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The paper investigates the effect of silver coating on the corrosion behaviour
of magnesium alloy NZ30K alloyed with 0.09 wt.% Ag in Ringer—Locke solu-
tion. Samples of the alloy under study are plated with a silver layer of 200—
300 nm and 500 nm thickness using the DC-magnetron sputtering system
equipped with a circular silver source and target (of 50 mm in diameter) in a
gas discharge. An unbalanced magnetron in a 600 mA DC mode at a voltage of
400V is used. The silver coating at a constant magnetron power of 240 W and
a bias voltage of 100 V is applied. The deposition time of a silver layer of 200—
300 nm is of 5 minutes, and for 500 nm, is of 15 minutes. As found, the
steady-state value of the corrosion potential Ec.- for the samples of the stud-
ied alloy clad with a silver layer of 200—300 nm is formed during 2060 s from
—1.418 up to —1.4449 V, and with 500 nm layer, during 1880 s from -1.433
up to—1.465 V. As recorded, the steady-state value of Ec.r for both samples is
established in two stages. As found, the rate of shifting of the potential Ecor
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for the studied samples in the negative direction at the first stage is of 0.062
and 0.034 mV /sec, respectively. As shown, the rate of shifting of Ec.: in the
negative direction for the sample with a coating thickness of 200—-300 nm at
this stage is by 1.82 times higher than for the sample with a coating thickness
of 500 nm. This is due to a larger number of linear and point defects over the
coating with a thickness of 200—300 nm than with 500 nm and more intense
contact corrosion. During the transition from the first stage to the second
one of the formation of the stationary value of the potential E..., its abrupt
fluctuation of up to 5 mV is observed that is associated with the delamination
of the coating from the alloy in the vicinity of corrosion pits on the surface of
the samples due to the contact and crevice corrosions and the mechanical ef-
fect of hydrogen bubbles released at the cathodic areas (of silver coating). As
shown, the steady-state value of the potential E..- for the samples of the alloy
under study with a coating thickness of 200—300 nm and 500 nm is more pos-
itive by 9 and 7%, respectively, than that of the sample of the same alloy
without a silver layer. This proves that, by applying silver coatings with dif-
ferent thicknesses, it is possible to control the rate of corrosion dissolution of
NZ30K alloy with Ag (0.09 wt.%) in Ringer—Locke solution, and this ap-
proach can be used for the fabrication of biodegradable implants for the
treatment of broken human bones.

Key words: biodegradable implants, magnesium alloy for implants, silver
coating on the surface of magnesium implants, local corrosion of magnesium
implants clad with a silver layer.

