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Abstract—A method is proposed for increasing the resistance of passivated metals (in particular, stainless
steels) to corrosion that is based on the use of the principle of cathodic alloying by electrolytic deposition of
local palladium nanocoatings. It was found that the corrosion potential of AISI 321 steel samples in a 0.1 M
NaCl solution electrochemically treated at a current density of 1 μA/cm2 and a frequency of 0.06 Hz in chlo-
ride-containing solutions with 0.1% Pd2+ shifts towards more positive values by almost 150 mV. It was also
shown by scanning electron microscopy and Auger spectroscopy that, in the process of electrochemical
polarization, subindividuals of a new phase (Pd) with sizes of the order of 5–80 nm are deposited on the sur-
face of AISI 321 steel, the formation of which causes the potential improvement of the samples under study.
It was found that the largest accumulation of subindividuals of the new phase (Pd) is observed in areas with
artificially created surface defects (scratches).
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INTRODUCTION

When protecting passivated metals from corrosion
in aggressive environments, the method of cathodic
alloying of stainless steels, titanium and alloys thereof,
and other passivated metals is used, which was con-
firmed and developed in the works of Tomashov,
Stern, Fischer, Zwicker, Green, Schleicher, Rudiger,
etc. The essence of cathodic alloying is to increase the
efficiency of cathodic processes in passivated systems,
as a result of which the potential of the system shifts
towards positive values, and it goes into a passive state.
Small amounts (0.1–0.5%) of palladium, platinum,
ruthenium, etc., are used as cathode dopants [1].

The main condition for achieving a positive effect
during cathodic alloying of an alloy is the need to shift
its potential under given corrosion conditions to the
region of stable passivity, i.e., into the region between
full passivation potentials Epp and transpassivity ET or
pitting Ept.

The effectiveness of different metals used as cath-
ode additives is different. The more positive the sta-
tionary potential of the metal of the cathode additive
and the lower its cathodic polarizability, the more
effective the passivating action. A lower cathodic
polarizability will correspond to a lower overvoltage of
the cathodic depolarizing process (for example, over-
voltage of hydrogen evolution under corrosion condi-

tions and a lower tendency to increase overvoltage over
time, due to, for example, hydrogenation) [2].

Modification of passivated alloys with additions of
a cathode-active electropositive metal (Pd, Pt, Ru)
has a strong effect on increasing passivability and cor-
rosion resistance even with a low content of the cath-
ode component in the alloy (fractions of a percent).
This effect of cathode additives is explained by the
electrochemical mechanism of action of the additives
and the accumulation of an electropositive alloying
element in the initial period of active corrosion on the
alloy surface.

An increase in the concentration of the cathode
component on the surface of the alloy in the initial
period of corrosion can be traced by the nature of the
change in the corrosion rate of these alloys over time.
As a rule, in the initial period of corrosion, cathode-
alloyed alloys have a higher corrosion rate. However,
after enrichment of the surface with a noble metal in
the amount required for passivation under the condi-
tions under study, a sharp decrease in the corrosion
rate occurs. It was found by the method of electron
microscopy that the accumulation of the alloying
component (Pd) on the surface of the alloy occurs not
in the form of a continuous layer, but in the form of
separate small particles [2].

In the patent literature—for example, [3]—other
methods of protecting passivated metals from corro-
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sion are described by alloying a small surface area (no
more than 1%) with metals of the platinum family.
Surface alloying is carried out in different ways [4],
including irradiation of the surface with high-energy
metal ions [5], by welding, or by applying local coat-
ings from the gas phase. All these methods are energy-
intensive and involve the use of specialized unique
equipment, which prevents the widespread use of such
approaches.

