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Abstract: Magnesium-based alloys are a modern material for the production of biodegradable (self-dissolving) surgical
implants. Magnesium is a metal with the most negative electrode potential of all structural materials: —2.37 V.
This means that close arrangement of implants made of magnesium, and for example, titanium alloys will lead to the oc-
currence of a galvanic effect, and accelerated electrochemical corrosion of magnesium. However, it is unknown how
the ratio of the areas of titanium and magnesium products affects the magnitude of this effect. This work covers this issue.
In the presented study, cylindrical samples of biodegradable ZX10 and WZ31 magnesium alloys were placed in physiolo-
gical Ringer’s solution at a distance of 3 cm, from a sample of medical Ti6Al4V alloy of the same shape and size. During
the test, the temperature of the corrosive environment was maintained at 37 °C. The series of experiments included corro-
sion tests lasting three days with the participation of one, two or four magnesium samples, thus the area ratios between
the titanium and magnesium alloy were 1:1, 1:2 and 1:4. It was found that for both magnesium alloys, with an increase in
the area ratio, the effect of electrochemical action decreases significantly, which is expressed in a decrease in the corrosion
rate. At the same time, for the WZ31 alloy, the effect of the presence of Ti6Al4V on the corrosion rate is significantly
weaker than for ZX10, which is explained by the presence of the LPSO phase in the alloy, as well as a more alloyed matrix
and, accordingly, having a more positive electrode potential.
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INTRODUCTION

The idea of a self-dissolving surgical implant for os-
teosynthesis has long been under close attention of sci-
entists and medical companies. Such implants do not
require an operation to remove them, which is a serious
stress for the patient’s body. One of the simplest solu-
tions is the use of bioresorbable polymers such as
polylactide, polydopamine, polycaprolactone, etc. In-
deed, these materials are quite cheap and easy to pro-
cess. At the same time, the strength properties of poly-

mers cannot be compared with metals. Attempts to
solve the problem, for example, by creating a polymer-
metal composite [1], continue, but significant progress
has not yet been achieved. Similar problems are ob-
served for bioresorbable ceramics, which are also much
more fragile. Among the metallic materials, iron, zinc
and magnesium are considered as a basis for bioresorb-
able alloys [2], some researchers consider tungsten [3; 4],
and metallic glasses based on calcium, zinc and stronti-
um [5] as a bioresorbable material. Magnesium alloys
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are already used for the commercial manufacturing of
medical self-dissolving products; moreover, the Young’s
modulus of magnesium of the presented elements is the
closest to that of bone, which is also an important factor,
since an implant made of such a material is capable of
elastic deformation, in concert with the bone.

The operating conditions of a magnesium alloy implant
can directly affect its characteristics, such as the corrosion
rate. For example, a titanium implant may already be in-
stalled in the immediate proximity to the installation site of
a magnesium alloy medical device. It is known that due to
the lowest electrode potential among all structural materi-
als, magnesium is prone to electrochemical corrosion in the
presence of other metals [6; 7], because of the formation of
a galvanic couple between the more negative magnesium,
and the more positive metal. In [8], using Kelvin probe
atomic force microscopy, evidence was obtained that in
some cases, even the corrosion products appearing on
the surface of a magnesium alloy, can have a more positive
potential and are capable of forming a galvanic couple with
the magnesium matrix. In [9], where magnesium alloys
doped with silver were studied, it was demonstrated that
with the addition of silver, the corrosion properties first
improve, and then the corrosion resistance drops sharply.
The authors attribute this to the difference in electrode po-
tential between the matrix, and the intermetallic particles
released upon reaching the solubility limit of the ligature.
However, except for the electrode potential, there are
a number of other factors affecting electrochemical corro-
sion. The most important of these is the distance at which
the galvanic effect between magnesium and another metal
will have a significant effect on the corrosion rate.

