.
However, after 1504 and 1598 s of testing (po-
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ints 54, 55 of Table 2), it shifted to —1.42176 and
—1.42208 V, and after 1672 and 1768 s to —1.42432
and —1.42592 V (points 58, 60 of Table 2), respec-
tively. Taking into account this trend, it can be
noted that the steady-state value of the corrosion
potential £, = —1.42522 V (Table 2) has been es-
tablished after 1768 s of testing the sample in the
test solution. It should be noted that at the se-
cond stage of the formation of the stationary va-
lue of the potential E_ of the sample from the
NZ30K alloy + 0.1 wt. % Ag clad with a 1200 nm
thick silver layer, it shifted to the negative side at
a rate of 0.014 mV /s, which is 2.79 times slower
than at the first stage (Fig. 5). At the same time,
at the second stage of the formation of the statio-
nary value of this potential, it shifted to the ne-
gative side 2.2 times more intensively than that of
the sample with a clad layer thickness of 900 nm.
This corrosion behavior of the sample from mag-
nesium alloy clad with a 1200 nm thickness silver
layer may be due to a smaller number of local cor-
rosion damage on its surface than on the sample
with a coating thickness of 900 nm, but a much
higher density of anode currents in them due to
its redistribution among a smaller number of cor-
rosions pitting. This is consistent with the data of
[17, 25, 28] on the mechanisms of pitting corro-
sion of steels and alloys in chloride-containing
media and is confirmed by the more positive va-
lue of the E potential of the sample with a coa-
ting thickness of 1200 nm than 200— 300; 500 and
900 nm and the characteristic dependence of E,
on the thickness of the clad layer (Fig. 6).
Summarizing the above, it can be noted that
the sample from NZ30K alloy + 0.1 wt. % Ag clad
with a 1200 nm thickness silver layer has been sub-
jected to contact and crevice corrosion after cor-
rosion tests in a chloride-containing Ringer-Locke
solution. Local corrosion damage was mainly ob-
served on the end surface of the sample, which
has been formed in pits on the surface of the silver
clad layer, where the probability of through mic-
rodefects is highest. The coating suffered the
greatest corrosion damage at the transition of the
cylindrical surface of the sample to the end sur-

103



Greshta, V. L.

-1.36

-1.462 r
-1.464 r
-1.466 r
—1.468 r

or’

C

—1.47 |
—1.472 1

“1.474 1 1 1 1 1 1
0 200 400 600 800 1000 1500 2000

L, nm

Fig. 6. Dependence of the corrosion potential E,  of the test-
ed samples from NZ30K alloy + 0.1 wt. % Ag clad with a
silver layer on its thickness (L)

face, which was caused by its delamination from
the alloy surface due to crevice corrosion under
the influence of an aggressive corrosive media in
the gap between them, which has been formed
during the hydrolysis of dissolved metal ions and
the mechanical effect of hydrogen bubbles relea-
sed at the cathode surfaces. These processes deter-
mined the mechanisms of formation of the steady-
state value of the corrosion potential of the E
sample. They showed the possibility of control-
ling the dissolution rate of the NZ30K alloy +
+ 0.1 wt. % Agin the process of osteosynthesis by
plating it with a layer of silver.

According to the results of corrosion tests of a
sample from NZ30K + 0.1 wt. % Ag alloy clad with
a 1200 nm thick silver layer in Ringer-Locke so-
lution, it has been found that it was subjected to
intense contact corrosion on the end surfaces. Lo-
cal corrosion damage has been found in the pits
on the surface of the coating, i.e., in the places of
the highest probability of the appearance of thro-
ugh defects through which the solution contacted
the magnesium alloy. It has been found that the
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XAPAKTEPHI OCOBJMBOCTI KOPO3IMTHOTO PO3UMHEHHSA MOJIEJI
BIOPO3K/JIAAHOTIO IMIIJTAHTA 31 CIITABY NZ30K + 0,1 mac. % AG
IIJIAKOBAHOTO ITAPOM CPIBJIA B PO3YIMHI PIHT'EPA-JIOKKA

Beryn. [luist XipypriqHoro JiKyBaHHs TEPEJTOMIB OCTaHHIM 4aCcOM Y TPaBMaTOJIOTii BUKOPHUCTOBYIOTH 610pO3KJIa/HI IMILIAHTH
3 MartHi€BUX CILJIABIB.