¥ craTTi gocaigiKeHO BIJIMB IOKPUTTA 3i cpibiia Ha KOPOBiiHY MOBENIHKY Mar-
umiftoporo cromy NZ30K, userosanoro 0,09 mac.% ApreHtymy B pPO3UYMHI
Pinrepa—Jlokka. 3pasku 3 JOCJTiAMKYBAHOTO CTONY IJIAKYBaJU IITapoM cpibJia
ToBuHOIO vy 200—-300 M i 500 HM, 3aCTOCOBYIOUM CHUCTEMY MArHeTPOHHOI'O
POBIIOPOIIIEHHS TOCTIHHOTO CTPYMY, OOJIafHaAHy KPYTJIUM J:KEepesioM i MireH-
HIO i3 cpibaa (miamerpom y 50 MMm) y rasoBomy po3pani. HesbamarncoBaHUil Ma-
THETPOH BUKOPUCTOBYBAJH B PEXKUMi mOCTifiHOrO cTpymMy y 600 MA 3a Hampy-
ru y 400 B. IToxkpurTa 3i cpibsa HAHOCUIIM 32 ITOCTiMHOI IOTYKHOCTY MAarHeT-
poHa y 240 Br i manpyru smimenna y 100 B. Yac ocagsxennsa mapy cpibna y
200-300 um craagaB b xBuiauH, a 500 uMm — 15 xBuamH. BeramosiaeHo, 1o
cTalioHapHe 3HAUEHHS HOTEHIiANy KOpPO3il E.r 3paskiB 3 ZOCIiIKyBaHOTO
cTomy, mIakoBaHoro 1apom cpidma y 200—300 um, opMyBasIoCsa BIIPOIOBIK
2060 cex Bim —1,418 mo —1,4449 B, a 3 500 um — 1880 cex Big —1,433 mo
—-1,465 B. 3agixkcoBano, 1110 cTarioHapHe 3HaYeHHA Ecor 060X 3pa3KiB BCTaHO-
BJITOBAJIOCS ¥ ABA eTanu. BUSABJIEHO, M0 IMIBUAKICTH 3CYyBaHHSA MOTEHITIANY Feor
IOCJiIKyBaHUX 3pasKiB y 6isbin Bix’eMHmME OiK Ha mepmIoMy erami cKjaajaja
0,062 i 0,034 mB/cex BimmoBiguo. ITokasamo, 1110 MBUAKICTh 3cyBaHHA Ecor Y
6iseI Bix emMHMI OiK y 3pasKy 3 TOBITUHOIO TOKpuTTA y 200—300 HM Ha ITHOMY
erami OyJia B 1,82 OisbIlie, HidK y 3pasky 3 MoKpUTTAM ToBITuHOW ¥ 500 M. Ile
3YMOBJIEHO OiJIBIIIOI0 KibKiCTIO JiHIAHUX 1 TOUKOBUX nedeKTiB HA IOKPUTTI
ToBuHOIO ¥ 200—300, Hixx v 500 HM, Ta iHTEeHCUBHIIITOI0 KOHTAKTHOIO KOPO3i-
€10. 3 Iepexo/ioM Bij[ IepIoro A0 Apyroro erany (GopMyBaHHS CTAI[iIOHAPHOTO
3HAUEHHA MOTEHIiANY Ecor CIIOCTEpPEIKEeHO HOT0 CTPUOKOIIOAIOHY (DIIOKTYAIIifo
Io 5 MB, 1110 TOB’A3aHO 3 BiAIIIapyBaHHAM HOKPUTTSA Bifi CTOIy B OKOJIi KOPO-
3ifHMX BUPA30K Ha IIOBEPXHi 3pas3KiB BHACIiIZOK KOHTAKTHOI Ta IIiINHHOI KO-
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posiii i MexaHiuHOro BIJINBY OyJIL0AIIOK i3 BOOHIO, AKUH BUAIIABCA Ha KATOI-
HUX Oingaikax (moxpurTTsa 3i cpibsa). Ilokasamo, 110 craiioHapHe 3HAUYEHHSA
MOTEeHIiANY Ecor 3pasKiB 3 AOCTiMKYyBAHOTO CTOIIY 3 TOBITMHOIO IMOKPUTTA y
200—-300 ta 500 um Ha 91 7% BiAIIOBIAHO € GBI HO3UTUBHUM, HijK y 3pasKy
3 TAKOT'0 JK CTOIIY, He IJIAaKOBAHOTO ItapoM cpibsa. Ile mepekonye, 1110, 3acTo-
COBYIOUHY MTOKPUTT 3i cpibiia 3 pidHOIO TOBITUHOIO, MOYKHA KEPYyBaTHU IITBUIKI-
CTIO KOpoasifinoro posunnenusa crony NZ30K, serosanoro Ag (0,09 mac.%) y
posumHi Pinrepa—Jlokka, a Takuii migxim MoskHA 3aCTOCOBYBATH [IJIsT BUPOO-
HUIITBA 6i0pO3KJIAAHUX iMIJIAHTATIB M JIIKYBaHHS 3JIaMaHUX KiCTOK JIIOHEH.