In this regard, the objective of this study is to
develop a simple and reliable method of surface alloy-
ing, which consists in the deposition of nanoscale
point coatings from noble metals—for example, palla-
dium. The function of palladium is to reduce the over-
voltage of hydrogen evolution to values comparable to
those on pure palladium and, thereby, shift the poten-
tial of the entire system to the region of steel passiva-
tion [6]. According to a number of authors [7], a layer
of passivating oxide forms on the protected metal,
which spontaneously regenerates when it is damaged.
In addition, palladium atoms are capable of perform-
ing the function of an electron donor in a semiconduc-
tor passivated oxide formed on a metal surface in a
corrosive environment.

EXPERIMENTAL

High-alloyed chromium–nickel steel of the auste-
nitic type AISI 321 was used as a passivated metal.

Steel samples 50 × 20 mm in size and 1 mm thick
were degreased in a standard chemical degreasing
solution and washed with distilled water and, then,
with bidistilled water.

Electrochemical the studies were carried out in a
standard YSE-2 electrochemical cell at a temperature
of 20 ± 1°С. A 0.1 M sodium chloride solution was
used as a working medium with the introduction of
palladium chloride into it in amounts not exceeding
hundredths of a percent. The solution was prepared
from reagents of chemically pure grade on bidistilled
water. The reference electrode was an EVL-IMZ sil-
ver-chloride electrode; the auxiliary electrode was a
platinum wire electrode. The experimental setup con-
sisted of an IPC-Pro potentiostat–galvanostat, G6-27
signal generator of special form, and a personal com-
puter. The samples under study were polarized with an
anodic current with a density of 1 μA/cm2 with super-
position of a sinusoidal component with a frequency
multiple of 0.01 Hz. To control the dynamics of the
process, the change in the potential of the electrode
under study was recorded over time. After processing
in the specified mode, the samples were tested to
assess the corrosion properties by means of polariza-
tion measurements in a solution of 0.1 M NaCl [8]. All
electrochemical potential values measured in this
study are given relative to a silver-chloride reference
electrode.
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The surface morphology of the studied samples,
the elemental composition of the surface and near-
surface layers, and the distribution of elements in
depth were determined by scanning electron micros-
copy and Auger electron spectroscopy using a JAMP-
9500F Auger microprobe (JEOL) in accordance with
the ASTM E 827 08 method. The research regime was
an accelerating voltage of up to 10 kV, a primary elec-
tron-beam current of 5 × 10–10 C, a spatial resolution
(electron-beam diameter) of no worse than 0.01 μm,
and a pressure in the analytical chamber of no less
than 1 × 109 Torr (ultrahigh vacuum). Rectangular
specimens 17 × 27 mm in size (AISI 321 steel sample
no. 1, control, not subjected to electrochemical treat-
ment) and 18 × 23 mm in size (specimen no. 2) were
cut out of the objects under study; Before carrying out
the studies, the samples were washed in an ultrasonic
bath in acetone (extra pure 9-5) and, then, in isopro-
pyl alcohol (“reagent grade”), after which they were
dried in a stream of dry air.

RESULTS AND DISCUSSION

Polarization with weak currents is applied based on
the facts of local processes on the surface of the passiv-
ated metal in chloride-containing media, leading to
the appearance of local submicron foci of dissolution
[9], the use of the low-frequency component is due to
the assumption of the appearance in the “cathodic”
half-period (the maximum of the current values of
which is characterized by the most negative values) in
solutions containing noble metal ions, and zero-
dimensional phases, which are groups of metal atoms
concentrated around microscopic defects (kinks, sur-
face dislocations, etc.). The latter, according to the lit-
erature data, cause a potential shift to the region of
more positive values [10].

Chronopotentiograms obtained during the polar-
ization of AISI 321 steel samples in the working solu-
tion are shown in Fig. 1. Obviously, if the above con-
ditions are met, an oscillatory change in potential is
observed and there is a shift in the average trend of
potential–time dependence E-t towards more positive
values. This indirectly indicates a change in the surface
layer of steel and, in particular, the formation of sur-
face structures that increase the resistance of the metal
surface to corrosion. The superposition of the alter-
nating-current component, in our opinion, promotes
the etching of surface impurities or the leveling of the
surface potential in the half-period, the maximum of
the current values of which is the most positive, and
the local deposition of the noble metal (Pd) in the
opposite half-period.

