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Abstract—Corrosion-electrochemical properties of model a-Fe + Fe,C + TiC" ihree-phase nanoeryslallme
composites in acidic sulfate solutions are studied. Anodic processes on a-Fe + Fc3C + TiC composites are
determined chiefly by the oxidation of ferrite and cementile components. The passivation of nanocomposites
takes place due to the formation ofy-Fe^O-s • гсНтО surface hydroxides with a high water content и = 0.7—2.2
and low protective properties. The high activity of a-Fe + Fê ,C + TiC composites with respect to hydrogen
evolution is determined by the cementite component and increases with an increase in the dispersion of Fe3C
inclusions. Under the effect of cathodic hydrogen, titanium carbide decomposes to produce free carbon.
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INTRODUCTION

Metal-based composite materials, such as solid
alloys and carburized steel, which involve strengthen-
ing a carbide phase that is homogeneously distributed
in a viscous metallic matrix are widely used in industry
[1,2]. Despite the promising characteristics of carbur-
ized steels in modern technology, there are only a few
works devoted to the corrosion—electrochemical
properties of the materials | 3 | .

In the case of nanostructured materials, one has
additional possibilities to improve their useful charac-
teristics due to the high dispersion (less than 100 nm)
of phase inclusions and crystallites [4, 5]. From this
point of view, it is expedient to produce and study
nanostructured analogues of solid alloys and carbur-
ized steels.

A peculiarity of carbides of transient metals is the
lowered overpotential of the cathodic hydrogen evolu-
tion. The most promising electrochemical catalysts
are Fe3C, Fe5SiC, TiC, and WC carbides [6—8]. As was
shown in [9, 10], nanoscale carbide (Fe3C) inclusions
in conducting (a-Fe) matrix obtained by mechanical
smelting also provide very high catalytic activity, espe-
cially when carbide inclusions form grid structures.
The activity of a-Fe + Fe-,C + TiC nanocrystalline
composites with respect to cathodic hydrogen evolu-
tion has not yet been estimated.

Carbide inclusions with a low overpotential of
hydrogen evolution in sulfuric acid solutions can pro-
mote the passivation of the iron matrix [11]; however,
in order to estimate the possible increase in the corro-
sion resistance, one should investigate the passivation
characteristics of such composite systems.

The object of this work was to study the effect of the
structure and phase state of a-Fe + Fe,C 4- TiC
nanocrystalline composites produced by mecha-
nochemical synthesis followed by dynamic pressing on
the electrochemical properties in acidic sulfate solu-
tions.

EXPERIMENTAL

The conditions of mechanochcmical synthesis and
notations of specimens are listed in Table 1. A Fritsch
P-7 planetary ball mill with an acceleration of 25g was
used. Powders of original compounds in an amount of
10 g were fed in the mill. In the case of organic envi-
ronments, the mill bowls were completely filled with
the liquid. The bowls (with a volume of 45 cm3) and
grinding balls (20 pcs., 10 mm) were made of \ShKhl5
steel (I % С and 1.5% Cr), which is especially hard and
has a minimum content of alloying elements, in order
to minimize the contamination of powders with for-
eign admixtures.

The obtained powders were compacted by mag-
netic pulse pressing [I2|. The pressing was carried out
by high-pressure pulses with an amplitude of 2 GPa
and a duration of 300 us at the continuous evacuation
to H)"3 Pa. Before pressing, the powders were exposed
at 500°C in a vacuum for 1 h. The compacted species
were disc-shaped with a diameter of 15 mm and a
thickness of 2 mm..

