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INTRODUCTION

Steel 

 

#Kh18N10T

 

 pertains to an abundant group of
chromium–nickel austenitic corrosion-resistant steels
known in the world practice as “steels of the 18-10 type”.

Examples are known where scanning tunneling
microscopy (STM) was used in studying the nanomor-
phology of steel surface, which included the STM study
of the air-exposed (100) face of a Fe–18Cr–13Ni alloy
single crystal [1]. It was found that a passive film
formed during the anodic polarization in 0.5 M H

 

2

 

SO

 

4

 

at +500 mV (NHE) had a layered structure with the
external layer 

 

0.9 

 

±

 

 0.2

 

 nm thick consisting of 

 

96 

 

±

 

 2%
Cr

 

(

 

OH

 

)

 

3

 

 and 

 

4 

 

±

 

 2% 

 

Ni

 

(

 

OH

 

)

 

2

 

. The inner layer 

 

1.1

 

 ±

 

 0.2

 

 nm
thick consisted of 18% Fe

 

2

 

O

 

3

 

 and 82% 

 

α

 

-

 

Cr

 

2

 

O

 

3

 

. Using
STM measurements, the passive-film morphology was
examined to reveal 50–100 nm grains; at high resolu-
tion, the atomic nanostructure with characteristic dis-
tances of 0.298 and 0.261 was observed.

In this study, the local electrophysical properties of
the steel surface that determine its corrosion behavior
were studied by a combination of methods of scanning
tunneling spectroscopy (STS) and scanning tunneling
microscopy including its electrochemical version
(ESTM).

The STM and ESTM instruments make it possible
to carry out local measurements of the 

 

I

 

t

 

 vs. 

 

U

 

t

 

 depen-
dence in selected sites of the scanned surface region by
recording spectra pertaining to the tunneling process on
individual surface atoms and performing their quantita-

1

 

tive analysis. These dependences are adequately
described by the formula [2]

 

(1)

 

where 

 

I

 

oo

 

 is a non-zero tunneling electron-exchange
current between the tip and the surface at 

 

U

 

t

 

 = 0; 

 

G

 

o

 

 

 

is
the minimum tunneling conductivity for 

 

U

 

t

 

 = 0. Both
these parameters depend on the tunneling gap deter-
mined by the maintained STM tunneling conductivity

 

G

 

1

 

 = 

 

I

 

o

 

/

 

U

 

to

 

, where 

 

I

 

o

 

 and 

 

U

 

to

 

 are the fixed and stabilized
STM tunneling current and tunneling voltage, respec-
tively. The dimensionless coefficient 

 

α

 

 reflects the
asymmetry of probability of the tunneling electron
transfer to the tip, which depends on physicochemical
properties of a local site.

From Eq. (1), it is evident that for 

 

α

 

 

 

 

 

1

 

, the fol-
lowing relationships emerge:

 

(2)

 

and

 

(3)

 

where 

 

β

 

 is the maximum slope coefficient expressed in
V (or mV) that reflects the tunneling activity of a particular
site in an image. Substituting 

 

β

 

G

 

o

 

 for 

 

I

 

oo

 

 in Eq. (1), we
obtain relationship (4) that reflects the effect of 

 

β

 

 on 

 

I

 

t

I t Ioo αU tGo/Ioo[ ]exp{=

– 1 α–( )– U tGo/Ioo[ ]exp },

U tGo/Ioo I t( ) Ioo( )ln–ln=

β dU t/d I t( )ln Ioo/Go,= =
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 are calculated. As for Fe–Cr alloys, it is shown
that at the atomic level, the local energy properties of a steel 

 

#Kh18N10T

 

 are determined by the mutual effect
of neighboring atoms (the matrix effect).
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and relationship (5) that illustrates the effect of 

 

I

 

o

 

 and

 

U

 

to

 

 on 

 

I

 

t

 

(4)

(5)

 

where 

 

γ

 

 = 

 

I

 

o

 

/(

 

G

 

o

 

U

 

to

 

)

 

.
It is evident that the tunneling current depends on

both the minimum tunneling conductivity, which
depends on the STM-sustained initial tunneling con-
ductivity 

 

G

 

1

 

, and coefficients 

 

α and β, which are inde-
pendent of the latter value and enter into Eqs. (4) and
(5) not only as cofactors but also under the exponent as
well.

