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The electrochemical behaviour of Cu and Cu-Bi alloys containing different amounts
of Bi in aerated neutral 5% NaCl solution was investigated in the cathodic and anodic
ranges and at the corrosion potential. In the cathodic range where the reduction of
oxygen takes place, the experimental evidence for the suppression of this process on
Cu-Bi alloys was obtained. In the anodic range, dissolution of Cu and Cu-Bi alloys
occurs in a different way depending on whether these specimens have been cathodi-
cally treated before anodic sweeps or not. Corrosion currents were calculated using
the anodic Tafel slope and the polarization resistance. They were found to decrease
with time and to be a certain function of Bi content in alloy. XPS spectra showed that
the surface layer of a corroding specimen is mainly composed of cuprous oxide, bis-
muth oxide and, with a high degree of probability, of elemental copper formed most
likely by redeposition. Chlorine bonding to the oxygenated species of metals was pre-
sumed to be possible. In terms of the Marcus concept, Bi in the pair Cu-Bi can be
attributed to a rather weak passivity promoter. Its effect on passivation enhancement
is likely explained by formation of 3D oxide Bi,O, involved in the composition of a
passivating layer formed on the surface of a corroding alloy.
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1. INTRODUCTION

Only a minor part of dissolved O, is electroche-
mically reduced directly on the Cu surface:

Owing to a wide range of technical applications of
Cu in the process equipments and also in the pro-
duction of various devices of electrical, electronical
or magnetic purposes, extensive efforts have already
been directed to investigating the electrochemically
assisted corrosion of this metal. A general overview
of the literature on this problem is presented in
reviews [1-4].

In the past several decades, intensive studies ha-
ve been carried out on the corrosion behaviour of
Cu in acidic solutions. Particularly, it has been shown
that corrosion of Cu in naturally aerated solutions
occurs through the so-called catalytic mechanism [5].
The main stages of this mechanism were shown to
be the formation of Cu(I) species, their diffusion to
the bulk solution phase, and the chemical reaction
with O, dissolved in a solution:

Cu —» Cu* + e, (1)

4 Cu(l) + 4 H* + O, = 2 Cu(Il) + 2 HO.
(2)
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O, + 2H,O + 4c — 40H-. 3)

Because of reaction (2), voltammetric measure-
ments will yield undersized values of the Cu corro-
sion rate [5]. In addition, the disproportionation re-
action of Cu(I) and the cathodic reduction of Cu(II)
to Cu(I) can also occur at the Cu surface along
with reactions (1) and (2):

2 Cu(l) - Cu(Il) + Cu(0), (4)
Cu(Il) + e — Cu(l). (5)

The mechanism and kinetics of Cu corrosion de-
pend on the relations between the rates of separate
reactions (1)—(5) and also on the mass transfer in-
volving the corresponding reacting species.

Many of the published work on the corrosion
behaviour of Cu are devoted to study its corrosion
in chloride-containing media [6-21]. In the case of
neutral solutions, according to Pourbaix diagrams in-
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soluble Cu corrosion products are expected to form
on Cu surface [1]. The presence of surface layers
introduces additional complexity with respect to Cu
corrosion in acidic chloride solutions where corro-
sion products are soluble [4]:

Cu + CI'— CuCl + e, (6)
CuCl , — CuCl . (7

Depending on the conditions of corrosion, Cu(I)
will enter the solution either directly from the ad-
sorbed species:

CuCl, + CI" —» CuCl,, 8)
or due to dissolution of chloride film:

CuCl

film

+ CI - CuCl,. )

The decrease of Cu corrosion rate in a naturally
aerated chloride solution is believed to be due to
the formation of cuprous oxide:

2CuCl; + 20H" — Cu,0 + H,O + 4CI,  (10)
which can be further oxidized to the less protective
cupric hydroxychloride:

Cu,0 + %0, + CI + 2H,0 — Cu,(OH),Cl + OH-.
(11)

The overall corrosion process is controlled by
mass transfer involving such species as O,, ClI', OH,
Cu* and CuCl; to and from the Cu corroding
surface.

In the fields of Cu corrosion protection and of
the improvement of other Cu properties, the effect
of alloying elements (AEs) being observed, in some
instances, even at low contents, has been studied
rather extensively from the fundamental and techni-
cal points of view [2, 3, 21-24]. As in the case of
pure Cu, the Cl-containing solutions have often be-
en used as the corrosive media as well [9, 10, 17,
24-27].

In regard to the alloying elements, due attention
should by given to the considerations by Marcus [28]
on some factors in the effect of AEs on the passi-
vation of alloys. These factors were proposed to inc-
lude the metal-oxygen bond strength, €, ., and the
metal-metal bond strength, €, . In particular, it has
been suggested that AEs can play at least a double
role depending on the balance between g, and
the heat of adsorption of oxygen: (i) of passivity
promoters, which can be defined as AEs possessing
a high heat of adsorption of oxygen together with a

relatively low g, ,,, because transition from the ad-
sorbed overlayer to 3D oxide requires an easy dis-
ruption of M-M bond; (if) of dissolution modera-
tors, which can be defined as AEs possessing higher
values of g, because this increases the activation
energy barrier for dissolution.

Cu forms a number of different alloys, several
of them being of great technological importance. Al-
though Cu-Bi alloys (Bi and Cu form a system with
a simple eutectic and no intermediate phases) do
not belong to the alloys of considerable current use
[21-24], several observations presented in the litera-
ture are worth noting. It was recognized that, for
example, Cu-Mn-Bi alloy exhibits a rather strong
ferromagnetism [29]. Bi was proposed to be used to
increase the resistance of Cu to corrosion [30]. Ho-
wever, it was also pointed out that the latter finding
is largely empirical. Therefore, a more systematic
investigation of the effect of Bi on the corrosion
behaviour of Cu seems to be of a justified interest.

Lack of available data on the effect of Bi on the
corrosion behaviour of Cu layer stimulated the pre-
sent work. In this paper, we report the results of a
preliminary investigation of the corrosion behaviour
of freshly electrodeposited Cu-Bi alloys in a natu-
rally aerated neutral 5% NaCl solution by the elec-
trochemical and X-ray photoelectron spectroscopy
(XPS) techniques.

2. EXPERIMENTAL
2.1. Materials and solutions

Solutions destined for deposition of Cu or Cu-Bi
layers were prepared from doubly distilled water,
highest purity H,SO, and analytical grade
CuSO,5H,O; the latter reagent was additionally pu-
rified by heating at 300 °C for 3 h.

