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This study investigates the corrosion behavior of NZ30K + 0.1 wt.% Ag alloy coated with a silver layer 
containing copper impurities introduced unintentionally during plasma spraying. X-ray spectral analysis re-
vealed the coating composition as 60.1 wt.% Ag and 39.9 wt.% Cu, which significantly influenced the corro-
sion performance in Ringer–Locke solution. Intense contact corrosion occurred at coating defects, initiating 
crevice corrosion and delamination at the transition between cylindrical and flat surfaces. A rapid negative 
shift in corrosion potential (E<sub>cor</sub>) at 29.9 mV/s was observed–1.67 times faster than in samples 
with a 1200 nm thick pure silver coating. Subsequently, the shift rate decreased to 0.008 mV/s and stabilized 
at –1.356 V. Localized corrosion developed into pitting and deep ulcers due to selective anodic dissolution, 
resembling damage typical of stainless steels in chloride environments. The results indicate that copper con-
tamination in silver coatings on NZ30K-based biodegradable implants is detrimental, as it accelerates local 
corrosion and hydrogen evolution, potentially contributing to muscle necrosis during bone healing.

Key words: Biodegradable magnesium alloy, NZ30K-Ag composite, corrosion in Ringer-Locke solution, 
copper-contaminated silver coatings, localized and crevice corrosion. 
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1 Introduction 

Recently, biodegradable implants made of mag-
nesium alloys have been used in traumatology [1]. 
Magnesium is not capable of forming self-protec-
tive oxide films [2], so its alloys with Al, Ca, Cu, 
Fe, Li, Mn, Ni, Sr, Zn [3-6], often modified with 
rare earth elements, are used to produce biodegrad-
able implants for a controlled rate of their dissolu-
tion in the osteosynthesis process [7]. In addition, 
polymer coatings on the surface of biodegradable 
implants [8-12] and silver metallization [13] are 
often used to address these issues. In paper [14], 
NZ30K alloy additionally alloyed with 0.1 wt.% Ag 
was proposed for the production of biodegradable 
implants. It has high mechanical properties [15] and 
specific shock absorption capacity [16], which are 
required for such products [17], does not contain 
toxic chemical elements and does not contribute to 
biological complications, such as Alzheimer’s dis-
ease, muscle destruction, and does not reduce osteo-
clast activity [18,19]. Zinc, Zr, and Nd in NZ30K 
alloy significantly reduce the rate of general corro-
sion (~50%) during osteosynthesis [20], but they 

form inclusions, intermetallic and other secondary 
phases, which in chloride-containing media, such as 
Ringer Locke solution, create microgalvanic pairs 
with a solid magnesium solution [21], which is the 
cause of pitting in the vicinity of these inclusions 
[22]. This is also inherent in stainless steels and al-
loys that are passivated [23-26]. In paper [27], it has 
been found that point and linear microdefects in the 
silver coating on the surface of the NZ30K alloy 
+ 0.1 wt.% Ag were the focus of the nucleation of 
contact and crevice corrosion in the Ringer-Locke 
solution. They contributed to the local delamination 
of the coating from the alloy and the development 
of pitting and crevice corrosion, which proceeded 
according to the mechanisms established in [28-30]. 
At the same time, when silver is applied to the sur-
face of the NZ30K+0.1 wt.% Ag alloy, it is possible 
that copper from the base on which the silver target 
is located may accidentally enter the coating. Under 
such conditions, copper can selectively dissolve in 
the silver coating. Therefore, the paper investigated 
the effect of copper in a silver coating on the surface 
of NZ30K+ 0.1 wt.% Ag alloy on its local corrosion 
destruction. 
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2 Materials and methods 

We studied samples of silver-alloyed magnesium 
alloy NZ30K, which were smelted in an induction 
crucible furnace and subjected to aging [14]. The 
diameter of the samples was 12 and the length was 
30  mm. Their 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 1300 nm thick layer of silver using a DC 
magnetron sputtering system equipped with a circu-
lar source and an Ag target (50 mm in diameter) in 
a gas discharge. The vacuum chamber of the system 
was a cylinder with an internal diameter and height of 
500 mm. Cylindrical samples made of silver-alloyed 

NZ30K alloy + 0,1 mass. % (Table 1) were chemically 
degreased and cleaned by ultrasonication in a hot etha-
nol bath for 10 minutes and dried in warm air. Then 
they were mounted on a rotating (9 Hz) fixture located 
90 mm from the sputtering source. Before deposition 
of the silver coating, air was pumped out of the cham-
ber by a diffusion oil pump to a residual pressure of 
1-10-3 Pa. The samples were ion-etched at a bias po-
tential of 1000 V for 15 minutes at a pressure of 1.5 
Pa. An unbalanced magnetron was used in a 600 mA 
DC mode at 400 V. The silver coating was applied at 
a constant magnetron power of 240 W and a base bias 
voltage of 100 V. The argon pressure in the deposi-
tion chamber was 1.0 Pa. The time of silver deposition 
on the surface of the studied magnesium alloy was 25 
minutes for a coating thickness of 1300 nm. 