X-ray diffraction studies were carried out with a
DRON-3M diffractometer with filtered CuKa radia-
tion. Qualitative and quantitative X-ray phase analysis
and the determination of the crystal lattice parameters
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Table 1. Composition of original powders, grinding environment, and duration of mechanochemical synthesis (MS)

321

Specimen

Fe70Til5C15

Fe(70)TiC(30)

Fe70Til5/tol20

Fe70Til5/tol32

Fe70Til5/VTES

Fe

70

70

70

70

70

Original powder composition, at %

Ti

15

15

15

15

С

15

TiC

30

MS environment

Ar

Ar

toluene

toluene

3% VTES in toluene

MS duration, h

16

16

20

32

32

Note: VTES is vinyltricthoxysilane.

were performed using relevant program packages
[13,14].

Electron microscopic studies were carried out with
a JSM 6490 raster micioscope with embedded energy-
dispersive and wavelength-dispersive X-ray analyzers.
Atomic force microscopic measurements were carried
out with a P47-SPM-MDT scanning probe micro-
scope in air in the semicontact mode. NT-MDT sili-
con cantilevers were used. In order to clarify the
phase—structure peculiarities, the surface of com-
pacted specimens was etched with a 3% nitric acid solu-
tion in alcohol. Upon such treatment, only ferritc is
etched out, while carbides are retained and well seen in
three-dimensional images of the surface topography.

X-ray photoelectron spectroscopic studies were
carried out with an ES-2401 spectrometer with a Mg
anode. The spectrometer was calibrated with respect
to Au4/7/2 line at 84.0 eV. The bond energy (Eb) of Cls
electrons in an alkyl group was assumed to be 285.0 eV
The surface was etched with a 1-keV Ar+ ion flow at a
current of 15 uA. Under these conditions of ionic
etching, a surface layer with a thickness about 10 A is
removed in 1 min.

Polarization measurements were carried out under
potentiodynamic conditions with an IPC-Pro poten-
tiostat in a standard YaSE-2 electrochemical cell at
room temperature and natural, aeration. The silver-
chloride electrode was taken as the reference elec-
trode, while platinum electrode was taken as the aux-
iliary electrode. All potentials are given with respect to
the standard hydrogen electrode, and currents are
recalculated to the visible surface of specimens. Spec-
imens were insulated in Epoxy resin. The surface
treatment before electrochemical tests involved sand-
papering and additional polishing with A1,O, powder
wetted with distilled water. Acidic sulfate solutions

(QSO4-) = 0.5 M, pH = 0.4, 1.9, and 2.9) were pre-
pared from chemically pure H :SO4 and Na,SO4 and
distilled water. Armco iron (wt %: 8 x 10~3 C, 5 x
Ю-3 S, 3 x lO-'P, 3 x 10~2O, and 6 x lO"3 Mn),
cementite produced by mechanochemical synthesis
and magnetic pulse pressing [7], and ready titanium
carbide compacted by magnetic pulse pressing were

taken as the reference specimens. Specimens were
exposed to acidic sulfate solutions for -15 min and
polarized under potentiodynamic conditions sepa-
rately in cathodic and anodic directions at a rate of
I mV/s.

RESULTS AND DISCUSSION

/. Structure—Phase Analysis of a-Fe + Fe 7C + TiC
Nanocrystalline Composites

The formation mechanisms of the structure—phase
state of a-Fe + Fe3C + TiC composites were studied in
detail in [15—17]. As an example, Fig. 1 shows elec-
tron microscopic images of Fe(70)TiC(30) and
Fe70Ti 15/tol20 powders upon mechanochemical syn-
thesis. Powders produced by grinding a dry mixture of
iron and ready titanium carbide contain not only a
line-particle fraction (~1 um), but also relative large
particles (-10 um). Upon the mechanochemical syn-
thesis in a liquid organic environment, more homoge-
neous powders composed of lamellar particle agglom-
erates with a size of 10-50 um are formed. In all the
cases, the Fe/Ti ratio in the powders upon the mecha-
nochemical synthesis corresponds to that of the origi-
nal mixture.