KarouoBi ciioBa: 6ioposkaagHi iMmiIaHTaT, MaTHiHOBUM CTOI MJIs iMIIJIaHTA-
TiB, MOKPUTTA 3i cpibyia HA TOBEPXHi MarxHiioBux imMniaanTaTiB, JIOKAJIbHA KO-
posia maruiioBux iMmIaHTATiB, IJIaKOBAHUX IITAPOM CpPibia.

(Received 5 December, 2023; in final version, 11 March, 2024 )

1. INTRODUCTION

Today, stainless steels, cobalt-containing and titanium alloys are most
commonly used in the manufacture of bone fixation implants [1]. These
materials can withstand mechanical loads throughout the duration of a
person’s treatment, but they can contribute to surgical complications,
such as metal allergies, infections, or soft tissue necrosis in their vicini-
ty [2]. At the same time, there is a need for surgical removal of implants
after fusion of broken bones, which is a problem for paediatric patients
[3] and increases medical costs [4]. Biodegradable implants made of pol-
ymers [6] and magnesium alloys [6—8] do not have these disadvantages.
At the same time, polymeric materials have low mechanical characteris-
tics, which limit their use [56]. However, magnesium alloys have an elas-
tic modulus of 40 GPa, which is close to that of tubular bones [9], which
contributes to the uniform redistribution of stresses during human
treatment [10]. In addition, the yield strength of magnesium alloys [11]
is higher than that of human bones (about 120 MPa) [12] and guarantees
their reliable fixation during treatment. For biodegradable implants,
aluminium-containing [13-16] and aluminium-free magnesium alloys
based on Mg—Mn, Mg—Mn-Zn, Mg—Y-Zn and McGaw [17] systems are
used, which meet the requirements for biodegradable implants in terms
of mechanical characteristics. However, aluminium-alloyed magnesium
alloys should be used with caution in implant production, as they can
contribute to biological complications such as Alzheimer’s disease, mus-
cle breakdown, and reduced osteoclast activity [18—20]. The magnesium
alloy NZ30K alloyed with Zn, Zr and Nd has no such reservations, and
its additional alloying with silver made it possible to improve its me-
chanical characteristics [21], provide slow uniform corrosion dissolu-
tion in the Ringer—Locke solution [21] and antibacterial properties of
the medium typical of antibiotics [22]. It is known that the rate of corro-
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sion dissolution of magnesium alloys can also be controlled by strength-
ening its structure [23—25] or by applying various coatings [26]. Taking
into account the above-mentioned information, the effect of silver coat-
ing on the corrosion behaviour of silver-alloyed NZ30K alloy in Ringer—
Locke solution is investigated in this paper.

2. EXPERIMENTAL/THEORETICAL DETAILS

We studied samples of magnesium alloy NZ30K alloyed with silver
(0.09 wt.%) smelted in an induction crucible furnace and subjected to
aging [21]. The diameter of the samples was 12 and the length was 30
mm. Their chemical composition by XRD using the INKA ENERGY
350 has been determined (Table 1).

The samples of the alloy under study were clad with a layer of silver
200-300 and 500 nm thick using a DC-magnetron sputtering system
equipped with a circular source and a target made of Ag (50 mm in di-
ameter) 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 (Table 1) were chemically de-
greased 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) fixture located 90 mm from the sputtering source. Before the
silver coating was deposited, air was pumped out of the chamber by a
diffusion oil pump to a residual pressure of 1:107% Pa. The samples were
ion-etched at a bias potential of 1000 V for 15 minutes at a pressure of
1.5 Pa. An unbalanced magnetron in a 600 mA DC mode at 400 V has
been used. The silver coating at a constant magnetron power of 240 W
and a substrate bias voltage of 100 V has been applied. The argon pres-
sure in the deposition chamber was 1.0 Pa. The time of silver deposi-
tion on the surface of the studied magnesium alloy was of 5 minutes for
a coating thickness of 200—300 nm and of 15 minutes for 500 nm.