EXPERIMENTAL

We used an electrochemical scanning tunneling
microscope (ESTM) of the “C3M Solver EC” type with
the maximum scanning resolution of 0.022 nm. Mea-
surements were carried out at room temperature using
a local scanning tunneling spectroscopy mode with
respect to voltage. The following ESTM experimental
conditions were used: It = const, Io = 0.1 nA for the con-
trolled sample and probe potentials at the tunneling
voltage Uto = 100 mV.

As the reference electrode, a miniature silver-chlo-
ride electrode fixed in the ESTM cell was used; the
counter electrode represented a Pt–Ir wire. Under experi-
mental conditions, the sample and probe potentials were
maintained by a bipotentiostat, which was a part of the
C3M Solver EC setup developed at NT-MTD based on a
IPC-TWIN bipotentiostat designed at ZAO “Kronas”.

Probes for STM and STS measurements were pre-
pared from Pt–Ir wire containing 25% Ir. The probe’s
tip, which was periodically immersed in solution, was
insulated by a coating with Glassofor polymer applied
by an electrochemical procedure. The quality of the tip
was controlled by a test envisaged in this setup, namely,
by measuring a spectroscopic dependence at the
removal of the probe from a sample [3, 4].

In this work, samples of stainless steel #KH18N10T
(68.9% Fe–17.8% Cr–10.4% Ni–0.52% Ti) were stud-
ied in air and at the interface with an electrolyte. The
latter represented, as a rule, 0.01 N HCl solution pre-
pared with twice distilled water. Samples of sheet steel
(0.15 mm thick) were fixed in the elaborated miniature
electrochemical cell of perfluorinated polymer. Prior to
be placed into a cell for STM measurements, samples
were polished with diamond powder to high luster,
washed with acetone, ethanol, and, finally, twice dis-
tilled water. When the measurements were carried out
in electrolyte solution, before an ESTM image was
measured, the sample potential (Es) +100 mV and the

I t βGo αU t/β( )exp[=

– 1 α–( )U t/β–( )exp ],

I t Ioβ/ U toγ( ) αU t/β( )exp[=

– 1 α–( )U t/β–( )exp ],

tip potential (Öt) +200 mV were stabilized by the bipo-

tentiostat. 1

After an STM image was obtained, STS spectra
were recorded, namely, series of It vs.Ut (in air) or It_ex
vs. Ut (in solution) curves by moving a probe over the
chosen surface area, as a rule, over a square net of 120
cells, where It_ex means the experimentally recorded
current, which for experiments in solution corre-
sponded to a sum of tunneling and faradaic currents
(It_ex = It + Ifar). In this case, the tunneling voltage in each
point varied from –0.4 to +0.8 V and back with the
scanning rate Ut ± 1 V/s.

In the beginning and end the of each ESTM experi-
ment, a dependence of faradaic current on the uninsu-
lated part of the withdrawn tip on its potential (Et) was
recorded. This made it possible to obtain the corrected
It_ex vs. Ut curve by subtracting this background fara-
daic current (Ifar) from the Tt_ex vs. Ut dependence using
a specially developed program. The obtained data were
processed using a computer program that allowed one
to find Ioo, Go), and α by minimizing the least square
deviation between the experimental and calculated It
values for each Ut in a curve.

RESULTS AND DISCUSSION

Electrochemical characteristics of #Kh18N10T
alloy in dilute acid solutions were determined by polar-
ization measurements on its sample by using either an
IPC-Pro-3A potentiostat or a bipotentiostat in an
ESTM cell. The result obtained with both instruments
did not show any principal differences. Below, the data
measured in an ESTM cell are shown for a sample with
the known surface area. Figure 1 demonstrates poten-
tiodynamic polarization curves recorded with a poten-
tial scan rate of ±5 mV/s in 0.01 N H2SO4 (Fig. 1a) and
0.01 N HCl (Fig. 1b) solutions.