In [10], a magnesium screw was installed directly into
a titanium plate (i.e., had direct contact with it) secured, in
addition to it, by titanium screws. Based on the results of
experiments, including in vivo tests on rabbits, the authors
note that the magnesium screw contributed to the formation
of enlarged callus, and accelerated its mineralization com-
pared to the control group, where only titanium screws
were used to attach the titanium plate. At the same time, in
the X-ray images presented in this work, the magnesium
screw is almost invisible already three weeks after the ope-
ration. This indicates that in just 21 days it almost completely
dissolved under the influence of the aggressive environment
of a living organism and electrochemical interaction with
the titanium plate and screws. Obviously, the intensive dis-
solution of the screw accelerated the formation of bone
callus, due to the enrichment of tissues with magnesium.
However, at the same time, one should note that the screw
itself dissolved too quickly. In the scheme proposed by
the authors, where several titanium screws bear the main
load, such a dissolution rate is acceptable. However, if we
talk about pure magnesium implants that perform their
functions independently, based on this work, we can con-
clude that direct contact with titanium products in the hu-
man body threatens the failure of the implant, before
the completion of the fusion process. In one of our previous
works, it was found that when a titanium implant is located
3 cm from a sample made of ZX10 alloy, the corrosion rate
increases by 1.5 times, but at a distance of 6 cm this effect
completely disappears [11]. This shows that the electro-

chemical interaction between magnesium and titanium, can
manifest itself both in direct contact of metals and at some
distance, and that the influence of this effect on the corro-
sion rate is significant.

Another important parameter is the ratio of the areas
of magnesium and titanium alloy products. The main
hypothesis is that, an increase in the area of a magnesi-
um product relative to a titanium one, can reduce to
some extent the influence of the electrochemical effect
on the corrosion rate. Confirmation of this hypothesis
will allow the installation of a large magnesium implant,
such as an osteosynthesis plate, near a small titanium
implant, such as a screw. Finally, it is important to un-
derstand whether the galvanic effect is equally strong
for different magnesium alloys. Considering that it is
caused by the difference in electrode potentials, it can
be assumed that for alloys with a large number of se-
condary phase particles whose potential is more positive
than that of magnesium, or a matrix whose electrode
potential has been increased by dissolving alloying ele-
ments in it, the influence of electrochemical interaction
with the titanium alloy will be significantly weaker.
In this regard, this study was conducted for two differ-
rent magnesium alloys.

The aim of the work is to determine the influence of
the ratio of the areas of samples of ZX10 and WZ31 mag-
nesium alloys, and a sample of Ti6Al4V titanium alloy on
the corrosion rate.

METHODS

Bioresorbable ZX10 and WZ31 alloys were selected for
the study. Multi-axial isothermal forging was selected as
the thermomechanical treatment, which was carried out in
the temperature range of 400-300 °C, and included 5 passes.
This treatment mode ensures a uniform fine-grained structure
[12]. The chemical composition of magnesium alloys was
determined using a Thermo Fisher Scientific ARL 4460 OES
optical emission spectrometer (USA). The chemical composi-
tion of the titanium alloy was determined on a Bruker Q4
Tasman optical emission spectrometer (Germany). Both spec-
trometers were calibrated using standard samples.

The samples (including those made of titanium alloy)
were cylinders with a diameter of 5 mm and a height of
30 mm prepared by turning. The titanium Ti6Al4V alloy
used in the study complied with GOST R ISO 5832-3-
2020. Separately, flat samples were made to study the
microstructure of the ZX10 and WZ31 alloys, which were
successively polished on anhydrous diamond suspensions
with an abrasive size of 3, 1 and 0.25 pm, followed by ion
polishing in an argon ion stream on a Hitachi IM4000 Plus
installation (Japan) at an accelerating voltage of 4.5 kV
for 45 min.