Corrosion tests of silver clad samples have been carried out in a
Ringer—Locke solution (an aqueous solution of undissociated water
with the following chemical reagents, in mg/l: NaCl—9, NaHCOs;,
CaCls, KCI—0.2, CHOg126—1 at a temperature of 20 + 1°C.

The establishment of a stationary value of the corrosion potential
E . on the tested samples on the PN-2MK-10A potentiostat in auto-
matic mode has been recorded. The surface of corrosion damage on the

TABLE 1. Chemical composition of silver alloy NZ30K.

Alloy Content of chemical elements, wt.%
Mg Zn Zr Nd Ag
95.57 0.69 0.86 2.76 0.09

NZ30K+Ag
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samples after their testing in the Ringer—Locke solution using an opti-
cal microscope MMR-2P has been examined.

3. RESULTS AND DISCUSSION

According to the results of corrosion tests of a sample made of NZ30K
alloy additionally alloyed with Ag and clad with a silver layer 200—300
nm thick, it has been found that its potential E.. intensively shifted to
the negative side from —1.41776 and —-1.41904 at points 1, 2 up to
—1.4408 and —1.44048 at points 18, 19 (Table 2) during its exposure to
the test solution for the first 384 seconds of testing.

After further exposure of the sample in the test solution for 1684
seconds, the establishment of a stationary value of the potential E..
has been observed (Fig. 1).

It varied in a narrow interval from -1.4420 at point No. 20 up to
-1.4448, -1.4442, -1.4448 and —-1.4432 at points Nos. 60, 78, 79 and

TABLE 2. Corrosion potentials E... of NZ30K alloy additionally alloyed with
Ag and clad with a layer of silver 200—300 nm thick depending on the time (t)
of exposure of samples in Ringer—Locke solution.

No. of No. of No. of No. of
S s BV | D% 4s| EenV | 0% s | EenV | 0% s | EenV
points points points points

1 4 -1,41776 21 500 -1,44 41 1000 -1,44192 61 1520 -1,44288

2 24 -1,41904 22 520 -1,43872 42 1020 -1,4416 62 1540 -1,44384
3 44 -1,42064 23 540 -1,44064 43 1060 -1,4432 63 1580 -1,4432
4 64 -1,4232 24 560 -1,43968 44 1080 -1,44224 64 1600 -1,44352
5 84 -1,42384 25 580 -1,43904 45 1100 -1,4432 65 1660 -1,4432
6 104 -1,42672 26 600 -1,44128 46 1140 -1,44224 66 1680 -1,44448
7 124 -1,4264 27 640 -1,43904 47 1160 -1,4432 67 1700 -1,44256
8 144 -1,42864 28 660 -1,44192 48 1180 -1,4432 68 1740 -1,44352
9 164 -1,42864 29 680 -1,44192 49 1220 -1,44288 69 1760 -1,44288
10 184 -1,4312 30 700 -1,44064 50 1240 -1,44224 70 1780 -1,44192
11 204 -1,4312 31 720 -1,44064 51 1260 -1,44288 71 1800 -1,4432
12 224 -1,43344 32 760 -1,44064 52 1300 -1,44256 72 1840 -1,4432
13 244 -1,4344 33 780 -1,44224 53 1320 -1,44288 73 1860 -1,44384
14 264 1,436 34 800 -1,4416 54 1340 -1,4432 74 1900 -1,44384
15 284 1,436 35 820 -1,4416 55 1360 -1,4432 75 1920 -1,44352
16 304 -1,43632 36 840 -1,44192 56 1400 -1,44256 76 1980 -1,44288
17 324 -1,43792 37 860 -1,44256 57 1420 -1,44352 77 2000 -1,4432
18 344 -1,4408 38 900 -1,44224 58 1440 -1,44352 78 2040 -1,44416
19 364 -1,44048 39 940 -1,44256 59 1460 -1,44384 79 2060 -1,4448

Do
o

384 -1,44208 40 980 -1,44288 60 1480 -1,4448 80 2068 -1,4432
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Fig. 1. Dependence between the corrosion potential Ecr of NZ30K alloy addi-
tionally alloyed with Ag and clad with a silver layer of 200—300 nm thickness
on the time of exposure of samples (t) in Ringer—Locke solution.