In [5, 6], polarization curves were measured on pure
iron, chromium, and nickel in 0.1 N H2SO4 solutions at
22°ë and also on the #Kh18N10T alloy in boiling 3.4 N
H2SO4 solution. Results obtained by varying the poten-
tial from cathodic values corresponding to the active
reduction of the metal surface were shown. Each curve
had an active dissolution segment.

In the present study, the polarization measurements
of the #Kh18N10T alloy at room temperature (Fig. 1),
did not make the electrode be subjected to active
cathodic polarization, and the cyclic polarization
including multiple runs from cathodic to anodic poten-
tials and back, revealed no active dissolution range for
this alloy. Apparently, it was caused by sufficient pas-
sivity of the alloy surface exposed to air and the electro-
lyte of a low acidity. This state made the ESTM mea-
surements be easier.

1 The cell contained an Ag/AgCl reference electrode with a poten-
tial of 340 mV in 0.01 N HCl; in the text below, the potentials are
shown on the NHE scale, i.e., a potential of +100 mV (Ag/AgCl)
corresponds to +440 mV (NHE). 
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In a potential range under study, in dilute H2SO4 and
HCl solutions, the reverse polarization curves demon-
strated a hysteresis reflecting the changes in the surface
state with transients from cathodic processes on the
alloy and from the initial states of its dissolution to the
surface oxidation and passivation and, in the reverse
run, to its reduction. A peak in the direct run in the
vicinity of 1.25 V was associated with the selective dis-
solution of the titanium carbide admixture on the sur-
face of this steel [5–7]. In the reverse run, a depression
of cathodic current appeared in a potential range from
+300 to –300 mV. For a shorter range of cyclic polar-
ization (from –400 to +1200 mV), neither the peak
associated with TiC dissolution in the direct run, nor the
depression in the back run were observed. Apparently,

this cathodic current is associated with the TiO2+ reduc-
tion from the near-electrode solution layer.

A difference revealed between the measurement in
0.01 N HCl and H2SO4 solutions was associated with
the fact that in the hydrochloric acid solution, in a
potential range from +405 to +1610 mV, in the first
cycle, in its direct and, sometimes, back runs, a break-
down of the passive state and considerable surface dis-
solution with the formation of pits were observed.
Apparently, due to the continued etching of pits, the
anodic current increased further despite a decrease in
the potential, passed through a maximum, and then
decreased; the sample etching stopped only at +405 mV
as seen in Fig. 1b, line 3. Such a breakdown was also
observed in the curves recorded in 0.01 N HCl in a
range from –400 to + 1800 mV (Fig. 1b, curve 2). In the
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Fig. 1. Potentiodynamic polarization curves of stainless steel #Kh18N10T: (a) 0.01 N H2SO4 solution, (b) 0.01 N HCl solution; (1,
2 and 1', 2') curves of the first cycle; (3, 3') curves of the 3rd cycle. Potential scan rate: (1, 2, 3) + 5 mV/s, (1', 2', 3') –5 mV/s.
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next polarization curve both in ranges from –400 to
+1200 mV and from –400 to +180 mV, the breakdown
disappeared and the direct and back curves gradually
merged together. Pitting on the #Kh18N10T-type steel
was already observed [8–14]; it was also noted that pits
appeared due to the simultaneous presence of chloride
ions as depassivators and an oxidant, particularly, oxy-
gen, in solution. In chloride-free sulfate solutions, steel
was so strongly passivated that no pits were formed.

Thus, in a hydrochloric acid solution, the stability
range for steel #Kh18N10T, which could be conve-
niently studied by the ESTM technique, narrowed
down to a range from –200 to +950 mV.

STM and ESTM measurements shown below were
carried out at an open-circuit potential stablized in a
0.01 N HCl solution at 100 mV in the 0.01 N HCl scale
or +440 mV in the NHE scale. Results obtained at other
potentials will be shown in our next publications.