The microstructure study was carried out in a Carl Zeiss
SIGMA scanning electron microscope (SEM) column (Ger-
many), using EDAX modules (USA), for electron backscat-
ter diffraction (EBSD) and energy-dispersive spectrometry
(EDS) analysis. The WZ31 alloy had a large number of se-
condary phase particles, whose electrode potential was addi-
tionally studied using the Kelvin probe method using
an NT-MDT Solver NEXT atomic force microscope (Russia).
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The corrosion tests included keeping the sample for 72 h in
a Ringer solution of 8.36 g of NaCl, 0.3 g of KCl, and 0.15 g
of CaCl, per 1000 ml of water. The volume of the corrosion
cell was 5 1. A Mettler Toledo Delta 320 pH-meter (USA) was
used to record the maximum pH level. Tests of the control
group (in the absence of titanium alloy) were performed on
samples of both alloys. The initial corrosion rate was deter-
mined for one and for four samples simultaneously participat-
ing in the experiment, since the number of samples in the cell
could affect the corrosion rate. During the main series of ex-
periments, the titanium rod was fixed in a groove in the middle
of a fluoroplastic washer with a diameter of 7 cm. Grooves for
installing magnesium alloy samples were located in a circle at
a radius of 3 cm from it. Fig. 1 shows the setup diagram. One,
two and four magnesium alloy samples were used in the expe-
riment at a time, so the ratio of the areas of the titanium and
magnesium alloys was 1:1, 1:2 and 1:4.

After the tests were completed, the samples were re-
moved, and the corrosion products were removed by im-
mersion for 1 min in an aqueous solution of 20 % CrOs +
+1 % AgNOs. The corrosion rate was determined gravi-
metrically by the difference in masses.

RESULTS

Table 1 shows the chemical composition of magnesium
alloys. Table 2 shows the chemical composition of a titani-
um alloy.

Fig. 2 shows that the ZX10 alloy has an average grain
size of about 5 um, while the WZ31 alloy has an average
grain size of about 1 pm. Both alloys have a disordered
structure and no crystallographic texture, which is typical of
alloys after multi-axial isothermal forging. This allows
avoiding the anisotropy of corrosion properties, caused by
crystallographic orientation, which is observed in highly
textured materials. Dark areas corresponding to non-
indexed regions are visible in Fig. 2 b.

Secondary phase particles in the ZX10 alloy are few in
number, and contain zinc and calcium (Fig. 3). Based on
the elemental composition, the phase with spongy mor-
phology in the ZX10 alloy (point 1 in Fig. 3) is most likely
calcium, and magnesium oxide particles. Particles at points
2 and 3 are most likely intermetallides formed by the matrix
metal and alloying elements.

In contrast, the WZ31 alloy is saturated with particles
mostly having a morphology characteristic of the LPSO phase
(Fig. 4). In addition to large (up to 15 um) LPSO phase parti-
cles, there are small particles 0.2-2 pm in size. Most likely, the
small particles were obtained by mechanical crushing of large
ones during thermomechanical treatment. The elemental com-
position of the LPSO phase is shown in Table 3.

The results of the Kelvin probe study of the WZ31 alloy
presented in Fig. 5 show both large and small particles,
positively charged relative to the matrix, presumably repre-
senting the LPSO phase.

Fig. 6 demonstrates that for both magnesium alloys
the corrosion rate in the presence of titanium alloy is higher
than during the tests of the control group. However, it
should be noted that the difference depends significantly on
both the chemical composition of the material and the num-
ber of anodes (magnesium samples), and accordingly, on

the ratio of the areas of magnesium and titanium alloys:
with an increase in the number of magnesium alloys, their
corrosion rate decreases.

Table 4 shows the maximum pH level found for each
group of samples during the experiments. One should note that
in all cases, regardless of the presence of titanium alloy and
the number of anodes, the pH level reaches its maximum va-
lues in the first day, and then remains virtually unchanged.

DISCUSSION

The presence of the LPSO phase is indirectly confirmed
by the results of EBSD analysis: according to the literature,
the dark non-indexed areas in Fig.2b correspond to
the LPSO phase [13; 14].

Based on the elemental composition, the phase with
a spongy morphology in the ZX10 alloy (point 1 in Fig. 3)
is most likely particles of calcium and magnesium oxides,
while the rounded particles (points 2 and 3 in Fig. 3) have
a ratio of zinc atoms to calcium atoms of ~2.2. Due to this,
they most likely belong to the Ca,MgsZns [15] and
MgeZn3Cas [16] phases.