X-ray patterns of the composites upon pressing are
shown in Fig. 2. Phase compositions, grain sizes, and
lattice parameters are listed in Table 2. Specimens
included three-phase systems involving a-Fe,
cementite, and titanium carbide; the number of car-
bide phases depends on the experimental conditions.

The minimum amount of cementite is present in
Fe(7O)TiC(3O) and Fe70Til5/tol20 specimen. When
the Fe70Til5C15 specimen is prepared from the ele-
ment powder mixture, titanium carbide and cementite
(up to 36 wt %) are formed concurrently. When grind-
ing in toluene, the amount of cementite increases with
an increase in the duration of grinding. Vinyltriethox-
ysilane (VTES) additive substantially accelerates the
formation of cementite.

The content of titanium carbide in most compos-
ites is close to 20 wt %. In the case of Fe70Ti 15/VTES
produced in the presence of silicon-organic additive,
TiC content is lower, about 14 wt %, because a part of
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Fig. 1. SEM images of particles of mechanically activated powders and compacted specimens of (a, c) Fe(70)TiC(30) and
(b, d) Fe70Til5/tol20 composites.

titanium is bound in silicides and oxides.
Fe(70)TiC(30) and Fe70Til5CI5 specimens have the
same TiC phase content, but the amount of cementite
in Fe70Til5C15 is higher than in Fe(70)TiC(30) by a
factor of 2.5. Tf we take into account that the speci-
mens were produced from mixtures with the same
atomic part of carbon, the deficiency of carbon in the
titanium carbide phase compared to the stoichiomet-
ric composition is larger in Fe70Til5CI5 than in
Fe(70)TiC(30) by a factor of 2.5.

The iron lattice parameter (a) of the most of speci-
mens falls in a range of 0.2872—0.2874 nm, being
larger than that of individual iron. This is determined

by the presence of up to 2 at % titanium in the form of
solid solution in iron.

Figures 1c and Id show electron microscopic sur-
face images of the cross sections of composites upon
pressing. Composites produced in organic environ-
ments are chemically homogeneous and have a low
porosity. The images of specimens produced by grind-
ing dry mixtures involve dark spots (Fig. Ic) that,
according to the data of X-ray microanalysis, are TiC
inclusions.

Figure 3 shows AFM images of composites upon
the selective etching of ferrite. In all the cases, carbides
(light spots) are uniformly distributed over the corn-

Table 2. Phase composition of composites /V (wt %, ±3%), coherent scattering areas (L) (nm, ± 1 nm). and laltice parameters
a, b, and с (nm)

Specimen

Fe(70)TiC(30)

Fe70Til5CI5

Fe70TiI5/tol20

Fe70Til5/tol32

Fe70Til5/VTES

a-Fe

/V

67

44

64

30

22

(L)

13

1 1

14

14

12

a ±0.0001

0.2873
0.2874
0.2872
0.2874
0.2871

TiC

N

19

20
23
19
14

(L)

10
4

a ± 0.005*

0.430
0.430
0.430
0.430
0.430

Fe3C

N

14

36
13
5 I
64

(L)

8
3

5

13

a, b, с (±0.01*)

0.51,0.68,0.45
0.51,0.69,0.45
0.S1, 0.69, 0.45
0.51,0.68,0.45
0.51, 0.69, 0.46

Note: We failed to reach the better resolution because of the line broadening and overlapping.
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posite surface and have a typical size of 20—100 nm.
On Fe(70)TiC(30) specimen, in addition to uniformly
distributed small carbide particles, there are much
larger particles with sizes of 1 — 10 urn. In
Fe70Ti 15/tol32 and Fc70Ti 15/VTES, a homogeneous
grid structure of nanoscale carbide inclusions is
formed (Figs. 3d, 3e).