Figure 2 shows STM images of a sample of steel
#Kh18N10T, measured in air (Figs. 2a and 2b), in 0.01 N
HCl solution at Es = +440 mV (Figs. 2c, 2d). The elec-
tronic profile image of the steel #Kh18N10T surface in

air, is shown in Fig. 2a on a field of 2.5 × 1 µm. Its
relief, reaches 140 nm, which corresponds to approxi-
mately ~5% roughness of micrograins.

However, at high magnifications of tunneling micro-
scope as, e.g., in Fig. 2b that spans nearly 103 atoms
(8 × 8 nm field), where only one face of a microcrystal
is covered by the scanned field. The surface looks vir-
tually atomically smooth with the height difference of
merely 0.6 nm, which does not exceed two atomic lay-
ers. Note that in the vast majority of measurements on
polycrystalline samples at high magnification, where
the field did not exceed 0.01 µm2, STM measurements
allow one to select and visualize atomically smooth
faces of single crystals.

Figure 2c shows ESTM images of steel #Kh18N10T
in 0.01 N HCl solution for the scanned field of 1 × 0.8 µm
and the sample potential of +440 mV. These images are
much smoother with the height difference not exceeding
3 nm. The high-resolution (8 × 8 nm) ESTM image shown
in Fig. 2d is also atomically smooth as in air.

Local spectral dependences of the tunneling current
on the tunneling voltage (It vs.Ut) in solution at the con-
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Fig. 2. Images of #Kh18N10T steel surface measured with Solver EC ESTM; (a,b) in air, Ut = 100 mV, Io = 0.100 nA; (c, d) in
0.01 N HCl solution at Es = +440 mV, Ut = 100 mV, I0 = 0.100 nA; (a, c) low resolution: (a) scanning in steps of 9.945 nm,
(c) scanning in steps of 4.683 nm; (b, d) high resolution (at atomic level): scanning in steps of 0.058 nm.
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trolled sample and probe potentials on stainless-steel
samples were studied after recording an STM image.
As an example, Fig. 3 shows the typical tunneling cur-
rent vs. tunneling voltage (It vs. Ut) dependences for
#Kh18N10T measured in air and 0.1 N HCl solution.
Figures 3a and 3b demonstrate It vs. Ut curves mea-
sured in air in an experiment which included recording
15 curves along each of two image diagonals (30 curves
in total) with a step of ~90 nm between the sites of mea-
surements. It is seen that for both direct (3a) and reverse
(3b) curves, there exists a sufficiently large number of
closely located curves that reflect the average surface
state. At the same time, there are curves with different
slopes that point to both higher and lower tunneling
activity of the local sites. Figure 3c and 3d show spectra
of It vs. Ut curves (60 spectra for each of 120 curves)
corrected for the faradaic current, which were mea-
sured by moving “along the net” with a step of 133 nm
on a sample in 0.01 N HCl. It is evident that sufficiently
wide deviations are observed between the local It vs. Ut
dependences, which were associated with the non-
equivalent tunneling activity of different surface sites,
despite the same potential. This is reflected in the
parameters α, β, and γ = G0/G1.

Based on a set of It vs. Ut dependences for steel
#Kh18N10T, for each of 1429 analyzed curves, the val-
ues of local tunneling conductivity Go, tunneling
exchange current Ioo, and coefficients λ, β, and γ were
calculated. The average values of these parameters

reflected the mean tunneling surface activity while their
variation characterized the extent of their difference.

To illustrate these properties, Figs. 4 and 5 show his-
tograms for measurements in air and at a potential of
+440 mV in 0.01 M HCl (Fig. 6), plotted with taking
into account the weight factors of measured values. The
data that did not fit the length of the histogram partition
could be designated by a peak in the beginning and the
end of the whole sampling area, as seen in certain his-
tograms.

In similar measurements performed earlier on Fe–
Cr alloys [15], it was shown that histograms of the dis-
tribution of local α, β, and γ values substantially differ
both between iron and chromium, as well as their alloys
with different Fe and Cr contents, which is due to the
structure of their lattices. Comparing the data obtained for
#Kh18N10T alloy in air with analogous histograms for
alloys with the same content of chromium (Fe-17.4Cr) or
iron (Fe–27%Cr) (Fig. 4) demonstrates a substantial
difference in parameters, which is most probably
explained by the presence of a new component, nickel,
in #Kh18N10T alloys.