After electrochemical polarization of steel, charac-
terized by the indicated parameters, the corrosion
resistance of the modified samples was assessed by
measuring the corrosion potential of these samples in
 CHEMISTRY OF SURFACES  Vol. 57  No. 6  2021
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Fig. 1. Chronopotentiograms of AISI 321 steel obtained in a solution of the composition 0.1 M NaCl + 0.01% PdCl2 when polar-
ized by a current with density j = 1 μA/cm2 and frequency f = (a) 0.03 Hz during τ = 3600 s and (b) 0.06 Hz for τ = 3600 s.
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a 0.1 M NaCl solution. The results of the experiment
are presented in Table 1.

It was found that the samples polarized at a current
density of 1 μA/cm2 and a frequency of 0.06 Hz have
potential for free corrosion Ecor (measurements were
carried out in accordance with GOST (State Stan-
dard) 9.912–89) in a chloride-containing solution
equal to +15 mV, which is almost 150 mV more posi-
tive than the value recorded in the case of control sam-
ples of AISI 321 steel that were not subjected to elec-
trochemical treatment.

The samples under study were checked by scanning
electron microscopy and Auger spectrometry. Figure 2
shows microimages of the surface of the objects under
study: AISI 321 steel (sample no. 1 is the control sam-
ple, and sample no. 2 is the sample subjected to elec-
PROTECTION OF METALS AND PHYSICAL CHEMISTR

Table 1. Experimental results

No. Frequency Hz
Current density, 

μA/cm2
Polariz

time

1 0.03
1.0

60
2 0.03 360
3 0.06 360
trochemical treatment), indicating the zones (points)
of analysis.

The results of investigations of sample no. 1
demonstrate the presence on the surface in analysis
zones 1–3 before ion etching of the elements (in order
of decreasing amplitude of Auger peaks) O, C, Fe, Cr,
Ni, S, P, Ti, and N. Moreover, the sources of O, C,
and N are adsorbed molecules of atmospheric gases
and oxide/carbide/nitride inclusions and films on the
sample surface. Fe, Cr, Ni, and Ti are the elements
that form the basis of AISI 321 stainless steel.

A different picture is observed when analyzing a
sample subjected to electrochemical treatment. There
is an “increase” in the Pd concentration (even after 5 s
of ion etching). One probable reason for this is surface
diffusion (migration) of Pd atoms, which equalizes the
concentration (density) of atoms in the upper surface
Y OF SURFACES  Vol. 57  No. 6  2021
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Fig. 2. Microimage of the test samples. (a) Sample no. 1. Analysis zones (points): (1–3) diameter of analysis zones (points):
(1) 1, (2) 30 (defocused beam), and (3) ≤ 0.01 μm (focused beam). Secondary electron image. Instrument magnification 2000×.
(b) Sample no. 2. Analysis zones (points) 1–3. Diameter of analysis zones: (1, 2) 1 and (3) 60 μm (defocused beam). Secondary
electron image of the surface. Instrument magnification 1000×.
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layer. For example, analysis zones 1–3 on a smooth
steel surface area before ion etching (in decreasing
order of Auger-peak amplitude) contain O, C, Fe, Cr,
Ni, S, Pd, and, possibly, N and P. As mentioned
above, O, C, and N are part of the adsorbed molecules
of atmospheric gases and oxide/carbide/nitride sur-
face formations (Fig. 3a).