2. ELECTROCHEMICAL PROPERTIES
OF NANOCRYSTALLINE a-FE + Fe,C + TiC

COMPOSITES

2.1, Anodic Processes on Individual Phases
and a-Fe + Fe,C + TiC Composites

Figure 4 shows polarization curves of a-Fe + Fe3C +
TiC composites (Fig. 4a) and individual phases
involved in the composites (Fig. 4b). Parameters of the
polarization curves are given in Table 3. The ferrite
phase has the lowest dissolution overpotential, and it
that dissolves at corrosion potentials of a-Fe + Fe3C +
TiC composites (about 250 mV). Cementite actively
dissolves at E> 0 mV, which leads to the surface accu-
mulation of free carbon |7, I0J. In the case of compos-
ites, the anodic peak of cementite is not seen because
of the intense dissolution of the ferrite phase in the
limiting anodic current range.

The TiC phase has the lowest oxidation rate, which
is determined by the formation of the protective sur-
face layer composed of TiO2 oxide and TiC sOv oxycar-
bide [18]. The intense oxidation of titanium carbide
produces TiO2+, CO, or CO 1 ; which corresponds to
the anodic peak at E~ 1200 mV |8, 19-22]. The peak
current density of the individual TiC oxidation is
1 mA/cm2, which is lower than anodic currents of the
composites in this range of potentials. However, the
high dispersion of the TiC inclusions may facilitate

20 40 60
26, deg

80 100

Fig. 2. X-ray patterns о I" composites: (a) Fe(70)TiC(3O);
(b) Fe70Til5C15; (c) Fc70Til5/tol20; (d)
Fe70Til5/toI32; and (e) Fe70Ti 15/VTES.

their oxidation and result in higher anodic current at
E ~ 1200 mV.

Thus, the electrochemical behavior of a-Fe +
Fe-,C + TiC composites is determined by the following
peculiarity; the oxidation of the individual phases
involved in the composite takes place at potentials that
substantially differ from each other. For this reason,

Table 3. Parameters of polarization curves on Armco iron, cementite, titanium carbide., and a-Fe + Fe 5 C + TiC composites in
0.05 M H 2 SO 4 + 0.45 M Na 2 SO 4 : E (mV, ±5 mV) and / (mA/cm2, ±5%)

Specimen

Armco Fe

F e 3 C

TiC

Fe(70)TiC(30)

Fe70Til5C15

Fe70Til5/tol20

Fe70Til5/tol32

Fe70Til 5/VTES

Parameters ofpolarization curves

^cor

- 3 2 5

- 1 9 5

- 1 4 5

- 3 4 5

- 2 4 0

- 2 4 0

- 2 3 5

-230

/c(-400 mV)

0.6

26.2

2.3

4.4

13.4

25.9

21.0

24.1 •

/a(-200 mV)

35.2

~0

-

22.4

5.0

11.0

5.0

5.4

/p(1250mV)

0.05

3.9

-

1.6

1.3

3.8

-

6.2
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Fig. 3. AFM surface images of compacted specimens upon etching in 3% nitric acid, solution in alcohol: (a) Fe(70)TiC(30);
(b) Fe70Til5C15; (c) Fe70Til5/to!20; (d) Fe70Til5/tol32; and (e) Fe70Til5/VTES.

the surface composition of composites should notice-
ably change with an increase in the anodic potential,
and the subsequent anodic processes are determined
by the surface layer of the corrosion products formed.
In particular, the formation of a passive film takes
place on a surface enriched with Fe3C and TiC (E =
-250 to 0 mV) and free carbon ( £ > 0 mV).

2.2 Passivation of a- Fe + Fe,C+ TiC Composites

Passive nanocrystallinc a-Fe + Fe3C + TiC com-
posites dissolve at a high rate. The current density at
complete passivation (/cp) is determined by the amount
of free carbon accumulated on the surface, which neg-
atively affects the structure of the passive film, as was
clearly shown in [10, 23] for a-Fe + Fe3C systems. The
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/cp value on composites produced by mechanochemi-
cal synthesis in liquid organic environments is higher
than that of the specimens produced from dry mix-
tures by a factor of three to ten, which is determined by
the high dispersion of carbide inclusions. At the disso-
lution potentials of the ferrite matrix, the probability
of carbide sludge deposition is higher in the case of
specimens containing relatively large carbide inclu-
sions. Therefore, the amount of carbides that accumu-
late on the surface of Fe70Ti 15C15 and Fe(70)TiC(30)
is smaller and the protective properties of the passive
film are better.