80, respectively (Table 2). It has been found that the incubation period
for the formation of a stationary value of the corrosion potential E.
on the sample clad with a silver layer of 200—300 nm thick was of about
400 seconds after its immersion in the Ringer—Locke solution (Table
2). During this interval, the potential E.. shifted to the negative side
at arate of 0.062 mV /s (Fig. 1), which is 1.22 times more intense than
the shift to the positive side on the sample made of NZ30K alloy addi-
tionally alloyed with Ag and not clad with a silver layer [27]. Corrosion
studies have shown that even a very small thickness of the silver layer
on the surface of the alloy under study contributes to a shift in its po-
tential E.., to the positive side by about 0.06 V. This is because the
standard potential of magnesium in a solution of its own salts is of
—2.36, and that of silver is of +0.8 V [28]. With a perfectly dense silver
coating on a magnesium alloy, the sample potential would be close to
the value of the standard potential of silver in a solution of its salts.
However, the results of corrosion studies have shown that the poten-
tial E..r of a sample coated with a silver layer 200—300 nm thick is posi-
tive not much more than that of an uncoated sample of NZ30K alloy
additionally alloyed with Ag [27]. This is because the coating on the
surface of the alloy under study has a small thickness and defects (Fig.
2).

In particular, point defects up to 1 ym in size and linear macrostrat-
ification on the surface of the clad silver layer with a thickness of 200—
300 nm have been found, which contributed to the contact of the alloy
under study with the Ringer—Locke solution, where galvanic pairs
with a high potential difference (of about 3 V) have been formed. In-
tensive contact corrosion of the alloy in these areas has been observed,
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Fig. 2. Point and linear defects of the clad silver layer with a thickness of
200-300 nm on the surface of NZ30K alloy additionally doped with Ag
(x800).

as it has a much more negative potential value than silver. The conse-
quences of contact and subsequently crevice corrosion of the sample
surface are shown in Fig. 3.

It revealed large corrosion ulcers up to 1000 pm in size formed be-
cause of anodic dissolution of metals from the alloy and small corrosion
damage up to 2 um in the silver clad layer, which most likely originated
in places of its minimum thickness at the tops of the alloy microrelief
(Fig. 3). Using the Image J computer program, it has been found that
the total area of localized corrosion damage on the end surface of the
sample was 13.26 mm?. This is 26.4% of the total area of the sample
and 1.63 times larger than that of a sample of the same alloy not clad
with silver [27]. It is known [29, 30] that in chloride-containing media,
which is also a Ringer—Locke solution, steels and alloys are subject to
pitting corrosion. At the same time, the more pitting on their surface,
the lower the rate of their growth due to the redistribution of anode
current density between a larger number of them [31]. The analysis of
local corrosion damage on the surface of the samples showed that the
number, area, and depth of pittings on the samples coated with a silver
layer with a thickness of 200—300 nm (Fig. 3) are greater than on the
uncoated samples [27]. This is due to the fact that the uncoated alloy
underwent pitting and ulcer corrosion by the mechanisms inherent in



762 V.L.GRESHTA, O. E. NARIVSKYI, A. V. DZHUS, R. V. IVASHKIV et al.

Fig. 3. The surface of NZ30K alloy additionally alloyed with Ag and clad with
a layer of silver 200—300 nm thick after corrosion tests in Ringer—Locke solu-
tion.

pitting corrosion [30]. However, a sample of the same alloy clad with a
silver layer 200—300 nm thick underwent corrosion pitting, mainly
due to the mechanisms of contact corrosion, which is characterized by
the potential difference between the materials of the contact pairs
[32].