0.5 M H,SO, + 0.5 M CuSO, and 0.5 M H,SO, +
+ 0.1 M CuSO, solutions were used in our expe-
riments. The first solution was applied to obtain a
copper underlayer (10 mA cm™, ¢ = 5 min) onto a
polycrystalline smooth Pt electrode and the second
one to obtain a Cu layer applied for a comparison and
after addition of an appropriate amount of Bi** - to
deposit a Cu-Bi layer (5§ mA cm™, various ¢) which
was deposited onto a Cu-covered Pt electrode. In the
latter case, the working solution was obtained by ad-
dition of an appropriate volume of a stock 0.1 M Bi**
solution prepared by dissolution of analytical grade
Bi(NO,),.3H,0 in highest purity HNO, (1:1). Both
sulphate solutions were deoxygenated with high purity
argon.

The corrosion medium was a naturally aerated
neutral 5% NaCl solution prepared from analytical
grade salt and doubly distilled water.
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2.2. Electrochemical measurements

a) Cell and electrodes. The electrochemical measure-
ments were performed at 298 K in a thermostatical-
ly controlled water-jacketed three-electrode corrosion
cell. The working electrode was a vertical polycrys-
talline Pt disc (the area of exposed surface 1.0 cm?).
A platinum electrode (=4 cm?) and an Ag/AgCl/
KCl(sat.) electrode were used as the counter and
the reference electrodes, respectively. The reference
electrode was placed in a separate cell and connec-
ted to the corrosion cell through a salt bridge with
a Luggin capillary tip in the corrosion cell. All po-
tentials (E) are quoted here related to the standard
hydrogen electrode (SHE).

Two series of experiments were performed in our
work. In the first series, the Pt electrode covered
with a Cu underlayer, (Pt)Cu,, was coated with a
Cu-Bi alloy layer, (Pt)Cu-Bi, and afterwards was
applied for the corrosion test. In the second series
conducted for comparison, the (Pt)Cu, electrode was
coated additionally with a Cu layer, (Pt)Cu.

b) Apparatus. The measurements were carried out
using a computerized PS-305 potentiostat (Elchema).
The polarization curves and the corrosion parame-
ters were computed after each experiment using a
VOLTSCAN program.

¢) Calculation of corrosion parameters. Corrosion
behaviour of Cu and Cu-Bi alloys was evaluated by
estimating the polarization resistance (R) [31]. In
some instances, the instantaneous corrosion current
(I,,) was also calculated.

As is commonly accepted, the polarization resis-
tance R is defined as

R, = (dI/AAE)",,_, (12)
R was calculated here from the polarization curves re-
corded by a single triangular potential sweep within the
range £+ 5mV at a scan rate of 0.1 mV s (the po-
tential scan was initiated in the negative direction).

I can be evaluated using a simplified equation
[32]:

(13)

I, = b/23R,

where b_ is the anodic Tafel slope. The anodic Tafel
slope b, was evaluated from the potentiostatic tran-
sients in freely aerated 5% NaCl solution, taking
practically steady values of the current, which were
further used to prepare a semilogarithmic AE/logi
plot.

Since the conductivity of 5% NaCl solution is
high, no correction for the uncompensated solution
resistance, R, was applied.
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2.3. Surface analysis

An ex situ X-ray photoelectron spectroscopy (XPS)
analysis was carried out for the following specimens:
(i) freshly deposited Cu; (if) a freshly deposited Cu-—
Bi alloy layer; (iii) the specimens as in (i) or (if)
after immersion for different time in the 5% NaCl
solution. The test layers 0.2-0.5 um thick were de-
posited galvanostatically as described above onto me-
chanically polished Cu plates (1 x 1 cm). After pre-
paration, the specimens were immediately stored in
the analysis chamber, the exposure time to room
atmosphere being less than 2 min.

To examine elemental surface stoichiometries, the
Cu 2p,,, O Is, Cl 2p,,, and Bi 4f,, XPS spectra
were recorded on a VG ESCALAB MK I spectro-
meter (MgK_ 1253.6 €V, pass energy of 20 eV) in-
terfaced to an IBM PC/XT for data acquisition. The
electron take off was at 90 ° to the specimen surfa-
ce, giving a typical depth of analysis of no less than
1 nm. The binding energy (E,) values were calib-
rated with respect to the C Is signal at 284.6 eV.
The binding energies of the Cu 2p,, electrons were
taken as 932.4 = 0.2 eV in metallic Cu, as 932.3 =
0.2 eV in Cu,0 and as 933.0 + 933.8 eV in CuO
[33], and the kinetic energies of the Cu LM, M,
Auger electrons in copper metal as 919.0 eV, in
Cu,0 as 917.2 + 916.2 ¢V and in CuO as 917.9 +
918.1 eV [33, 34]. E, of the Bi 4f,, electrons of
bismuth metal was taken as 156.8 = 0.2 eV [33, 34]
and that for Bi compounds as follows: in Bi,O, as
158.5 eV [33], in BiOCl as 159.6 eV [33], and in
Bi,0,2H,0 as 159.0 eV [33]. Elemental surface stoi-
chiometries were obtained from a peak area ratios
corrected by sensitivity factors reported in [34]. Es-
timating the composition of the surface films, it was
also assumed that the effective escape depths for
each element were sufficiently close to one another.

The depth distribution of elements was examin-
ed from the XPS measurements after an Ar* ions
sputtering (ultra-high pure Ar* ions beam, an acce-
lerating voltage of 1 kV). The etching current was
maintained at the level of ca. 20 HA cm™ or ~4 nm
min~!. The sputtering depth was proportional to the
sputtering time (z ).

Each reported value is the average of at least
three determinations.

3. RESULTS AND DISCUSSION

3.1. Open-circuit potentials

Open-circuit potentials (E,_)) in the unstirred aera-
ted 5% NaCl solution for freshly deposited pure Cu
and Cu-Bi (ca.0.4 at%) specimens are presented as
a function of immersion time (¢, ) in Fig. 1. One
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Fig. 1. Variation of corrosion potential (open-circuit po-
tential) of copper and copper-bismuth alloy with immer-
sion time in neutral aerated 5% NaCl solution

can see that the Cu-Bi alloy electrode behaved
quite similarly to the Cu electrode. In either case,
the potential initially shifted in the cathodic direc-
tion with increasing 7., in agreement with the ear-
lier observations related to the Cu samples, beha-
viour in the chloride medium for a shorter z,__ [6,
19, 35]. For a longer ¢,__, this potential change slo-
wed down and E,_, became almost constant after a
lapse of time of about 25 min. Therefore, when the

Cu and Cu-Bi alloy electrodes were allowed to cor-
rode freely in 5% NaCl solution, the corrosion be-
haviour was almost the same, that is, under our
experimental conditions, virtually no Bi effect on the
Cu corrosion was established.