Table 1 – Chemical composition of silver alloy NZ30K + 0,1 mass. % Ag.

Alloy Content of chemical elements, wt. % 

NZ30K+Ag 
Mg Zn Zr Nd Ag 

95.57 0.69 0.86 2.76 0.09 

The chemical composition of the coating on the 
surface of the NZ30K alloy + 0.1 wt.% Ag was de-
termined by X-ray spectroscopy using the INKA 
ENERGY 35, in particular, it has been determined 
that the silver content was 60.1 and copper was 39.9 
wt. %. 

Corrosion tests of silver clad samples with cop-
per impurities have been carried out in a Ringer-
Locke solution (an aqueous solution of undistilled 
water with the following chemical reagents, in mg/l 
NaCl – 9; NaHCO3 ; CaCl3 ; KCl 0.2; C6H12O6 – 1) at 
a temperature of 20±1°C. 

The establishment of the steady-state value of the 
corrosion potential Ecor on the tested samples on the 
PN-2MK-10A potentiostat in automatic mode has 
been recorded. The surface of the corrosion damage 
on the samples after their testing in the Ringer-Locke 
solution using an optical microscope MMR-2P and 
a scanning electron microscope JSM6360 with an 
energy dispersive microanalyzer JED-2300 has been 
examined. 

3 Research results and discussion 

According to the results of metallographic analy-
sis of the surface of a sample made of NZ30K alloy + 
0.1 wt.% Ag (Table 1) clad with a layer of silver and 

copper, last one accidentally got into it from a cop-
per base for a silver target during plasma spraying, it 
has found that it has an ordered microstructure with 
micropores up to 0.1 μm in size (Fig. 1). 

 

Figure 1 – Microstructure of a 1300 nm thick silver  
and copper clad layer on the surface of a NZ30K+0.1 wt.%  

Ag alloy sample (×1000).
 

It has been found that through these micro-
pores in the coating, the NZ30K alloy + 0.1 wt.% 
Ag came into contact with the Ringer-Locke so-
lution in which the sample has been tested. This 
caused contact corrosion on the end surface of the 
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sample (Fig. 2), which developed into crevice cor-
rosion at the transition points of the end surface 
of the sample to the cylindrical surface and led to 

the formation of cracks in the coating and its de-
lamination from the alloy (upper right corner of 
the sample, Fig. 2). 

Figure 2 – End surface of a sample made of NZ30K alloy + 0.1 wt.% Ag clad 
with a layer of silver with copper impurities with a thickness of 1300 nm  

after corrosion tests in Ringer-Locke solution.

It should be noted that the cylindrical surface of 
the sample underwent more intense localized corro-
sion damage than the end surface (Fig. 3). Most like-
ly, this is due to the technological features of coating 
on different surfaces of the sample and the state of 
their surfaces formed after casting and mechanical 
cutting of the end surface. 

Figure 3 – Cylindrical surface of a sample made of NZ30K 
alloy + 0.1 wt.% Ag clad with a layer of silver with copper 

impurities with a thickness of 1300 nm after corrosion tests in 
Ringer-Locke solution.

Scanning electron microscopy of the surfaces of 
local corrosion damage of the studied sample (Figs. 
2, 3) showed that they have a characteristic devel-
oped microrelief (Fig. 4) inherent in the selective 
dissolution of steels and alloys at the anode areas in 
corrosive media. This is consistent with the data of 
[31, 32]. 