The chemical composition of the LPSO phase in
the studied WZ31 alloy is very close to that presented in
the literature [17]. It is known that the LPSO phase is more
positively charged than the matrix. A study using Kelvin
probe atomic force microscopy (Fig. 4), allowed determin-
ing that the electrode potential of the LPSO phase (light
areas in Fig. 4) in the WZ31 alloy is really 0.3-0.4 V more
positive than the matrix, which is fully consistent with
the results of [18; 19].

Based on the results of the experiments, several im-
portant facts can be noted. Firstly, regardless of the material
and number of magnesium samples, the corrosion rate in
the presence of the titanium alloy is always higher than
without it, i.e. in all cases a galvanic effect occurred be-
tween the titanium and magnesium alloys.

The second important result is that the dependence of
the corrosion rate on the ratio of the areas of the titanium
and magnesium alloys differs significantly for the ZX10
and WZ31 alloys. If for the ZX10 alloy an increase in
the area ratio from 1:1 to 1:2 provokes a sharp decrease in
the corrosion rate, which gives the curve the appearance of
a hyperbola, then for the WZ31 alloy the curve has rather
the appearance of a straight line along its entire length
(Fig. 6). Moreover, the difference between the corrosion
rate of the samples in the presence of the titanium alloy and
the samples of the control group is smaller for this alloy.
From this, we can conclude that the WZ31 alloy is less sensitive
to the galvanic effect caused by the presence of
the titanium alloy. This is well explained by the fact that
the WZ31 matrix contains zinc and yttrium dissolved in
it, due to which its electrode potential is increased, as
well as by the presence in the alloy of a large number of
LPSO phase particles, which are more positively charged
than magnesium. Thus, the difference in electrode poten-
tials between WZ31 and Ti6Al4V is smaller than be-
tween Ti6Al4V and ZX10.

An interesting result is the decrease in the corrosion rate
of the control samples with an increase in the number of
anodes observed for both alloys. This effect can be
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Mg-alloy

fucad

Ti-alloy

Fig. 1. Schematic diagram of the arrangement of samples during the corrosion tests
Puc. 1. Cxema pacnonodicenus oopasyoe 60 6pems KOPPO3UOHHbIX UCHbIMAHUL

Table 1. Chemical composition of the WZ31 and ZX10 magnesium alloys, % wt.
Taonuya 1. Xumuueckuii cocmas macnuesvlx cniacoé WZ31 u ZX10, eec. %

Alloy Mg Zn Zr Ca Fe Mn Si Al Cu Y
WZ31 0.69 0.13 <0.001 0.004 0.002 0.002 0.008 <0.001 2.790
Base
7X10 1.48 <0.01 0.098 0.004 0.003 0.002 0.010 <0.001 <0.001
Table 2. Chemical composition of the Ti6Al4V alloy, % wt.
Tabnauuya 2. Xumuueckuii cocmae cnaasa Ti6Al4V, sec. %
Ti Si Mn Cr Ni Mo Al Fe \% C Cu
Base 0.016 0.002 0.021 0.011 0.011 5.618 0.102 3.950 <0.002 0.006

Fig. 2. Maps of crystallographic orientations of grains of the ZX10 (a) and WZ31 (b) alloys
Puc. 2. Kapma kpucmannocpaguueckux opuenmayuii sepen cnaaeoe ZX10 (a) u WZ31 (b)
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Fig. 3. SEM image and chemical composition of secondary phase particles in the ZX10 alloy
Puc. 3. COM-cHUMOK u Xumuyeckuii cocmas 4acmuy emopuynsix gasz ¢ cniase ZX10

Fig. 4. LPSO phase particles (marked by red arrows and frame) in the WZ31 alloy
Puc. 4. Yacmuywvr LPSO-¢hazvl (nomeuervl KpacHvimu cmpeakamu u pamoil) 6 cniage WZ31

o B 1 15 0 %

0.75 0.80 0.85 0.90 O.9W5 1.00 1.05 1.10 1.15 |

Fig. 5. Electrode potential distribution on the WZ31 alloy surface. Light areas are the LPSO phase
Puc. 5. Pacnpedenenue 31ekmpooHo2o nomenyuaia Ha nosepxuocmu cniasa WZ31. Ceemuvie yuacmku — LPSO-¢haza

Frontier Materials & Technologies. 2024. No. 4



Myagkikh P.N., Merson E.D., Poluyanov V.A. et al. “Electrochemical interaction between biodegradable ZX10 and WZ31...”

