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Abstract—The corrosion-electrochemical behavior of composite layers obtained by high-speed laser sinter-
ing of Fe—C ultrafine powders (C in the amount of 0.5 + 0.1 wt %) is studied using a recording of anodic pote-
niodynamic curves in borate buffer solutions in neutral and weak alkaline mediums. It is demonstrated that
these layers formed on the surface of the steel substrate show the capacity for passivation. Variations in the
surface composition and properties of the materials that occur in the course of laser sintering are confirmed

using X-ray structural and X-ray electron analyses.
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INTRODUCTION

It is well known, that the corrosive and electro-
chemical properties of metals and alloys are deter-
mined mainly by the state, composition, and proper-
ties of surface layers, as well as by the surface micro-
structure [1—4]. Mechanical stresses, the thermo-
chemical treatment of metals and alloys, and the for-
mation of nonequilibrium structures on their surface
often result in an increase in the adsorption activity of
the materials, as well as an increase in their anticorro-
sion properties due to the facilitation of the transfor-
mation to the passive state [3—35].

Recently, it was demonstrated [6, 7] that an
increase in the dispersity of metals and alloys, includ-
ing the formation of nanocrystalline phases, results in
an increase in the corrosion resistance of composite
materials based on iron and its oxides and carbides.

One approach to obtaining nanosized structures on
the surface of metals and alloys consists of their laser
treatment [8—10]. Taking into consideration the
aforementioned, this project was performed in order
to investigate the influence of the laser treatment of
iron-based metal materials on their corrosion-electro-
chemical properties.

EXPERIMENTAL

Preparation of specimens. Steel 40 substrate was
coated with the composition consisted of mixture of
carbonyl iron with addition of 0.5 wt % carbon in the
form of graphite. The applied mixture of powdered
substances was a pastelike coating, where carbon tet-
rachloride was used as a binder. The coating was

applied to the substrate surface by a roller and the
coating thickness was 0.07 mm.

The obtained layer was processed by a fiberoptic
ytterbium pulse laser with an emission wavelength of
~1 um at an emission power density of ~102 W/cm?.
The scanning rate of laser beam in the region of pro-
cessing equaled 10 cm/s at a pulse frequency of
33 kHz. The processing was performed in an argon
protective atmosphere. After the laser processing, the
thickness of one sintered layer was 0.05 mm. The pro-
cess of coating forming and laser processing was
repeated several times (up to 16) to achieve the preset
thickness of the sintered layer. The purpose of the laser
sintering was to produce surface coatings with nano-
structural properties.

Optimal modes of processing were selected using
mathematical simulation by the method of the two-
phase zone [11]. This method, which is widely applied
in metallurgy, was extended for the case of the highly
intensive thermal processing of powders by laser [12].
The computer model developed based on this
approach was used for the quantitative analysis of the
rates of heating and cooling, the depth of penetration,
and the temperature gradients in the processing
region. Based on this data, the coarseness of the crys-
talline structure and the degree of segregation of
chemical components in the sintered layer were esti-
mated. The selected modes provided the formation of
nanocrystalline structures on the surfaces of materials
[13, 14].

After coating by laser sintering, specimens 1-3
were polished to a depth of 0.1 mm to remove the sur-
face roughness. The specimens had different depths of
the remaining sintered layer as follows: for specimen 1,
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Fig. 1. Diffraction pattern of specimen 3: curves 1, 3, 5, 7:
y—Fe; curves 2, 4, 6: o—Fe. :

it was 0.2 mm; for specimen 2, it was 0.4 mm; and, for
specimen 3, it was 0.6 mm. Specimen 4 was not pol-
ished after sintering.

Potentiodynamic studies. Polarization measure-
ments of the studied specimens were performed in
potentiodynamic mode at a potential scan rate of
1 mV/s using R-30 and IPC-ProL potentiostats and a
YaSE-2 cell. The temperature was 22 *+ 2°C and the
background electrolyte was borate buffer solution with
a pH of 7.4—12.4. The aeration of the solution was
natural. The selection of this background electrolyte is
stipulated by the fact that borate ions are actually
indifferent with regard to iron-based electrode materi-
als, i.e., they are not characterized by either the prop-
erty of their transformation to passive state or by the
property to activate, i.e., to disturb the passive state of
the surface.