A characteristic feature of both mechanisms of local corrosion of
samples is the selective dissolution of metals from the surface of corro-
sion damage. This is consistent with well-known data from [30, 33] and
may contribute to the enrichment of anodic areas on the surface of
samples with chemical elements that are capable of forming stable ox-
ide films resistant to local corrosion in the chlorine ion media. In stain-
less steels and alloys, such a component is chromium [34—-37], and in
the studied NZ30K + Ag alloy, it is Zr, Zn, and Nd. At the same time,
due to the redistribution of currents between a large number of corro-
sion damage on the surface of the sample, as mentioned above [31],
conditions can be created for their repassivation through the for-
mation of Zr-, Zn-, and Nd-containing oxide films on their surface and
a decrease in the potential difference between the coating and the alloy
in the process of its corrosion—mechanical destruction.

Summarizing the above-mentioned information, it can be noted that
the rate of local corrosion of the sample clad with a silver layer with a
thickness of 200—300 nm is higher than that of the uncoated sample,
which is due to different mechanisms of these processes. It should be
noted that local corrosion processes on both samples occurred mainly
during the establishment of the stationary value of E.., and then, local
corrosion turned into general corrosion, which meets the requirements
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Fig. 4. Point defects of a 500 nm thick silver clad layer on the surface of
NZ30K + Ag alloy (x500).

for biodegradable implants. At the same time, they need to have an op-
timal dissolution rate in the human body [39], similar elastic modulus
values to tubular bones [36] for satisfactory stress redistribution [40],
and yield strength not less than that of bones for reliable fixation for
the entire treatment period [41-43]. The NZ30K + Ag alloy meets these
requirements, as its yield strength is 137 MPa [44] and that of tubular
bone is 120 MPa [42], it is non-toxic, does not contribute to metal al-
lergy, infections and soft tissue necrosis in the vicinity of implants [2,
18-20], and selectively dissolved Ag ions can be a source of disinfec-
tion of human soft tissue [45]. Taking into account the above-
mentioned data and the information of Ref. [38], the NZ30K + Ag alloy
clad with a silver layer of 200—300 nm thickness can be recommended
for the production of biodegradable implants after positive clinical tri-
als. To optimize the rate of their decomposition, samples of this alloy
clad with 500 nm silver layer have been studied. Metallographic analy-
sis revealed that the sample surface contained only point defects of up
t0 0.5 um (Fig. 4).

This significantly affects the dynamics of establishing the station-
ary value of the corrosion potential E.. of the sample during its study
in the Ringer—Locke solution (Fig. 5).

In particular, the results of the analysis of the dependence E..—t
(Fig. 5) showed that it was formed in two stages. At the first stage,
during 104 seconds after the sample was immersed in the test solution,
the following values of the potentials E.. have been recorded:
-1.43324, -1.43452, —1.43484, -1.43612, —-1.43708 at points 1-5, re-
spectively (Table 3). However, after 500 and 524 seconds of corrosion
testing, they are linearly shifted in the negative direction to —-1.45404,
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Fig. 5. Dependence of the corrosion potential Ec. of NZ30K alloy additionally
alloyed with Ag and clad with a 500 nm thick silver layer on the exposure time
(1) of the sample in Ringer—Locke solution.

-1.45512V (see points 21, 22, respectively, in Table 3).