Complete passivation potentials (Eb) of a-Fe +
Fe3C + TiC composites are higher than those of Armco
iron and Fe3C by 300—600 mV. The substantial differ-
ence between the £cp values reflects the different
chemical nature of the passive films formed on a-Fe +
Fe3C -I- TiC composites and on Armco iron or Fe;C.

On cementite, the passivation potential about
500 mV corresponds to the formation of a two-layer
Fe3O4/y-Fe2O3 passive film with a relatively low con-
tent of bound water. Then, y-Fe2O:, • /;H3O hydroxides
with л close to unity are formed in the film defects, and
an additional anodic peak appears |7, 10]. A peculiar-
ity of a-Fe + Fe3C + TiC composites is as follows: a
primary passive film composed of water-free y-Fe2O3

is not formed, and the initial passivation is due to the
formation of strongly hydrated y-Fe2O3 • wH2O.

The peculiarity is determined by the presence of
titanium carbide in the composites. It is accumulated
on the surface during the prevailing dissolution of
a-Fe and Fe3C components. Ellipsometric tomogra-
phy was used in [18| for studying the structure of sur-
face titanium carbide layers in sulfuric acid at poten-
tials preceding the intense dissolution range. It was
found that a TiO, layer covers the TiC surface and,
under the layer, carbon and titanium oxycarbide sub-
layers are formed. In the case of cementite and a-Fe +
Fe3C composites [7, 10], the primary water-free y-
Fe2O3 passive film forms on a hydrophobic surface
enriched in carbon. On a-Fe + Fe,C + TiC compos-
ites, TiC inclusions covered with a TiO2 layer increase
the hydrophilicity, and water-free y-Fe2O3 does not
appear.

Insofar as hydroxides chemically dissolve in acids
at the higher rates, the /cp values on a-Fe -f- Fe3C + TiC
composites are higher. The equilibrium potentials
(£eq) of the transformation into Fe3O4 are also higher
on hydroxides, i.e., £eq(Fc,04/y-Fe203) <
£eq(Fe3O4/y-Fe2O3 • яН2О) [24, 25], which results in
the high Ecp values.

According to [25], the hydration degree of y-Fe2O3 •
яН,О determines the mechanism of the active—passive
transition of iron and its alloys. At small /7, reaction

4y-Fe_,O
v
«H

2
O

1000 -

1500 -

2000

-6 -5 -4 -3 -2 -1
log|/],[A/cm2]

1500 -

2000
-6 - 5

(1)

5 - 4 - 3 - 2 - I
log|/l, fA/cm2]

Fig. 4. Polarization curves of (a) a-Fe + Fe3C + TiC com-
posites (/) Fe(70)TiC(30), (2) Fe7OTil5CI5,
(.?) Fe70TU5/tol20, (4) Fe70TU5/tol32, and
(5) Fe70Til5/VTES, and (b) individual phases (/) Armco
iron, (2) Fe3C, and (3) TiC in 0.05 M H 2 SO 4 + 0.45 M
Na 2 SO 4 (pH 1.9).

is more probable. This is typical of iron in sulfate solu-
tions (n ~ 0.04). The same process seems to occur
when the primary passive film forms on cementite.
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Fig. 5. Polarization curves of Fe70Til5CI5 composite in

acidic sulfate solutions with OSO4) = 0.5 M depending
on pH: (/) 2.9, (2) 1.9. and (5) 0.4.