In contrast to the Fe–Cr alloys under comparison, in
which the distribution of α had a pronounced shoulder
for α = 0.46 and peaks in the vicinity of α = 0.49, for
steel #Kh18N10T, the dominating (by more than 10%)
peak at 0.47 V and a smaller peak at α = 0.49 V were
observed. For steel #Kh18N10T, histograms of β distri-
bution that reflect the maximum slope Ut/ln(It) did not
coincide with analogous distribution for Fe–Cr alloys,
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Fig. 3. Spectra of It vs. Ut dependence, measured on steel #Kh18N10T (a, b) in air and (c, d) in 0.01 N HCl solution;
(a, c) dUt/dτ > 0, (b, d) dUt/dτ < 0.
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namely the maximum fell to a value β = 80 mV.
Whereas for Fe–Cr alloys, the distribution histograms
of a parameter γ (that characterizes the local field activ-
ity) had a clear maximum for γ = 1 and nearly 5% of
active sites (for γ > 3), for steel #Kh18N10T, besides a
peak at γ = 1, there were several smaller peaks of
enhanced activity for γ = 1.44, 1.98, 2.34, 2.76, respec-
tively.

Thus, as in the case of Fe–Cr alloys, we observed
that despite its complex nature, steel #Kh18N10T
reveals no individual tunneling properties for Fe, Cr, or
Ni surface atoms. Apparently, the recorded properties
of steel are determined by the mutual effect of its com-
ponents, the presence of the matrix effect; this result is
apparently of fundamental value for nanoproperties of
the alloys.

Figure 5 compares histograms for alloy #Kh18N10T,
in which the distributions of parameters α, β and γ were

2

calculated not only in scans with dUt/dτ > 0 (358 curves)
but also in reverse scans (351 curves). The recorded dif-
ferences are associated with the fact that the surface
state somewhat changed when an electron was trans-
ferred to the tip and from it. These changes largely con-
cerned the coefficient α that reflects the probability of
electron transfer from a sample to the tip.

Figure 6 shows histograms of the dependences of α,
β, and γ = Go/G1 for G1 = 1.0, which were obtained by
processing 360 direct curves and the equal number of
reverse curves for ESTM measurements in 0.01 N HCl

at the sample potential of +440 mV2.

2 Insofar as the measurements on alloys of the Fe–Cr system were
carried out only in air and for the overwhelming majority of cases
for dU/@ > 0 scans, it is impossible to compare our data with the
local surface properties of Fe–Cr alloys in acidic solutions
including the scans with dUt/dt < 0. 
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The same as for measurements in air, certain differ-
ences between histograms obtained at dUt/dτ > 0 and
dUt/dτ < 0 could be distinguished; these differences
were more pronounced for coefficient α.

Comparing Figs. 5 and 6, shows that the distribution
histograms of parameters under question, which were
calculated from the data acquired in measurements in
0.01N HCl solution for a sample at a potential of
+440 mV (Fig. 6) differ from analogous histograms in
air (Fig. 5). Thus in solution, parameter β had pro-
nounced peaks in both direct and back runs not only at
70–90 mV as in air but at 120 mV; the latter maximum
was absent in air. Whereas for steel #Kh18N10T in air,
the peak shifted to γ < 1 and was less pronounced, the
histograms of γ distribution in solution demonstrated a
pronounced peak at γ = 1.2, which was dominant. This

suggests that the local surface properties at the con-
trolled potential and the other conditions equal are
more stable, namely, the tunneling conductivity was
more pronounced and had two characteristic β slopes;
the probability factor of tunneling transfer α for spectra
of direct and reverse It vs.Ut dependences demonstrated
still more pronounced differences due to the changes in
the tip potential as a result of spectral measurements
that reached the range of oxygen chemisorption.

Thus, the electrochemical scanning tunneling spec-
troscopy was used for the first time to study the local
properties (on the atomic level) of stainless steel.
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