It should be noted that at this stage of the corrosion tests, the rate of
shift of the potential E.. in the negative direction was of 0.034 mV/s.
This is 1.82 times slower than for the sample with a coating thickness
of 200—300 nm (Figs. 1, 5), which is due to slower contact corrosion of
the sample plated with a 500 nm thick silver layer. This was facilitated
by the smaller size of the pitting and the absence of linear defects on
the surface of the 500 nm-thickness coating. It should be noted that, at
the end of the first stage of formation of the stationary value of the
corrosion potential E. on both samples (Figs. 1, 5), a slight shift of
this potential to the positive side by 5 mV has been recorded. This is
due to the local destruction of the coating on the surface of the tested
samples under the influence of a stream of hydrogen bubbles formed on
the cathodic areas, i.e. the surface of the silver coatings, which has
been determined visually. Further, an intensive shift of the potential
E.r in the negative direction to —1.46144, -1.46496, —1.4656 V at
points 48, 52, 71, 75 (Table 3), respectively, has been found. This ten-
dency is inherent in the second stage of establishing the stationary
value of E.. during 1256 seconds of testing (from point 22 to point 75
in Table 3).

At this stage, a less intense corrosion—mechanical destruction of the
coating was observed than at the first stage, since the potential E... of
the sample shifted to the negative side at a rate of 0.01 mV /s (from
point 22 to point 52 in Table 3) until the stationary value of —1.466 V
has been established. It is associated with the stabilization of anodic—
cathodic processes on the surface of the sample after corrosion—
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TABLE 3. Corrosion potentials E... of NZ30K alloy additionally alloyed with
Ag and clad with a 500 nm-thickness silver layer depending on the time (t) of
exposure of the sample to Ringer—Locke solution.

II:I(:;I(:Z 1,8 Eer,V II:I(:;I(:Z 1,8 Eewr,V Ejﬁlﬁ 1,8 Ewr,V Ejﬁlﬁ 1,8 Eewr,V
1 4 -1,43324 21 500 -1,45404 41 1000 -1,45632 61 1500 -1,46336
2 24 -1,43452 22 524 -1,4512 42 1020 -1,4576 62 1520 -1,46304
3 44 -1,43484 23 544 -1,45024 43 1060 -1,45568 63 1540 -1,46208
4 84 -1,43612 24 584 -1,45216 14 1080 -1,45728 64 1560 -1,46208
5 104 -1,43708 25 604 -1,45312 45 1100 -1,45888 65 1580 -1,46304
6 124 -1,44124 26 624 -1,45152 46 1120 -1,45984 66 1600 -1,46272
7 164 -1,44444 27 644 -1,45312 47 1140 -1,4592 67 1620 -1,46208
8 184 -1,44252 28 684 -1,45184 48 1180 -1,46144 68 1640 -1,46272
9 204 -1,44284 29 704 -1,45216 49 1200 -1,45856 69 1660 -1,46208
10 244  -1,44732 30 724 -1,45568 50 1220 -1,46208 70 1680 -1,46272
11 264 -1,44508 31 744  -1,45504 51 1260 -1,46016 71 1700 -1,46496
12 304 -1,447 32 784 -1,45472 52 1280 -1,46144 72 1720 -1,46336
13 324 -1,44796 33 804 -1,456 53 1300 -1,4608 73 1740 -1,46368
14 364 -1,44988 34 824 -1,456 54 1320 -1,46176 74 1760 -1,46336
15 384 -1,45052 35 844 -1,456 55 1360 -1,46112 75 1780 -1,4656
16 404 -1,45084 36 884 -1,45472 56 1380 -1,4624 76 1800 -1,46496
17 424 -1,45148 37 904 -1,45536 57 1400 -1,46304 7 1820 -1,46368
18 444 -1,45084 38 924 -1,4576 58 1420 -1,45952 78 1840 -1,464
19 464 -1,45436 39 944 -1,45568 59 1440 -1,46208 79 1860 -1,46336
20 484 -1,4518 40 984 -1,45696 60 1480 -1,46464 80 1880 -1,46464

mechanical destruction of the coating (Fig. 6).