At a substantial hydration degree (n > 0.23) and a
high chemical dissolution rate of the passivating oxide,
the reaction

4 + (3n+ l ) H , 0

3y-Fe2O_v«H2O + 2H +2e.
(2)

becomes more probable. According to this mecha-
nism, the secondary stabilization of the passive film on
cementite proceeds. This is the most likely process at
the active—passive transition in a-Fe + Fe-,C + TiC
composites.

Assuming that the complete passivation potential is
close to the equilibrium potential of reaction (2), we
can estimate the degree of hydration of the passivating
y-Fe2O3 • nH2O layer on a-Fe + Fe,C + TiC compos-
ites. Then, the Gibbs energy of reaction (2) can be
written as follows:

-zF(Ecp + 0.059pH), (3)

which enables us to calculate the ДС, formation
energy of the passivating y-Fc>O, • лН2О hydroxide.
The degree of hydration (n) can be estimated based on
the empirical expression for the change in the molar

ДС" = -4.19(45 + 40.85Ч9.44Л) (kJ/mol). (4)

The following я values were obtained in this way for
a-Fe + Fe3C + TiC composites: 0.9 on Fe70Til5C15,
0.7 on Fe(70)TiC(30), 1.3 on Fe70Til5/tol20, 2.2 on
Fe70Til5/toI32, and 1.1 on Fe70Til5/VTES. The
highest degrees of the passive layer hydration are typi-
cal of the specimens produced by mechanochemical
synthesis in organic environments.

According to the thermodynamic data [24J, the
formation of mixed xFeO • yT\O2 oxides should be
highly probable at the boundaries of TiC incKisions or
at the oxidation of ferrite alloyed with titanium
(~2 at %) during the oxidation of a-Fe + Fe3C + TiC
composites. Let us consider the possible mechanisms
of the effect ofxFeO /TiO2 mixed oxides on the passi-
vation of composites.

First of all, mixed oxides formed could serve as a
barrier and lower the dissolution current of the com-
posites. The actual relatively high dissolution currents
do not support the idea of the barrier effect ofxFeO •
3>TiO,. Second, the mechanism of the electrochemical
stabilization of the protective y-Fe2O3 oxide should be
changed in the presence of mixed oxides according to
the reaction (xFeO--yT\O2 is normalized to 1 M FeO):

)H,0

y-Fe 2 O r nH 2 O + 2v/xTiO2 + 2H+ + 2e.
(5)

Thermodynamic calculations show that, at any x
and у values, the equilibrium potential of reaction (5)
is more negative than that of reaction (2) by 200—
300 mV. Hence, if the stabilization of the passive film
were due to the formation of .xFeO • /ПО 2 mixed
oxides, the complete passivation potentials of a-Fe +
Fe3C + TiC composites should decrease compared to
Armco iron and Fe3C. Actually, we observe the oppo-
site trend. This means that the role of jcFeO • УТЮ2

mixed oxides in the passivation of a-Fe + Fe3C + TiC
composites in acidic sulfate solutions is small.

• Studying the effect of the pH of a sulfate solution
on the anodic processes on Fc7()Til5CI5 composite
(Fig. 5), we found that it is small in the range of 0.4—
2.9. The complete passivation currents are nearly
equal at pH 1.9 and 2.9. At pH 0.4, the /cp increases by
a factor of five, which is seemingly caused by a sharp
increase in the chemical dissolution rate of the passi-
vating y-Fe2O3 • яН2О hydroxide. Thus, anodic pro-
cesses on a-Fe + Fe3C + TiC composites are chiefly
the oxidation of ferrite and cementite components.
Passivation of a-Fe + Fe,C + TiC composites is due to
the formation of weakly protective y-Fe2O3 • «H2O
hydroxides (n = 0.7-2.2).