X-ray structural analysis of the specimens was per-
formed using a DRON-6M diffractometer in Co—Ka
emission by a constant-time method, gaining intensity
in each point by 20 angle in 5 s. The specimens for the
studies using X-ray photoelectron spectroscopy (XPS)
were fixed on an indium substrate. At first they were
prewashed in rectified alcohol. To study the distribu-
tion of elemental concentrations over the depth, etch-

C at%

~C =0 ~Fe

1 1 1 1 1 -l

0 10 20 30 40 50 60
Depth, nm

Fig. 2. Proﬁles. of elemental concentrations in depth of sin-
tered specimen 3. Data of XP analysis.
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ing was performed by argon ions with an energy of
0.9 keV and current density of 12 pA/cm?. The etch-
ing rate was ~1.0—1.2 nm/min. X-ray photoelectron
spectra (XP spectra) of all specimens were obtained at
MgKua-excitation (1253.6 eV). Negative pressure in
the spectrometer chamber was 10~¢ Pa. The resolution
(width at height half) in the line of Au4f;, was 1.2 eV.
The relative error of the measurement of elemental
concentration was 5% of the measured value (in the
region of mean concentrations). The accuracy of evalu-
tion the bond energy was determined by a scanning
step of 0.1 eV.

The specimens for electrochemical measurements
were in the form of a cylinder with an edge surface area
of 0.6 cm?2. The layer formed at the edge of the cylinder
served as an electrode operating surface. Inactive elec-
trode surfaces were insulated with epoxy resin.

Prior to electrochemical tests the electrodes were
cleaned by fine aluminum oxide applied on wet cloth.
Then, the specimens were washed with distilled water
and degreased with ethanol, after which the specimens
were placed into an electrochemical cell with the
appropriate solutions and stored until the stationary
potential was achieved (10—15 min), after which the
anodic polarization was activated at a rate of 1 mV/s.
The potentials were measured relative to the saturated
silver chloride electrode. The current density was
recalculated with regard to the visible (geometrical)
electrode surface. For comparison, polarization curves
for Armco iron were obtained under the same condi-
tions.

RESULTS AND DISCUSSION

In the diffraction patterns of the considered speci-
mens 1—4, it is possible to highlight the lines of only
two phases, i.e., o—Fe and y—Fe. Figure 1 illustrates
the diffraction pattern of specimen 3 as an example.

Figure 2 illustrates the profiles of elemental con-
centrations in the depth of sintered specimen 3. It can
be seen that oxygen, carbon, and iron exist on the
specimen surface. In the course of etching of surface
layers the content of two first elements decreases and
the iron content increases. Figures 3 and 4 illustrate
the X-ray electron spectra of the surface of specimen 3.
While the specimen surface contains compounds of
iron and oxygen, at a depth of about 30 nm, the pre-
dominant portion of iron is in the free state and does
not interact with oxygen. At this depth, the ratio of the
concentration of iron to oxygen is significantly lower
than 1 : 1, i.e., below the homogeneity region of wus-
tite. It is possible to assume that a portion of oxygen is
contained in Fe,0; oxide and another portion is in the
adsorbed or some other state, which, in terms of the
Fe : O ratio, does not correspond to any stoichiomet-
ric oxide.

For all specimens, the XP spectrum of oxygen is of
at least the two-component type. The component with

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES Vol. 47 No. 7 2011



CORROSION-ELECTROCHEMICAL BEHAVIOR OF IRON-BASED COMPOSITE 881

0 2+ 3+
.'J'.
s _ 50nm
.'.\\L“‘ﬂ .'..
. &
.. 30nm
—t’ ’
| T
I . 15nm
............. .""'n..-.. .o .'.. 0 nm
| s 1 ] L1
704 706 708 710 712 714 716 718 720
Ebonds eV

Fig. 3. X-ray electron spectra Fe2p; 5 of specimen 3. By-
layer etching with argon ions 0.9 keV. Numbers at vertical
lines correspond to iron valence state.