T o
©
Q
> W0 7
€
A
£
g =
&
:m
2
72 B o I
=
G -
o
o

ZX10
ZX10 (control group)

[Tp]

Corrosion rate, mm/year

0

1 2

3 4

5

Number of anodes in the experiment

a

— WZ31
. W |
| .- Z31 (control group)
HR"--,._ B
0 1 2 3 4 5

Number of anodes in the experiment

b

Fig. 6. Dependence of the corrosion rate of the ZX10 (a) and WZ31 (b) alloys on the number of magnesium alloy samples (anodes)
Puc. 6. 3asucumocmsv ckopocmu xopposuu cniaeoe ZX10 (a) u WZ31 (b) om uucna obpasyos macnuesoeo cniasa (ano0os)

Table 3. Chemical composition of the WZ31 alloy matrix and LPSO phase
Taonuya 3. Xumuueckuii cocmas mampuywl cnaaéa WZ31 u e2o LPSO-gazvl

Area Mg (wt. %) Y (wt. %) Zn (wt. %) Mg (at. %) Y (at. %) Zn (at. %)
Matrix 96.65 2.43 0.92 98.97 0.68 0.35
LPSO phase 74.5 17.33 8.17 90.55 5.76 3.69

Table 4. Maximum pH level of the solution achieved during corrosion tests

Taénuua 4. Maxcumanvuolii ypogeno pH pacmeopa, docmuenymuiii 6 x00e KOPPOZUOHHBIX UCHbIMAHULL

Group of samples

Maximum pH level

ZX10 control group, 1 anode 8.52
ZX10 control group, 4 anodes 9.44
7ZX10, 1 anode 8.52
ZX10, 2 anodes 8.68
7X10, 4 anodes 9.39
WZ31 control group, 1 anode 8.32
WZ31 control group, 4 anodes 9.21
WZ31, 1 anode 8.23
WZ31, 2 anodes 8.46
WZ31, 4 anodes 9.24

explained by a significantly higher maximum pH level of
the solution in the experiments involving four anodes,
which is consistent with the results of [20], where it was
shown that at a high pH level, the corrosion of the magne-
sium AZ31 alloy slows down. In all such cases, the pH le-

vel during the first day took a value of about 9.2-9.4, after
which its growth stopped. It was previously demonstrated
that a high pH level could contribute to better passivation of
the surface of the ZX10 alloy [21]. Apparently, a similar
feature is characteristic of WZ31.
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CONCLUSIONS

1. Increasing the area ratio of the ZX10 and Ti6Al4V al-
loy samples from 1:1 to 1:2 leads to a sharp drop in the
corrosion rate. Increasing the area ratio from 1:2 to 1:4 also
contributes to a decrease in the corrosion rate, but not as
significantly.

2. The corrosion rate of the WZ31 alloy decreases al-
most linearly, with an increase in the area ratio of the ZX10
and Ti6Al4V alloy samples.

3. The WZ31 alloy is less sensitive to the galvanic ef-
fect introduced by the presence of a titanium alloy at a dis-
tance of 3 cm. This is explained by an increase in the elec-
trode potential of the matrix, due to the dissolution of alloy-
ing elements in it and the presence of a large amount of the
LPSO phase.