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES \fal. 47 No. 3 2011
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2.3. Cathodic Process on a-Fe + FefC + TiC Composites

According to the rate of hydrogen evolution at the
same overpotential (qH = —400 mV), individual
phases can be ranked as follows: Fe (1) < TiC (4) <
Fe3C(50). Hence, the catalytic activity of a-Fe +
Fe3C + TiC composites in acidic electrolytes should be
determined by the content and morphology of the
most active cementite phase. The hydrogen evolution
rate on the specimens produced by the mecha-
nochemical synthesis in organic environments and
characterized by the highest dispersion of cementite is
practically the same as that of individual Fe3C (Fig. 4,
Table 3). An Fe(70)TiC(30) specimen produced from
ready titanium carbide has the lowest Fe,C content,
and its catalytic activity with respect to the cathodic
hydrogen evolution is low.

The slopes of the curves on cementite and a-Fe +
Fe3C + TiC composites are bc ~ 60 mV at small
cathodic polarization (-100 mV) and gradually
increase to the limiting cathodic current value at pH
1.9 and 2.9 at the more negative potentials (Fig. 6).
The limiting currents at pH 1.9 and 2.9 are close to the
calculated limiting diffusion flow of H,O+ ions to the
surface. At pH -0.4, the limiting current is not
achieved, even at a substantial polarization (~ 800 mV);
however, the current densities are again close to the
calculated diffusion current densities (~2 A/cm2). The
problem of the mechanism of the cathodic hydrogen
evolution on a-Fe + Fe3C + TiC composites needs
further investigation.

Thus, the high activity of a-Fe + Fe3C + TiC com-
posites with respect to hydrogen evolution is deter-
mined by the cementite component and increases with
an increase in the amount and dispersion of cementite
inclusions. Because of the intense cathodic reaction,
the resistance of a-Fe + Fe3C + TiC composites
against acid effects is lower by an exponent than that of
Armco iron.

2.4. Effect of Preliminary Cathodic Polarization
of Electrochemical Properties and Composition

of Surface Layer on a-Fe + Fc3C+ TiC Composites

It is well known that titanium carbide actively
interacts with hydrogen with the formation of diverse
compounds, namely, a solid solution of hydrogen in
carbide, ПС^Н,, titanium carbohydrides (x + у < < 1),С^Н,, t
and TiH and TiH2 titanium hydrides [8, 26]. The effect
of hydrogen that evolved during long cathodic polar-
ization (an hour at —800 mV) was analyzed on
Fe70Til5C15, Fe(70)TiC(30), and Fe70Til5/tol20
specimens.

It was found that the preliminary cathodic polar-
ization substantially affects the electrochemical
behavior of Fe70Ti 15C15 composite (Fig. 6) and does
not affect Fe70Til5/tol20 and Fe(70)TiC(30). This is
determined by the stronger carbon deficit of the tita-
nium carbide phase in Fe70Til5CI5 and agrees with

E. mV
-1000

-500

500 -

1000 -

1500 -

2000

2

- 6 - 5 -4 - 3 - 2 -1
log f/], [A/cm2|

Fig. 6. Polarization curves of Fe70Ti I 5CI5 composite in
0.05 M H2SO4 + 0.45 M Na2SO4: (/) without preliminary
cathodic polarization and (2) upon the cathodic polariza-
tion for 1 h at -800 mV

the data of [26], where the intensity of interaction
between individual TiCAphases (x < 1) and hydrogen
was found to increase with an increase in the carbon
deficit.