3.2. Voltammetric investigation

The O, reduction limiting current density under the
steady-state conditions was evaluated from the rela-
tionship

i, =-nFeD/d. (14)

li

Taking the diffusion coefficient, D, for O, as
2-10% cm? st [6], the concentration, ¢, of dissolved
O, as 1.75:107 mol cm™ [2] (at a partial pressure
of O, of 0.2 bar in the earth’s atmosphere provi-
ded the system conformed to the Henry’s law and
also having regard to a solubility of oxygen in
the chloride solution used here), n = 4 and the
thickness of diffusion layer, 3, as 5-10 cm, it was
obtained that i, =0.027 mA cm™. In accordance
with considerations reported in [6], a similar be-
haviour of bare and Cu,O-covered Cu with res-
pect to O, reduction was assumed.
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Fig. 2. Cyclic linear sweep voltammograms for Cu and Cu-Bi (ca. 0.7 at.%) alloy electrodes in aerated 5% NaCl
solution. The 1st scan curves recorded after 5 min immersion in the same solution starting from open-circuit potential
in the cathodic direction. Parts of cyclic curves in enlarged scale are shown in the insets a (cathodic sweep) and b

(anodic sweep)
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Fig. 3. The same as in Fig. 2, but curves recorded after 1 h immersion

The cyclic i/E curves for Cu and Cu-Bi(ca.0.7
at%) in 5% NaCl solution were recorded after va-
rious immersion times (5 min and 1 h at open-cir-
cuit) by a singular triangular potential sweep star-
ting from E_ in the negative direction between the
cathodic switching potential of -0.80 V and the anod-
ic one of +0.40 V (Figs. 2, 3). In a relatively good
agreement with the data reported by Deslouis et al.
[6], the shape of polarization curves for a Cu elec-
trode depends on the ¢ in chloride solution. In
particular, the potential scan in the negative direc-
tion from E_, up to E = 200 mV presents the
initial branch of the curve with a rather steadily
increasing current (insets a to Figs. 2 and 3) that
corresponds most likely to the O, reduction process.
Comparison of the currents in this range of AE
shows that the current is higher for the shorter 7,
(inset a to Fig. 2) than for the longer 7 (the inset
a to Fig. 3).

Considering the initial cathodic i/E profile for
the Cu-Bi electrode, it can be seen that this elec-
trode behaves similarly relative to ¢, as the Cu
electrode (insets a to Figs. 2, 3, curves 2). In addi-
tion, it was also found that, in the event of the
longer ¢, the cathodic current density within the
E range under discussion was significantly lower than
that at the Cu electrode (inset a to Fig. 3).
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In order to obtain more versatile information on
the anodic dissolution of Cu and Cu-Bi alloy, the
anodic polarization curves for the specimens that
underwent high potentiodynamic cathodic polariza-
tion (Figs. 2, 3) were compared with the curves re-
corded for cathodically untreated specimens (Figs.
4, 5). It was supposed that if the potential was anod-
ically scanned from -0.80 V to E._, the surface of
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Fig. 4. Anodic current-potential curves for Cu and Cu-—
Bi (ca. 0.7 at.%) alloy electrodes in aerated 5% NaCl
solution. Curves recorded after 5 min immersion in the
same solution. Inset shows initial parts of curves in en-
larged scale
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Fig. 5. The same as in Fig. 4, but curves recorded after
1 h immersion

both specimens would become cleaner than in the
case of the anodic scan starting from E_.

The experimental data obtained here with the
cathodically treated electrodes (Figs. 2, 3) show that
the i/E profiles at potentials positive of the E_ ha-
ve some features that are worth mentioning.

Firstly, in the E region bounded by the E,_; es-
timated initially and that value of E at which an
abrupt increase in the anodic current is observed,
the run of the i/E curve depends on 7_ . While at
t. = 5 min these initial branches of polarization
curves are quite similar and the low cathodic cur-
rent densities are detected for both electrodes (in-
set b to Fig. 2), the analogous i/E profiles are dif-
ferent for the longer ¢, (inset b to Fig. 3). In the
latter case, the cathodic current is also observed for
the Cu specimen, as in the previous case. However,
for the Cu-Bi electrode, the low (of an order of
several hundredth of mA cm™) anodic current was
registered over the whole E range of interest (curve
2) indicating a weak oxidation process that under
other conditions had been not observed.

Furthermore, the further positive scan, in parti-
cular from ca. +0.10 V to +0.40 V, results in the
appearance of two anodic current peaks at +0.22...
+0.25 V and E > +0.35 V (the latter peak is im-
perfectly plotted here). Mention may be made of
the observations reported by de Chialvo et al. [36].
They observed three anodic current peaks in the E
range close to that we analyzed here. Most likely
one of the reasons for such a difference is that the
cited authors registered the stabilized i/E profile in
a solution with pH 9. It should be also pointed out
that the upper limit of the positive E scan applied
in our work is significantly lower than the critical
value of E corresponding to an abrupt increase in
the anodic current due to a passivating film break-
down [36].

Finally, it was found that the position and the
height of these anodic current peaks depended on

the nature of the specimens and on ¢ (Figs. 2,
3). Whereas the first current peak for the Cu elec-
trode increased from 14 mA c¢cm™ for £ = 5 min
to 38 mA cm™ for ¢, = 1 h, the height of the
current peak registered at the Cu-Bi electrode re-
mained almost unchanged. The peak potential E_|
for the pure Cu electrode shifted toward more ne-
gative values by about 40 mV with this prolonga-
tion of the length of immersion. The analogous
analysis for the second wave (made here for the
current density at £ = +0.40 V) showed that i for
the Cu electrode is higher by ca. 16% than that
for the Cu-Bi electrode, when the both electrodes
were treated potentiodynamically after a short-time
corrosion process (Fig. 2). The prolongation of 7__
reduced the current density by a factor of ca. 1.8
at the Cu electrode, but only slightly reduced i at
the Cu-Bi electrode. Consequently, the anodic dis-
solution of the electrodes applied in our work was
found to be sensitive both to the presence of al-
loying element and to the length of the preceding
exposure of metals to a corrosive medium. The ef-
fect of the latter factor should be particularly em-
phasized.