4. Increasing the number of magnesium samples in
the control group from 1 to 4 also leads to a decrease in
the corrosion rate of both alloys under study. The most like-
ly cause of this phenomenon is a significantly higher ma-
ximum pH level of the solution, which can contribute to
better passivation of the material.
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Annomayusn: CrinaBel Ha OCHOBE MarHusl SIBJISIFOTCSI COBPEMEHHBIM MaTepHajioM Ul M3TOTOBJIECHUsI OHope3opoupye-
MBIX (CaMOPACTBOPSIOIIMXCS) XUPYPrHYECKUX HMILUIAHTATOB. MarHuii — MeTajl ¢ HauOoyiee OTPHLATEIBHBIM M3 BCEX
KOHCTPYKIIMOHHBIX MaTEpPHAIOB JIEKTPOAHBIM IMoTeHnnanoM —2,37 B. OT1o o3Havaer, 4To OJHM3KOE PACIHONIOKCHHUE MM-
TUIAHTATOB U3 MarHUEBBIX M, HAIIPUMEP, TUTAHOBBIX CIIABOB OY/ET NPUBOANTH K BOBHUKHOBEHHUIO IaJIbBAHUUECKOTO A(-
(hexTa ¥ YCKOPEHHO# 3JIEKTPOXUMHYECKOH KOppo3uu Marausi. OJTHAKO HEM3BECTHO, KaK BIUSET COOTHOLICHHUE TUIOMIAACH
W3AETNI U3 THTaHA U MarHus Ha MposiBIeHue 3Toro dddekra. JlaHHas paboTa mocCBsIeHa 3TOMY Bompocy. B npusenen-
HOM HCCIIE/IOBaHUH IIMJIMHAPHYECKHE 00pa3libl Onope30opOupyeMbIX MarHueBbix cruiaBoB ZX10 u WZ31 pacnonaranuchk
B (PM3HOJIOIMYECKOM pacTBOpe PuHrepa Ha paccTosiHuM 3 ¢M OT 00pasia U3 CIulaBa MEAUIIMHCKOrO HasHadeHus Ti6Al4V
Takoif xe (GopMbl U pa3mepa. Bo Bpems ucmbITaHUS MOJAEPKUBANIACh TeMIepaTypa Koppo3norHo# cpenst 37 °C. Cepust
HKCIIEPUMEHTOB BKJIIOYaNa B ce0s KOPPO3HOHHBIE HCIBITAHMS JUIUTEIBHOCTHIO TPOE CYTOK C YYaCTHEM OIHOTO, ABYX WIIN
YeThIPeX MarHUeBbIX 00pPa3IOB, TAKUM 00pa30M, COOTHOILICHHUE TUIOMIAAeH TUHTAHOBOTO 1 MarHUEBOTO CILIABA COCTABIISLIO
1:1, 1:2 u 1:4. BeigBieHo, 9To a1l 00OWX MAarHUEBHIX CIDIABOB IIPH yBEIMYEHHH COOTHOLICHHS IUIomIaneil apQexr ot
IIEKTPOXUMHYECKOTO BO3ICHCTBHUS 3HAUNTEIHHO CHIDKAETCS, YTO BBIPAXKEHO B YMEHBIICHUH CKOPOCTH KOppo3uH. B To ke
BpeMsi BiusiHUE npucyTcTBus Ti6Al4V Ha ckopocTs Kopposun mis ciaBa WZ31 cymectBeHHo cinabee, yeMm st ZX10,
910 00BsICHAETCS HammuueM B ciutaBe LPSO-¢dassl, a Taroke Oojee JeTHPOBAaHHOW M, COOTBETCTBEHHO, UMEIOIEH Ooiee
TMIOJIOXKUTEIBHBIN 3JIEKTPOIHBIIN MOTEHIINAT MAaTPHLICH.

Kniouegvle cnosa: xupyprudeckue MMIUIAHTATHI, 3JIEKTPOXUMHYECKash KOppO3Ms; OMope3opOupyeMble MaTepualibl;
Maruuensie cmiaBbl; ZX10; WZ31; tutanoBsie criaBbl; Ti6AlI4V; MeAUIIMHCKHE MaTePHAIIBl; CKOPOCTh KOPPO3UH; DJICK-
TPOJHBIN MOTEHIHAIT.
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