The elemental composition of the surface in
smooth and defective areas (artificially applied
scratch) in analysis zone 2 after Ar+ ion etching for 100 s
at an energy of 3 keV (in decreasing order of the ampli-
tudes of Auger peaks) is Fe, Cr, Ni, Ar, and C, where
PROTECTION OF METALS AND PHYSICAL
C are the adsorbed gas molecules of the residual atmo-
sphere in the vacuum chamber of the spectrometer
(CO2, CH4, and others), considering the ability of car-
bon to accumulate when exposed to an electron beam
on the surface of most materials (the sources being
residual atmosphere, surface diffusion, internal pores,
and grain boundaries), and Ar are argon atoms
implanted into the surface when exposed to an ion
beam during ion etching of the sample. The change in
the concentration of elements with depth in accor-
dance with the time of ion etching can be estimated
from the spectra (the approximate rate of ion etching
 CHEMISTRY OF SURFACES  Vol. 57  No. 6  2021
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Fig. 3. Auger electron spectra of the surface of sample no. 2: (a) in zones of analysis 1–3 before ion etching, (b) in analysis zone
2 before and after Ar+ ion etching (1 and 3 keV), and (c) in analysis zone 3 before and after Ar+ ion etching (1 and 3 keV). The
locations of the analysis zones are shown in accordance with the image in Fig. 2b.
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of Ar+ stainless steel is about 20–25 nm/min, and that
for Pd is about 100–130 nm/min) (Fig. 3b).

Similarly, it is can be shown that the elemental
composition of the surface integrally (including defec-
tive and smooth areas) in analysis zone 3 after ion
etching with Ar+ for 100 s at an energy of 3 keV is (in
PROTECTION OF METALS AND PHYSICAL

Fig. 4. Dependences of the concentration of Fe and Pd on
the etching time (depth) for sample 2 (AISI 321 steel mod-
ified with Pd) in analysis zones 1 and 2 ((1) original surface
and (2) the bottom of the defect, respectively).
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decreasing order of the amplitudes of Auger peaks) Fe,
Cr, Ni, O, Ar, Cu, and Ti (Fig. 3c).

The results of the distribution of the concentration
of Fe and Pd over depth (the dependence of the con-
centration of elements on the etching time) in zones 1
and 2 of the surface of the modified steel sample are
shown in Fig. 4. It is obvious that the atoms of the
deposited metal (Pd) are concentrated mainly in the
surface and near-surface layers of the steel sample. It
can be seen that the concentration of palladium within
the artificially created defect (scratch) is significantly
higher.

Figure 5 shows a microimage of the surface of a
sample subjected to electrochemical treatment with a
weak current of infralow frequency. It is obvious that
subindividuals of the new phase (Pd) are formed on
the surface with sizes on the order of 5–80 nm, which
have a predominantly smoothed shape. Their greatest
accumulation was found in areas with artificially cre-
ated surface defects (scratches).

CONCLUSIONS

Thus, based on the results of the experimental
study, it can be stated:

1. A method for surface alloying of stainless steels
has been developed, based on the use of modes char-
Fig. 3. (Contd.)
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Fig. 5. Microimage of the surface of a sample of AISI 321
steel exposed in a solution of 0.1 M NaCl + 0.01% PdCl2
with electrochemical polarization with a current charac-
terized by a density of 1 μA/cm2 and infralow frequency of
0.06 Hz: (a) on a defect-free area of the surface; (b) in the
area of an artificial defect.

(b)

100 nm
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(a)
acterized by a current with a density of the order of
1 μA/cm2 and a frequency multiple NS × 10–2 Hz
(NS = 0.1–10), realized in chloride-containing media
in the presence of a noble metal ion (Pd2+).

2. It was found that AISI 321 steel samples polar-
ized at a current density of 1 μA/cm2 and a frequency
of 0.06 Hz have a corrosion potential in a chloride-
containing solution (0.1 M NaCl) equal to +15 mV,
PROTECTION OF METALS AND PHYSICAL CHEMISTR
which is almost 150 mV more positive than the value
obtained for the control samples that were not sub-
jected to electrochemical treatment.

3. It is shown that the enhancement of the potential
of the samples under study is due to the presence on
the surface of AISI 321 steel of subindividuals of a new
phase (Pd) with sizes of about 5–80 nm that have a
smoothed shape, with their greatest accumulation
being observed in areas with artificially created surface
defects (scratches).
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