An analysis of the surface of the 500 nm-thickness coated specimen
after its corrosion tests in Ringer—Locke solution showed that it suf-
fered the greatest localised corrosion damage at its ends, where the
coating adhered to the alloy with the lowest adhesion (Fig. 6). In par-
ticular, on the right side of the sample (Fig. 6), the coating was de-
tached from the alloy surface. This is obviously due to the local contact
of the alloy with the Ringer—Locke solution and the formation of con-
tact pairs between it and the coating. Under such conditions, anodic
and cathodic processes were accelerated with the formation of hydro-
gen bubbles on the coating, which contributed to its detachment from
the alloy and the formation of a gap between them, which was filled
with the solution. This also contributed to the development of crevice
corrosion on the sample.

It should be noted that the formation of a stationary value of the
corrosion potentials E., of NZ30K and NZ30K + Ag alloys occurred
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Fig. 6. The surface of NZ30K alloy additionally doped with Ag and clad with a
500 nm-thickness silver layer after corrosion tests in Ringer—Locke solution.

under the influence of selective dissolution of the most electronegative
magnesium component from its surface, so their E.. shifted to the pos-
itive side after immersion of the samples in the Ringer—Locke solution.
However, the E... potentials of the NZ30K + Ag alloy samples clad with
a silver layer of 200—300 nm- and 500 nm-thickness shifted to the neg-
ative side before its steady-state value has been established, which was
due to pitting, contact, and crevice corrosions, which are formed and
developed on point and linear coating defects. This one occurred in two
stages. For a sample with a coating thickness of 500 nm, the first stage
lasted about 400 s, and its potential E... shifted to the negative side at a
rate of 0.034 mV /s, which is 1.82 times slower than for a sample with a
coating thickness of 200—300 nm. The second stage for both types of
samples was longer (up to 1500 s) and was characterized by corrosion—
mechanical destruction of the coating and a very slow shifting of E.. of
the sample with a coating thickness of 200—300 nm in the negative di-
rection (of about 2 mV during 1500 s) and slightly faster for the sample
with a coating thickness of 500 nm (0.01 mV/s).

These corrosion—mechanical processes on the surface of the samples
contributed to the fact that its E... potential was 95 (200—-300 nm) and
75 mV (500 nm) more positive than that of a sample of the same alloy
not plated with silver. This shows that these coatings on the surface of
the NZ30K + Ag alloy can be used to control the dissolution rate and to
disinfect additionally surgical sites with selectively dissolved silver
from the alloy and coating.
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4. CONCLUSIONS

According to the results of the research, it has been found that the cor-
rosion potential E.. of samples made of NZ30K alloy alloyed with Ag
and clad with a silver layer of 200—300 nm- and 500 nm-thickness
shifted in the negative direction from -1.418 up to —1.449 V during
2060 s and from —1.433 up to —1.465 V during 1880 s of exposure in
the Ringer—Locke solution, respectively, until its stationary value has
been established. During the first 400 seconds of testing the samples,
the most intense shift of this potential to the negative side at a rate of
0.062 and 0.034 mV /s has been observed, respectively. The potential
E.. of the samples coated with a silver layer with a thickness of 200—
300 nm was 1.82 times more intensively shifted to the negative side
than that of the samples with a coating thickness of 500 nm. This is
due to the more intense contact and crevice corrosion of the former on
coating imperfections. Further, after 400 seconds of research, a jump-
like fluctuation of E... has been detected, which is associated with the
delamination of the coating from the alloy under the influence of crev-
ice corrosion and the mechanical pressure of the flow of hydrogen bub-
bles on it, which was released at the cathode areas. After establishing
the steady-state value of the potential E..., both samples showed main-
ly uniform corrosion dissolution at a rate by 1.09 and 1.07 times lower
than that of the sample of the same alloy without coating, if take into
account the steady-state values of their potentials E.... It has been
shown that silver coating on NZ30K alloy additionally alloyed with sil-
ver (0.09 wt.% ) can be used to control the rate of its corrosion dissolu-
tion in Ringer—Locke solution and recommend this approach for im-
plant manufacturing.
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