IIpoGaemartuka. HexoHTposbOBaHe KOPO3iliHe PO3YNHEHHS MarHIEBUX CIIABIB Ta GIOJIOriYHI yCKIaIHEHHS, SIKi MOKYTh
BUHUKHYTH 111/l 4aC JIKyBaHHsI [IEPEJIOMIB, CTPUMYIOTh PO3BUTOK 3aCTOCYBAHHS GIOPO3KIAJAHIX IMILIAHTIB.

Mera. BeranoBuTu xapakrepHi ocobiuBocti Koposiitoro poguntents civiaBy NZ30K + Ag riakoBaHoro mapom cpibia
B po3uuHi Pinrepa-Jlokka.

Marepianu i metomu. Marniesuii crutaB NZ30K + Ag rurakoBanuii mapom cpi6ia tosimmmoio 1200 1M gocaiiKkyBaid B
posunHi Pinrepa-Jlokka enextpoxiMigunnM MetomoM. KoposiliHi TONTKOKEHHST BUBYAIH, 3ACTOCOBYIOUN ONITHYHY Ta €JTeKT-
POHHY MiKPOCKOTIITO.

Pesyabratu. Y posuuni Pinrepa-Jlokka 3paszok 3i ciiaBy NZ30K + Ag nurakosanuii mapom cpi6sia tosiuaoo 1200 M
miIaBest KOHTAKTHIN Ta misimHHIN Koposii. [le Bigduiocs Ha Xapakrepi BCTAHOBJIEHHST CTAIlIOHAPHOTO 3HAUEHHS TIOTEHI[iaLy
xoposii £ na 3pasky. 3adikcosamno, 1o Ha mepuiii crazii uboro mpouecy Bil 3cyBaBcs y Bif'emuinmii 6ik 31 mBuaKicTIo
0,06 mB/c, 1te B 1,5 i 1,8 pas3u miBuiie, Hix y 3paskis i3 TosimHoo mokputtst 900 i 500 Hm. Asie gasi croBiIbHIOBAaBCS /10
0,014 MB/c, 110 mOB’s13aH0 3 «raabMyBaHHAM» THANHHOT KOpo3il. Is craxis BUnpobyBanb 3aKiHUNIACA BU3HAYECHHSAM CTa-
nionaproro snavenns £ = —1,426 B, 3a AKOro mopepxms JOKaJIbHIX KOPO3iTHUX TTOIIKOKEHDb PO3YNHSAIACS CEJIEKTUBHO 3
YTBOPEHHSIM KOPO3iIHUX MOp i KaHAJIIB, [0 TPUTAMAHHO CEJIEKTUBHOMY PO3YMHEHHIO OCHOBHOTO KOMIIOHEHTY CILJIABY.

BucnoBku. BeranoBieHo, 1110 3pasox i3 J10CIIKYBAHOTO CILIABY 3 TOBIIMHOIO TTOKPUTTS 1200 HM PO3YMHSBCS CEJIEKTUB-
HO 3 YTBOPEHHSIM TIOP Y JIOKQJIbHUX KOPO3IIHUX MOMIKOKEHHsIX. Y 3pa3Kka 3 TOBUUHOW TokpuTTst 900 HM ix GyJio MeHIie i
BOHU OyJu APiOHiIII, TOMY JJIst KJIHIYHUX BUIPOOYBaHb pekoMenoBani iMmranTu 3i crraBy NZ30K + Ag 3 TOBIIUHOIO MOK-
puttst 900 M.

Kmouosi crosa: Gioposkaaonuii imnaanm 3i cnaasy NZ30K + 0,1 mac. % Ag naaxosanuii wapom cpiona, posuun Pinzepa-Jloxkka,
Kepyeants WeuoKicmo posuunenis 6iopo3KIAOHUX IMIIAHMIE.
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