Voltammetric measurements were also performed
to enlighten the role of the corrosion products film
which formed on the surface of Cu and Cu-Bi alloy
in the 5% NaCl solution and which did not under-
go cathodic reduction. As is clear from a compari-
son of the data presented in Figs. 2, 3 and Figs. 4,
5, the anodic behaviour of the specimens untreated
cathodically is quite different from that after cathod-
ic polarization. Within the same region of anodic
polarization, a single well-defined current peak was
revealed (Figs. 4, 5) instead of two peaks observed
after cathodic polarization (Figs. 2, 3). Besides, the
i/E profiles for the both specimens are rather simi-
lar regardless of the change in ¢, . Somewhat slight-
ly different potentiodynamic responses for the Cu
and Cu-Bi electrodes were recorded only in the ca-
se of short-time immersion (Fig. 4). The peak po-
tentials in Figs. 4, 5 are close to the E_ | (Figs. 2,
3) indicating that in either case the oxidation pro-
cess causing the appearance of the current peaks
under consideration may be the same. At this stage,
it is not clear why the second oxidation reaction
occurring at a more positive E (Figs. 2, 3) became
suppressed when cathodic polarization was not ap-
plied (Figs. 4, 5).

3.3. Corrosion parameters

The experimental values of the anodic Tafel slope
b, and of the polarization resistance R_ as functions
of ¢, for Cu and Cu-Bi alloys are shown in Fig. 6.
The results obtained show that an average value of
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b, is close to 60 mV decade™ irrespective
of electrode material and of ¢, (Fig 6a).
Such an anodic Tafel slope can be attribu-
ted to a one-electron transfer reaction with
diffusion of a reactant or product in the
aqueous phase being the rate-determining
step, as suggested by Kato and Pickering
[37] (in our case, reaction (1)). The avera-
ge value of b, of 60 mV decade™ was
further used, if required.

yi= 12.851x 04
R? = 0.9993

©1 02 A3:

y2 = 10.335x 047

R*=0.9816
¥3 = 2013384
R? = 0.9245
- 1 T -
100 200 300
£ imm { min

For both Cu and Cu-Bi alloy samples
in 5% NaCl solution, there is a general
trend towards increasing R with 7, (Fig.
6b). This behaviour is reasonable to ex-
pect in the light of the mechanism of Cu
corrosion in a chloride solution that has been gene-
rally accepted at the present time [4]. The ¢, —de-
pendence of R was found to be similar for all the
specimens (Fig. 6b).

I for Cu and Cu-Bi alloy samples were plotted
as a function of 7 (Fig. 7) and were found to
agree with the time law in the form:

I = kt

cor imm’

(15)

where k is the arbitrary instantaneous corrosion cur-
rent after the specific 7, taken here as 1 min. Fitted
values of k and n are presented in Fig. 7. The valu-

a
70+ o 4 3
‘-‘ A
8 60 \D
- 2
' E 50+ &
= 1
40 ) | ]
1 Cu
2500} 2 Cu-Bi{~0.4 at%)
b 3 Cu-Bi(~0.7 atV
~_ 2000}
: o/ff//a/’;"“
(&)
c 1500+ /n 1
™ 000 %
Q)
500 ! /A ) | | |
0 50 100 180 200 250
t...Jmin

Fig. 6. Variation of anodic Tafel slope b, (a) and polari-
zation resistance R (b) with immersion time in aerated
5% NaCl solution for Cu (I) and Cu-Bi alloys (2, 3)
electrodes
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Fig. 7. Variation of instantaneous corrosion current I _with immer-
sion time in aerated 5% NaCl solution for Cu (/) and Cu-Bi alloys
containing ca. 0.4 (2) or ca. 0.7 at.% Bi (3)

es of n were obtained to be close to —0.5. This
result is usually explained by a diffusion-controlled
mass transport through a surface layer [2]. In prin-
ciple, the lower values of » may be indicative of a
faster decrease in the corrosion rate. Therefore, it
may be expected that the value of I as a function
of 7. for Cu-Bi alloys decreases somewhat faster
as compared to pure Cu. Apparently the corrosion
products formed on Cu-Bi alloys are more protec-
tive than in the case of pure Cu. In this connection,
it can be pointed out that some other Cu alloys
show a similar behaviour. For example, Cu-Ni al-
loys in seawater corrode at higher rates before the
formation of a protective oxide film [9].

On the other hand, the higher values of k can
indicate that a specimen corrodes faster. Then, a
comparison of the k values for Cu-Bi alloys with
that for pure Cu indicates that this parameter de-
pends on the chemical composition of alloy (Fig. 7).
While no significant difference of k for Cu and Cu-—
Bi alloy containing the lesser content of Bi was de-
tected, the higher content of this element caused
the parameter k to increase by about 50% relative
to pure Cu.

3.4. Surface analysis

Electron spectroscopy, XPS and Auger experiments,
are commonly used to gain information about the
composition of corrosion layers and passive films on
metals. Quite apparently it is most desirable to trans-
fer a sample from the electrochemical environment
to vacuum for analysis without exposure to the at-
mosphere. Under conditions of our experiments, the
contact of Cu or Cu-Bi alloys with the atmosphere
was not eliminated. Therefore, this situation was ta-
ken into account while interpreting the spectra.
The results of XPS and Auger spectroscopy me-
asurements on a system Cu-copper oxides are in
detail presented in the literature (see, e.g., the pa-



Comparative study of corrosion behaviour of copper and copper-bismuth alloy in neutral aerated chloride solution

pers [38-43] and the reviews [44-46]). Auger spec-
troscopy has been applied to study the surface com-
position of Cu-Bi alloys deposited from a slightly
acidic EDTA solution [47].

The results of XPS analysis are summarized in
Table 1. The typical photoelectron spectra from Cu
and Cu-Bi alloy specimens for the individual ele-
ments are displayed in Figs. 8-11. In addition to
the XPS data, Cu Auger spectra are also presented
(Fig. 12).