Pores (~25 µm) and corrosion tunnels on the 
surface of the local corrosion damage of the test 
sample have been found (Fig. 4). According to [33], 
they can be formed as a result of the ionization of an 
electronegative chemical element on the surface of 
the alloy (Mg), which contributes to the formation 
of unbalanced vacancies that diffuse into its volume, 
where they coagulate and form pores. This tendency 
can be supported only by the solid-phase diffusion 
of magnesium atoms to the surface of local corro-
sion damage, as the chemical element with the most 
negative value of the standard electrode potential in 
the NZ30K alloy + 0.1 wt.% Ag, and Zn, Zr, Nd, 
and Ag in the opposite direction, since they are ther-
modynamically more stable than Mg [34, 35]. The 
observed (Figs. 2-4) local corrosion damage of the 
studied sample is characterized by critical potentials 
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(Table 2) at which its corrosion behavior has changed 
significantly, since (Fig. 4) shows the reorganization 
of the surface layers of the alloy with the formation 
of pores from corrosion tunnels that turned into cor-

rosion ulcers. It should be noted that such mecha-
nisms of formation of localized corrosion damage on 
the surface of samples of stainless steels and alloys 
were revealed in [28-30, 31, 36]. 

Figure 4 – Characteristic microrelief of the surface of local corrosion damage of a sample  
of NZ30K alloy + 0.1 wt.% Ag clad with a layer of silver with copper impurities  

with a thickness of 1300 nm after corrosion tests in Ringer-Locke solution.
 

Table 2 – Corrosion potentials Ecor of NZ30K alloy + 0.1 wt.% Ag clad with a layer of silver and copper 1300 nm thick depending on 
the time of exposure of samples in Ringer-Locke solution.

No. of 
points τ, s Ecor , V

No. of 
points τ, s Ecor , V

No. of 
points τ, s Ecor , V

1 4 -1.30944 21 300 -1.34432 41 1012 -1,3472 
2 12 -1.31008 22 332 -1.34368 42 1044 -1,34912 
3 20 -1.3104 23 364 -1.34432 43 1076 -1,34976 
4 28 -1.31008 24 396 -1.34336 44 1140 -1,35328 
5 36 -1.31136 25 428 -1.34368 45 1172 -1,35168 
6 44 -1.31232 26 460 -1.344 46 1204 -1,35264 
7 52 -1.31296 27 492 -1.344 47 1236 -1,35424 
8 60 -1.31456 28 524 -1.34624 48 1268 -1.3536 
9 68 -1.31488 29 556 -1.34528 49 1300 -1.35424 
10 76 -1.31456 30 620 -1.3472 50 1364 -1.35328 
11 84 -1.31456 31 652 -1.34784 51 1396 -1.35264 
12 92 -1.31424 32 684 -1.3472 52 1428 -1.35296 
13 100 -1.3152 33 716 -1.3456 53 1492 -1.35232 
14 108 -1.31584 34 748 -1.3472 54 1524 -1.35264 
15 116 -1.31648 35 780 -1.3472 55 1556 -1.35296 
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No. of 
points τ, s Ecor , V

No. of 
points τ, s Ecor , V

No. of 
points τ, s Ecor , V

16 124 -1.31584 36 812 -1.34784 56 1588 -1.35296 
17 140 -1.3168 37 876 -1.34752 57 1652 -1.35488 
18 148 -1.31744 38 908 -1.34624 58 1684 -1.35648 
19 156 -1.31776 39 940 -1.3472 59 1748 -1.35616 
20 172 -1.31808 40 972 -1.34912 60 1796 -1.35552 

Continuation of the table

According to the results of the analysis (Fig. 5) 
and (Table 2), it has been found that after the first 156 
seconds of testing, the potential of the sample under 

study shifted to the negative side at a rate of 0.1 mV/s. 
This is 1.67 times more intense than for a sample of 
the same alloy clad with a 1200 nm thick silver layer. 

Figure 5 – Dependence between the corrosion potential Ecor of NZ30K alloy + 0.1 wt.% Ag clad 
with a layer of silver with copper impurities 1300 nm thick and the time of corrosion tests (τ)  

of the sample in Ringer-Locke solution.

Further, it has been recorded that the potential 
Ecor of the test sample abruptly shifted to the nega-
tive side from -1.31808 (point 20 after 172 seconds 
of testing (Table 2) to -1.344 V (points 26, 28 after 
460 and 492 seconds of testing (Table 2) (Fig. 5). 
Thus, it has been found that the rate of shift of the 
potential Ecor of the sample to the negative side was 
29.9 mV/s. This is due to the sudden detachment of 
a significant portion of the Ag+Cu clad layer from 
the alloy surface and a rapid increase in its contact 
area with the Ringer-Locke solution (Figs. 2, 3, 5). 
It should be noted that after that, a slow shift of the 
potential Ecor towards the negative side has been ob-
served (Fig. 5). In particular, it shifted to the negative 
side from -1.34624 (point 28 after 524 seconds of 
testing (Table 2) to -1.35648 and -1.35616 V (points 
58, 59 (Table 2). Thus, it turns out that the rate of this 