The surface layers of Fe70Til5C15 and
Fe70Ti 15/tol20 composites upon the cathodic polar-
ization were studied using the X-ray photoelectron
spectroscopy. The spectra of both specimens were sim-
ilar (Table 4, Fig. 7). Titanium is absent in the surface
layer; its traces appear only upon 10 min of ionic etch-
ing. It seems likely that titanium hydrides, which tend
to chemically dissolve in an acidic sulfate solution to

Table 4. Composition of surface layers of Fe70Ti 15C15 compos-
ites upon cathodic treatment in 0.05 M H,SO4 + 0.45 M Na2SO4

lor 1 h at -800 mV

Ionic etching
duration

1
11
21

Element content, ai %

С

45
40
45

О

40
35
30

Fe

15
25
25

Ti

0
traces
traces

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES Vol. 47 No. 3 201 I



328 SYUGAEVct al.

Cls Fe3p

280 282 284 286 288 290 292 50 52 54 56 58 60 62 64

Fig. 7. Cls and Fe.3p spectra of Fe7OTil5CI5 composite
upon the cathodic polarization for 1 h at —S0O mV in
0.05 M H 2 SO 4 + 0.45 M Na,SO 4 and ionic etching, min:
(/) I and (2) 21.

2

25 26 27 2S

a-Fc

I 1 i,
TiC

30 35 40
26, deg

45 50

Fig. 8. X-ray patterns of Fc70Til5Cl3 composite:
(/(without preliminary cathodic polarization and
(2) upon the cathodic polarization tor I h at —Ш) mV in
0.05 M H 2 SO 4 + 0.45 M Na 2 SO 4 .

produce [Ti(SO4)3j
2~ ions and hydrogen, are formed at

the cathodic polarization [8].

An oxide layer on the specimens has a thickness of
no more than 20 nm. which is indicated by the
decrease in the spectral line intensity of oxides (£"h ~
56.0 eV) and an increase in the Fe° and Fe,C line
intensity (at Eb~ 53.5 eV) in Fe3p spectra [27], as well
as the appearance of Fe,C line (Eh ~ 283.3 eV) in Cls
spectrum [28] upon the ionic etching.

In the X-ray patterns of Fe70Ti15C15 specimen
(Fig. 8) upon the cathodic treatment, a contribution
from cementite increases, while that of titanium car-
bide decreases and reflexes of graphite appear in the
range of 2 0 = 26° (Fig. 8, insert). Thus, the decompo-

sition of titanium carbide during the cathodic treat-
ment produces chiefly free carbon rather than hydro-
carbons as follows:

TiC + 2H3O+ + 2e —- TiH2 + С + 2H2O. (6)

The accumulation of carbon on the surface leads to
the decrease in the limiting cathodic current (Fig. 6)
due to the screening effect, as well as to the increase in
the anodic current due to the negative effect on the
structure and protective properties of the passive film
17, 10]. Thus, during the cathodic polarization of
a-Fe + Fe3C + TiC composites, free carbon and tita-
nium hydrides, which undergo chemical dissolution in
an acidic sulfate solution, are formed on the surface.
The strongest interaction with hydrogen is typical of
the specimens that are characterized by the carbon
deficit of the titanium carbide phase.

CONCLUSIONS

Three-phase a-Fe + Fe3C + TiC composites are
produced by mechanochcmical synthesis followed by
dynamic pressing as nanocrystalline analogues of car-
burized steels, and their corrosion—electrochemical
properties in acidic sulfate solutions are studied.

Anodic processes are found to be determined
chiefly by the oxidation of ferrite and cementite com-
ponents. The passivation of the composites proceeds
due to the surface formation of y-Fe2O3 • «H^O
hydroxides with a high water content (n = 0.7—2.2), as
a result of which the passive films are weakly protec-
tive.

The high activity of a-Fe + Fe3C + TiC composites
with respect to the cathodic hydrogen evolution is
shown to be determined by the cementite component
and increase with an increase in the amount and dis-
persion of Fe3C inclusions. The high rate of cathodic
hydrogen evolution on the surface of Fe3C inclusions
leads to a decrease in the resistance of composites in
acids. Hydrogen that evolves on the surface of a-Fe +
Fe3C + TiC composites interacts with titanium carbide
inclusions to produce free carbon and titanium
hydrides. Titanium hydrides formed on the surface
undergo chemical dissolution in acidic sulfate solu-
tions.
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