The quantitative determination of separate ele-
ments showed that, as one would expect, the XPS
spectra of the specimens untreated in the corrosive
medium consisted of peaks corresponding to cop-
per, bismuth and oxygen (Table 1). The content of
Bi in the specimens increased with increasing the
bulk concentration of Bi** in the sulphate solution
used for electrodeposition of alloy, viz. it was equal
to about 0.009, 0.4 and 0.7 at.% when the bulk ¢ of
Bi** was 1-10%, 5-10* and 1-10° M, respectively. It

Table 1. Composition of surface layers of copper-bismuth alloys derived from XPS measurements
Treatment in 5% Signal from element’s Contents, at%
NaCl solution core level before etching after 30 s etching | after 150 s etching
Sample (a): Copper-bismuth alloy (ca. 9.0-10° at%)
without Cu 2p,, 43.7 ca. 99.7
Bi 4f, ~9-10°3 very small
O Is 56.3 0.3
o = 30 min Cu 2p,, 63.3 92.5
Bi 4f ca. 0.004 ca. 0.07
O Is 30.2 6.6
Cl 2p 6.5 0.8
o = 060 min Cu 2p,, 533 80.4 90.6
Bi 4f 0 ca. 0.03 ca. 0.02
O Is 35.2 18.6 9.2
Cl 2p 6.6 0.9 ca. 0.2
Na 1s 5.0 0 0
Sample (b): Copper-bismuth alloy (ca. 0.4 at%)
without Cu 2p,, 35.5 93.3
Bi 4f, ~0.4 0.1
O Is 64.1 6.6
o = 30 min Cu 2p,, 63.8 91.5
Bi 4f, ~0.1 ca. 0.06
O Is 24.6 7.2
Cl 2p 11.4 1.3
o = 060 min Cu 2p,, 51.7 80.0 92.9
Bi 4f ca. 0.06 ca. 0.09 ca. 0.02
O Is 39.0 18.8 6.6
Cl 2p 5.5 1.1 ~0.6
Na Is 3.8 0 0
Sample (c): Copper-bismuth alloy (ca. 0.7 at%)
without Cu 2p,, 51.5 95.9
Bi 4f,, ~0.7 ~0.2
O Is 47.8 ca. 3.9
o = 30 min Cu 2p,, 47.1 93.4
Bi 4f,, 0.7 0.09
O Is 40.7 5.6
Cl 2p 11.5 1.0
o = 060 min Cu 2p,, 53.7 76.8 85.2
Bi 4f ca. 0.06 ca. 0.04 ca. 0.09
O Is 359 20.0 14.3
Cl 2p 6.5 ~1.9 0.5
Na Is ~3.8 1.2 0
Note: Surface contents of individual elements (at%), as a rule, are given as rounded numbers.
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Fig. 8. X-ray photoelectron spectra (XPS) of Cu 2p,,
from Cu-Bi (ca. 0.4 at.%) alloy specimen after 30 min
immersion in aerated 5% NaCl solution. Numbers at sig-
nals denote the Ar ion sputtering time
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ning ca. 0.009 (I), ca. 0.4 (2) or ca. 0.7 (3) at.% Bi after
30 min immersion in aerated 5% NaCl solution
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is noticeable that these quantities were found to be
nearly proportional. In all cases significant amounts
of oxygen were found. Because of lack of a suffi-
cient body of data there was no possibility to estab-
lish relationships between the contents of separate
elements. However, it can be easily shown that, in
the case of the specimens whose corrosion behavi-
our was studied (see above), the oxygen content dec-
reased as that of Bi increased (Table 1).

Figures 8, 9 and 12 show, respectively, the Cu
2p,, and O Is X-ray photoelectron spectra and Cu
LM, M, Auger spectra from the Cu-Bi alloy (0.4
at. %) specimen after its exposure to the aerated
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5% NaCl solution for ¢, = 30 min. A sole peak at
E, = 932.2 eV was detected in the Cu 2p,, core
level energy range (Fig. 8). Weak satellite peaks can
be also resolved on the side of higher binding ener-
gies. The general shape of the Cu 2p,, XPS spec-
trum recorded in our work is similar to that presen-
ted by other authors [14, 41, 42].

As is customary, the data on the Cu 2p,, core
level and the Auger spectra Cu LM, M, and on
the O Is level together with the characterization of
the Cu Zp,, spectrum shape were used to distin-
guish between metallic Cu and oxidized copper, as
well as between cuprous and cupric species. How-
ever, the experimental value of E, (932.2 eV) did
not allow a clear distinction between metallic Cu
and Cu,O, since it lies in essence in the ranges of
E, for the Cu 2p,, signals which can be considered
as the respective reference values, namely, in the
metal state (932.2 to 933.1 eV [33, 34, 39, 41, 42,
48-51]) and in Cu,0 (932.2 to 932.6 eV [39, 41, 42,
48]). On the other hand, this experimental E, so-
mewhat differs from the reference values on the Cu
2p,,, signal in CuO (933.0 to 933.6 eV [39, 41, 45,
48]). Besides, the core level XPS spectra of the Cu
2p line in pure Cu were observed to have only a
very small asymmetry [52]. Consequently, only very
small amounts of cupric species may be indicated
by the presence of the weak satellites mentioned
above.

Since from the same compounds, in particular
from metallic Cu and Cu,O, there is a rather signi-
ficant variation in the E_ values for the main peak
on the Cu 2p,, spectrum, difficulties emerge in cho-
osing an arbitrary reference value of the respective
E,. In our study, the experimental value of E =
=932.2 ¢V for the Cu 2p,, electrons (Fig. 8) may
be compared to the values of E in metallic Cu,
932.4 eV [33], and in Cu,0, 9323 eV [33] (the
same Ref. was also used in [14]).

The peak width, FWHM, for the Cu 2p,, signal
(Fig. 8) was found to vary within the ranges 1.345
to 1.404 eV at ¢, = 30 min and 1.367 to 1.437 eV
at ¢, = 60 min. This XPS parameter for the Cu
2p,, signal is closer to that for metallic Cu (1.4 eV
[39]) in comparison with Cu,0 (1.8 or 4.5 €V, de-
pending on the kind of this reagent [39]).

To characterize additionally the surface of a spe-
cimen under study, the Cu LM, M Auger spec-
trum (Fig. 12) was also analyzed. Two maxima at E_
of ca. 9189 and 916.7 eV were resolved on this
spectrum. This suggests that the very top layers of
the surface of specimen contains both Cu(0) and
Cu(I), the latter being in the form of Cu,O. In ad-
dition, in a good agreement with [39], a distinct
peak at 921.6 eV was found in the Auger spectra.
Due to the very short escape depths of Auger elec-

trons, the information obtained by Auger electron
spectroscopy pertains to the thinner surface layer
than in the case of XPS. This factor and also the
sensitivity of the Auger process to surface rough-
ness should be taken into account when a compari-
son of chemical shifts in XPS and AES are made,
in particular to distinguish the E_ for copper and
copper oxides [44, 53].