process was 0.008 mV/s and remained constant until 
the steady-state value of the corrosion potential Ecor of 
the sample has been established. A similar trend was 
observed for the sample of the NZ30K alloy + 0.1 wt. 
% Ag clad with a 1200-nm-thick silver layer. This 
shows that the copper in the silver coating intensifies 
contact corrosion between it and the alloy only at the 
first stage of testing, which accelerates its delamina-
tion and increases the area of contact between the al-
loy and the Ringer-Locke solution, which contributes 
to a rapid shift in the potential Ecor in the negative 
direction (Fig. 5). Further, the processes of corrosion 
dissolution of the sample proceeded according to the 
mechanisms inherent in the selective dissolution of 
steels and alloys at the anode areas [24, 32, 34, 36]. 
They determine the mechanisms of local anodic pro-
cesses in alloys [28-30, 36], which depend on their 



100

Effect of copper in silver сoatings on the corrosion ...                       Phys. Sci. Technol., Vol. 12 (No. 1-2), 2025: 95-102

specific magnetic susceptibility, which determines 
the atomic state of the solid solution [37].

It should be noted that after immersion of the test 
sample in the Ringer-Locke solution, its potential 
Ecor was 62, 113, 124, and 109 mV higher than that 
of samples with coating thicknesses of 1200, 900, 
500, and 200...300 nm, respectively. In addition, the 
difference between the steady-state values of corro-
sion potentials and those established after immer-
sion of samples with a coating thickness of 1300 
(Ag+Cu), 1200, 900, 500, and 200...300 nm (Ag) in 
the solution was 47, 55, 48, 32, and 27 mV, respec-
tively. This may indicate that the intensity and du-
ration of contact and crevice corrosion, which was 
accompanied by delamination of the coating from 
the alloy, was the lowest in samples with a coat-
ing thickness of 200...300 and 500 nm. At the same 
time, it should be noted that the potential difference 
found when establishing the steady-state values of 
corrosion potentials Ecor , for the sample with a coat-
ing thickness of 1300 nm (Ag+Cu) was even less 
than for the samples with 1200 and 900 nm, but the 
depth of local corrosion damage was the greatest. 
This is due to a decrease in cathodic depolarization 
under the influence of copper and an increase in the 
potential difference between the alloy and the coat-
ing. Thus, it can be noted that the presence of cop-
per in the silver coating on the surface of implants 
is not permissible. 

Summarizing the above, it can be noted that the 
sample of NZ30K+0.1 wt. % Ag clad with a 1300 
nm thick layer of silver with copper impurities from 
the base on which the silver target for plasma spray-
ing was placed, underwent intense contact and crev-
ice corrosion with delamination of the coating at 

the intersection of cylindrical and flat surfaces. This 
contributed to the development of pitting and crev-
ice corrosion of the sample under the influence of a 
chloride-containing media by mechanisms inherent 
in stainless steels and alloys. In addition, they were 
accelerated by the selective dissolution of copper in 
the silver coating. 

4 Conclusion

According to the results of corrosion tests of a 
sample of NZ30K alloy + 0.1 wt. % Ag clad with 
layer of silver with copper impurities, it has been 
found that it was subjected to intense contact and 
crevice corrosion. It was accompanied by delamina-
tion of the coating from the alloy at the intersection 
of the cylindrical and end surfaces. In these places, 
pitting and ulcerative corrosion under the influence 
of a chloride-containing media was observed by 
mechanisms inherent in stainless steels and alloys. It 
is shown that the surfaces of corrosion pits on the 
studied sample have a characteristic microrelief in-
herent in the selective dissolution of metals on the 
anode areas of steels and alloys with pores (up to ~25 
μm) formed as a result of the coagulation of nonequi-
librium vacancies in the process of solid-phase dif-
fusion of alloy components in their vicinity. It was 
found that the Ecor corrosion potential of the sample 
shifted to the negative side at a rate of 29.9 mV/s 
for 320 seconds, which is associated with localized 
coating delamination. Further, a slow negative shift 
of Ecor was observed at a rate of 0.008 mV/s until it 
reached a steady-state value of -1.356 V. It is proved 
that the presence of copper in the silver coating on 
the surface of implants is unacceptable. 
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