The O Is photoelectron spectra (Fig. 9) are bro-
ad and asymmetric, indicating the presence of more
than one type of oxygen in the surface layer. In
accordance with the opinion of other authors (see,
e.g., [38, 39]), the lower binding energy oxygen is
probably attributed to oxygen in the oxide lattice,
while the higher binding energy oxygen is due to
another oxygen-containing species. A distinct peak
at 530.2 eV can be ascribed to lattice oxygen in
Cu,0 (O Is core binding energy of 530.4 eV [38,
48]). FWHM varied significantly at 7= 30 min
(1.766 to 3.03 eV), but became almost constant at
t. = 60 min (1.30 to 1.385 eV). Such a variation
in FWHM of O Is signal can be attributed to a
different structure of Cu,O formed on the surface
of corroding sample, in accordance with the obser-
vation in [39].

It may be added that the values of band gap
energies for Bi,O, and Cu,0, as the quantities equi-
valent to, in accordance with [54], the heats of for-
mation of these oxides, were shown to be sensitive
to the formation process, the microstructure and al-
so to the thickness of films [55].

The ill-resolved signal at ca. 532.1 eV suggests
the presence of only small amounts of strongly che-
misorbed oxygen (the reference E, = 532.2 eV [38]).

In brief, our XPS and AES experiments indicate
that the surface layer of Cu-Bi alloy specimen after
exposure to aerated neutral 5% NaCl solution for
30 min is composed of both metallic Cu and Cu(I),
the latter being Cu,0. The amounts of other oxidi-
zed copper species and oxygen forms are relatively
small.

As is evident from Table 1, exposure of Cu-Bi
alloy specimens to chloride solution resulted in a
decrease of Bi content (in at.%) in the surface la-
yer, except when a specimen with ca. 0.7 at.% Bi
was placed into a corrosive medium for 30 min.
Consequently, it may be inferred that the so-called
dealloying of Cu-Bi alloy tends to occur during a
contact of alloys with the chloride solution.

Figure 10 shows a typical Bi 4f,, spectrum from
the Cu-Bi alloy (ca. 0.4 at.% Bi) specimen after
exposure in 5% NaCl solution for 30 min. A com-
parison of E  of two observed peaks, 158.8 and
159.4 ¢V, with the reference values of E  indicates
that these peaks can be attributed to Bi,O, and
BiOCl, respectively. Bi,O, appears to be the main
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Bi compound formed on the surface of the speci-
men.

Analysis of the XPS data (Table 1) also showed
that the amount of chlorine was only slightly affec-
ted by 7 when a Cu-Bi alloy specimen with the
lowest content of Bi was used for the corrosion ex-
periments. For the other Cu-Bi specimens, the chan-
ge of chlorine content in the surface film with im-
mersion time was quite similar, viz. it was almost
halved with extending ¢, . The CI/Na ratio (Table
1) was much higher than the value characteristic of
NaCl, indicating the Cl bonding to the oxygenated
species of metals. It was also found that, for the
same duration of the corrosion experiments, the
amount of chlorine somewhat increased with the
initial amount of Bi in the alloy at 7, = 30 min
(Fig. 11), while there was no effect of the initial
composition of alloy when 7 was extended to
60 min.

After surface sputtering and removal of approxi-
mately 2 or 10 nm thick layers from the top surfa-
ce, the contents of separate elements (in at.%) we-
re found to change with depth as follows. In all
instances, the Cu content and the ratio Cu/O incre-
ased in the inner parts of the surface layer, while
the Bi content and the ratio Cu/Bi varied rather
indefinitely (Table 1).

Interestingly, under conditions of our experiments
oxygen could be detected even at a depth of ca. 10
nm. In this connection, it should be noted that whi-
le small amounts of oxygen were detected at a depth
of ca. 2 nm when the untreated Cu-Bi alloy speci-
mens were used for XPS examination (Table 1), no
oxygen was detected at a depth of ca. 12 nm, as
shown by separate experiments (not presented he-
re). Therefore, the thickness of the corrosion pro-
duct film formed during immersion for 60 min may
be assumed to be no less than 10 nm. Such an
assumption can be supported by the fact that small
amounts of chlorine were still detected at this depth
in XPS experiments (Table 1).

3.5. Interpretation of the corrosion behaviour of
Cu-Bi alloys in a chloride medium

It will be recalled that although Bi was proposed to
use in increasing Cu resistance to corrosion [30],
there is still a lack of reliable data concerning this
problem. As noted above, the experimental data were
found to be not always unambiguously explainable.
To our mind, one of the possible reasons is that the
system Cu-Bi alloy — NaCl — dissolved O, is rather
complicated. So, it might be difficult to propose any
detailed description of Cu-Bi alloy corrosion pro-
cess in a chloride solution under these circumstan-
ces. From the foregoing remarks, it should be of
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interest to reveal the main features of corrosion be-
haviour of alloys studied and to suggest their reason-
able interpretation.

In order to define whether the aforementioned
Marcus considerations on the influence of alloying
elements [28] can be adoptable to the case of our
interest, the respective data for the metal-metal bond
strength (g,,,,) and the metal-oxygen bond strength
(€y.0) Were correlated (Table 2). Examining this Table
it becomes evident that both the ¢, and the g,
for Bi are higher by about 20% than for Cu. It is
also clear that the oxygenated compound of Bi is
more stable than that of Cu. So, it seems reasonab-
le to conclude that although Bi does not behave as
a typical passivity promoter with respect to Cu, the
data in Table 2 allow, in our mind, to assign this
element to rather weak passivity promoters (e.g., in
this regard, the pair Cu-Bi is relatively close to the
pair Cu-Ni [28]). Then, passivation enhancement in
the case of Cu-Bi alloys will be obtained due to
formation of 3D bismuth(III) oxide involved into
the composition of a passivating film.

It should be noted that the values of ¢, ,, and
€0 OF AH  (0x) are by no means the only ones
that can determine the corrosion resistance of me-
tals or alloys. For example, among the factors which
can be expected to influence the degree of passivity
of metals, the susceptibility to an attack by aggres-
sive ions of both the underlying M surface and a
passivating oxide was mentioned [54]. Generally, a
departure from passivation may be indicated by the
corrosion current, which may be taken to be com-
posed of two components, as considered by Vijh [54]:
I =1,+1

: (16)

It is obvious that the resistance of bare M to
this attack is determined predominantly by g .. As
regards the corrosive decomposition of a passivating
oxide, the heat of the formation of oxide per equi-
valent, -AH_ ., was proposed by Vijh [54] to be a
proper representative parameter. Then, the correla-
tion of e, (Table 2) and -AH_ -~ (the latter quan-
tities were derived from a relation -AH_ . = 0.5E,
[54], where the band gap energies E, were taken as
1.8 and 2.7 eV for Cu,O and Bi,O, [55], respective-
ly) for the studied metals gives the following pairs
of these parameters: (i) 13.5 kcal and 20.8 kcal for
Cu, and (ii) 16.5 kcal and 31.3 kcal for Bi, ie. the
latter metal has a stronger passivation tendency in a
chloride medium. An extreme case of Cu, for which
both the ¢, and ~AH__ . are low, was already pre-
sented by Vijh [54] as an example of the least pas-
sive metal among the 18 metals considered. As re-

gards these properties of Bi, it can be easily shown
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modynamic properties of copper and bismuth

Table 2. Selected data for the metal-metal (g, ,,) and the metal-oxygen bond strength (g, ,) and for other ther-

species, kJ mol™!

Element
Properties -
Cu Bi
Structure fce rh
Coordination number, Z 12 6?
Heat of sublimation, AH_,, kJ mol™ 338.3 207
€, v kI mol 56.4 69
Initial° heat of adsorption of oxygen, 293 461
AH , (ox), kJ mol™
e, o kJ mol™ 395 ca. 480
Standard enthalpies of formation of crystalline CuO: -156 [56] Bi,0, =575[56]
compounds, AH°, ., k] mol” -157.3 [57] -307.6 [58]
-159.8 [58]
Cu,O: -171 [56]
-168.6 [57]
-168.2 [54]
Covalent bond dissociation energies of diatomic  CuO: 267 [56] BiO: 339 [30,59]

M-M

Sum = AH,/(Z]2) [28]-

reported to be equal to —73.5 kcal mol™ [58].

Notes: * In view of the fact that Bi atoms are linked into sheets which are fitted together so that each atom has
six neighbours — three on one side at a distance r, and three on the other side at a distance r,, the ratio r /r, being
equal to 1.149 [30], the coordination number for Bi, Z, was taken here as 6.

b g ., were calculated from the heat of sublimation of metal at 25 ° using an approximate relation:

¢ As proposed in [28], the initial heats of oxygen adsorption, i.e. adsorption at 6 —0, were used. The
numerical values of this parameter are taken from the literature sources, namely, for Cu directly from [28], and for
Bi, as proposed in [58], after conversion from the value of standard enthalpy of the formation of Bi,O,, which was

4 g, is related to the heat of oxygen adsorption by the relation: €, , = 0.5[AH,
D(0,) is the dissociation energy of O, taken here as 498 kJ mol™ [59].

2=

(ox) + D(O,)] [28], where

ads

that Bi also belongs to the so-called less passivating
metals (class B), because it lies below the separa-
ting line on a g, vs. -AH_ .~ plot [54, 60]. One
can recognize that a very similar situation was ob-
tained for such alloying elements as Ni, Co and Fe
[54, 60]. It should be emphasized that the foregoing
considerations need to be experimentally confirmed.

The main results of the examination of Cu-Bi
alloy specimens carried out in naturally aerated neut-
ral 5% NaCl solution may be summarized as fol-
lows:

() the open-circuit potentials of Cu-Bi alloys we-
re almost the same as for pure Cu;

(i) the shape of the initial branches of cyclic
voltammetric curves attributed to the oxygen reduc-
tion process depended on the nature of the electro-
de and on the length of immersion of electrodes in
the chloride solution, indicating suppression of this
process on Cu-Bi alloy, especially with a higher con-
tent of Bi and after a longer ¢, ;

(#ii) the subsequent anodic behaviour of Cu-Bi
alloys observed after a deep cathodic treatment was
practically independent of z. . whereas that of pure

imm’

Cu was strongly dependent on ¢, :

(iv) without the preceding cathodic treatment, the
anodic behaviour of pure Cu and Cu-Bi alloys was
rather close, in particular in both cases the second
anodic current peak disappeared;

(v) for both Cu and Cu-Bi alloy specimens, the-
re was a general trend towards increasing R with
t. ., besides, R for Cu-Bi alloy with a lower con-
tent of Bi was somewhat larger as compared with
pure Cu and another Cu-Bi alloy;

(vi) the instantaneous corrosion current for Cu
and Cu-Bi alloys followed the time law with the
parameters indicating that, firstly, dissolution of me-
tal was controlled by diffusion through the corro-
sion product film and, secondly, I for Cu-Bi (ca.
0.7 at.% Bi) as a function of 7, decreased somew-
hat faster than that for pure Cu and Cu-Bi alloy
(0.4 at.%); that likely implied the formation of a
more protective corrosion product film on the for-
mer specimen;

(vii) the data of surface analysis showed that in
the very top layer of specimen treated in chloride
solution: (a) the presence of both Cu(0) and Cu(I)
in the form of Cu,O was highly expectable, whereas
only very small amounts of cupric species might be
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possible, (b) the presence of more than one type of
oxygen was possible (O in the oxide lattice and in
another oxygen-containing species), (c) the so-called
dealloying of Cu-Bi alloys tended to occur during a
contact of alloys with the chloride solution, (d) Bi,O,
appeared to be the main Bi compound formed on
the surface of the specimen, (e) the Cl bonding to
the oxygenated species of metals was possible;

(viii) the contents of separate elements changed
with depth: (a) the copper content and the ratio
Cu/O increased in the inner part of the surface la-
yer, while the bismuth content and the ratio Cu/Bi
varied rather indefinitely;

(ix) the thickness of the corrosion product film
formed during immersion for 60 min was assumed
to be no less than 10 nm;

(x) in the terms of the Marcus concept, Bi in
the pair Cu-Bi can be assigned to rather weak pas-
sivity promoters.

Concerning the possibility of dealloying Cu-Bi
alloys in chloride solutions, it should be mentioned
that two basic mechanisms of binary alloys have be-
en proposed in the literature (see, e.g. [61-63]): (i)
simultaneous dissolution of both components of al-
loy followed by redeposition of one component (usu-
ally the more noble one), (ii) selective dissolution
of one element from the alloy. The eventual deal-
loying of Cu-Bi alloys in chloride solutions may be
presumed to occur likely according to the first mo-
del. Such a presumption can be supported by the
Cu-enrichment of the surface layer of Cu-Bi alloy
exposed to a corrosion medium and the high likeli-
hood of the presence of elemental Cu along with
Cu,O in the very top layer. Obviously, in order to
confirm more strictly this presumption, additional
research is needed. In particular, it will be of im-
portance to distinguish the corrosion behaviour of
Cu-Bi alloys at short- and long- term exposures in
chloride solution.

4. CONCLUSIONS

Corrosion currents for Cu—-Bi alloys in aerated neut-
ral 5% NaCl solution derived from the anodic Tafel
slope and the polarization resistance were found to
be a certain function of Bi content in the alloy spe-
cimen. Comparison of the data for Cu-Bi alloy with
that for pure Cu was made. Surface analysis showed
that the surface layer of a corroding Cu-Bi alloy
specimen was mainly composed of Cu,O, Bi,O, and,
with a high degree of probability, of elemental Cu
formed most likely by redeposition during the deal-
loying.

In terms of the Marcus concept on the effect of
alloying elements on the passivation of alloys [28],
Bi in the pair Cu-Bi was assumed to be attributed
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to rather weak passivity promoters. Its effect on pas-
sivation enhancement may be due to formation of
3D Bi,0, involved in the composition of a passiva-
ting film that was formed onto the surface of Cu—
Bi alloy corroding in aerated chloride solution.
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E. Ivaskevi¢, M. Gladkovas, A. Steponavicius,
K. Leinartas, A. Sudavicius

VARIO IR VARIO-BISMUTO LYDINIO KOROZINES
ELGSENOS NEUTRALIAME AERUOTAME
CHLORIDO TIRPALE PALYGINAMASIS TYRIMAS

Santrauka

Cu ir Cu-Bi lydiniy su jvairiais Bi kiekiais elektrochemi-
né elgsena aeruotame neutraliame 5% NaCl tirpale buvo
tiriama katodiniy ir anodiniy potencialy intervaluose ir
esant korozijos potencialui. Gauti eksperimentiniai jrody-
mai, kad katodiniy potencialy intervale, kuriame vyksta
deguonies redukcija, Sis procesas ant Cu-Bi lydiniy yra
apsunkintas. Priklausomai nuo to, ar prie§ potencialo sklei-
dimg | teigiamesniy reikSmiy pus¢ Cu ir Cu-Bi lydiniai
buvo katodiskai poliarizuoti, ar nebuvo tokios poliarizaci-
jos, Siy bandiniy anodinis tirpimas buvo skirtingas.
Korozineés srovés buvo skai¢iuotos i§ anodinio Tafelio
nuolinkio ir poliarizacijos varzos. Nustatyta, kad korozi-
nés sroves mazeja laikui bégant ir kad jos yra tam tikra
Bi kiekio lydinyje funkcija. RFES tyrimai parodé¢, kad
koroduojancio bandinio pavirsinis sluoksnis sudarytas dau-
giausia i§ vario(I) oksido, bismuto(III) oksido ir, tikriau-
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siai, elementinio vario. Padaryta prielaida, kad chloridas
yra prijungiamas prie metaly deguoniniy junginiy.

Remiantis Marcus’o teorija, Bi poroje Cu-Bi yra, ma-
tyt, gana silpnas pasyvumo promotorius. Bi jtaka didinant
pasyvuma gali biiti paaiSkinama tuo, kad susidaro 3D ok-
sidas Bi,O,, kuris jeina | pasyvuojancio sluoksnio ant ko-
roduojancio lydinio pavirSiaus sudéti.

9 HUBamkeBn4, M. ImaakoBac, A. CrenmoHaBu4Ioc,
K. Jleiinaprac, A. CyaaBu4ioc

CPABHUTEJIBHOE MCCIEJOBAHUE
KOPPO3MOHHOI'O NIOBEJEHUA MEJHU U
CILTABA ME/Ib-BUCMYT B HEHUTPAJIBHOM
AQPUPOBAHHOM XJIOPUJTHOM PACTBOPE

PeswomMme

Onexkrpoxumuueckoe nopeaenne Cu u Cu—Bi cruiaBoB ¢
pa3HeIM conepxxaHueM Bi B HeiiTpanbHOM 5% NaCl
pacTBOpe HMCCIEIOBAIN B MHTEPBAJIaX KATOMHBIX W aHOMHBIX
MIOTEHIINAJIOB ¥ TPH KOPPO3MOHHOM NoTeHmmane. [lomy-
YEeHBI HKCIIEPUMEHTAJIbHBIC JI0KA3aTeIbCTBa, YTO B UHTEPBa-
Jie KaTOIHBIX ITOTEHLHAJIOB, B KOTOPOM IIPOMCXOAUT BOC-
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CTaHOBJICHHE KHCJIOpPOAa, STOT mpolecc 3arpyaHeH Ha Cu—
Bi cnnase. B 3aBHCUMOCTH OT TOro, MOABEPraluch WM
HE MOJBEPrajuch KaTOAHOW mossipusanuu obpasusl Cu u
Cu-Bi crmaBa mepen mocieayromeid aHOIHOW pa3BEepPTKOM
MOTEHLIMANIa, AaHOHOE PACTBOPEHHUE 3TUX OOpa3LOB SBISCT-
Csl HEOIUHAKOBBIM.

Koppo3noHHBIE TOKH PacCUUTHIBAIN HCIIONB3YS BETMUH-
HbI aHOAHBIX Ta(erIeBCKUX HAKIOHOB W MOJSAPH3ALMOHHBIX
COIPOTHUBICHUH. YCTaHOBIEHO, YTO KOPPO3UOHHBIE TOKH
YMEHBIIAIOTCSI CO BPEMEHEM H SIBIISIFOTCSI HEKOTOPO# (hyHK-
uueit or coxepxxanus Bi B cruiaBe. POOC uccnenoBanus
[I0Ka3ajM, YTO IOBEPXHOCTHBIA CIOH KOPPOIUPYIOIIETO
o0Opasna cofepXut, B ocHOBHOM, okcun memu(l), okcun
Bucmyta(Ill) u, ¢ BBICOKOIl CTENEHbIO BEPOSATHOCTH, 3Je-
MEHTHYIO MEJlb.

Bricka3aHO MpeANoNoKeHNe, YTO B PaMKaxX KOHIIETIIINU
Mapkyca BucMmyT B nape Cu-Bi, mo-BuIuMoMy, sBISETCS
JIOBOJILHO CIa0bIM IIPOMOTOPOM NAcCHBHOCTU. BozzeiicTBue
Bi Ha ycuiieHHe TTaCCMBHOCTH MOXKET OBITH OOBSICHEHO TEM,
uro (opmupyercst 3D okcun Bi,O,, koropeii BXoaut B
COCTaB IIACCUBUPYIOLIETO CJIOS HA IOBEPXHOCTU KOPPO-
IPYIOIIETO CIUIABA.