FE, = 530 eV corresponds to oxygen bound with Fe
(maximum to .0.6 portion of its total content). The
second component (all other components) — oxygen
in adsorbed state or/and contained in hydroxide
groups and bound with carbon (C—0). The XP spec-
trum of carbon is of an at least three-component type.
Here, it is possible to assume that the surface contains
carbon in the form of graphite, carbon bound with
iron, and carbon with a C—H bond, as well as a C—-0O
bond. Chemical compound C—Fe (cementite) was
not observed in the spectra. The majority of carbon is
in the C—Fe bond, which corresponds to its solid solu-
tion in iron.

Therefore, the surface of the studied specimens
obtained by high-speed laser sintering of Fe—C pow-
ders consists of complex systems of surface and
adsorbed compounds. As mentioned above, the per-
formed mathematical simulation of the development
of thermal fields in the laser processing of the pow-
dered layer made it possible to estimate the conditions
under which sintering could occur with the possibility
of the formation of nanosized structures.

The high speed of heating and cooling (to 10" K/s)
during processing by pulse laser emission results in the
occurrence of significant (to 108 K/m) temperature
gradients and a high rate of crystallization, which
exerts the main influence on the forming structure.
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Fig. 4. Decomposition of X-ray electron spectrum Cls of
specimen 3 into constituent components. Line 7 corre-
sponds to bond energy C—C, C—Me; line 2 corresponds
to bond energy C—H; line 3 corresponds to bond energy
C-0.

According to calculations, the maximal speed of the
solidification front amounts to 5 m/s. These modes of
crystallization result in the suppression of the micro-
segregation of the components and the achievement of
chemically homogeneous structures [13, 14]. An
example is given in the table, which presents the results
of an X-ray structural analysis of a specimen. It can be
seen that the mean size of the crystallites formed dur-
ing laser sintering is in the range of 10—15 nm.

Figure 5 illustrates the curves of anodic potentiody-
namic polarization of Armco iron and specimens 1-3.
It can be seen that, under these conditions, all studied
specimens are affected by highly pronounced anodic
passivation. The rate of anodic ionization of speci-
mens 1-3 in both the region of active dissolution and
the region of passivation is significantly lower than that

Results of X-ray structural analysis of specimenl: phase
content; lattice parameter a; average dimension (L) of re-
gions of coherent scattering; relative deformation of crystal-
line lattice

Phase
Phase content,| a,nm |{(L),nm| ¢, %

wt %

a-Fe 37 0.2866 13 <0.1

(A2, Body-centered

cubic)

v-Fe 63 0.3621 15 <0.05

0.5wt % C) (Al,

Face-centered cubic)
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Fig. 5. Curves of anodic polarization of specimens in
borate buffer solution at pH 7.4 with sintered on the sur-
face layer Fe—C (0.5 wt %) (curves /—3) and Armco iron
{4). The depth of the sintered layer, mm: 1, 0.2; 2, 0.4; 3, 5,
0.6.

of Armco iron. There is no unique dependence
between the dissolution rate of specimen and the
depth of surface coating. As expected, at an increase in
pH, the transformation to passive state is facilitated
and, for these conditions, an extremely low velocity of
the anodic process is observed (Fig. 6, curve I for spec-
imen 4 at pH 12.4).

Therefore, the laser sintering of iron-based pow-
dered materials facilitates passivation process of this
material and increases its corrosion resistance. It is
known that passive state of iron-based materials is
related both with the formation of nonstoichiometric
chemosorptive oxide layers, and with formation of
hydrate iron oxides [5, 15—20]. Hydrated oxide films
formed at the anodic polarization of iron are fairly
loose, less dense, and less stable compared to nonhy-
drated oxides [5]. As mentioned above, after laser pro-
cessing, the specimens contain surface oxides in non-
hydrated form, which provide a lower speed of anodic
ionization than the iron on which the hydrated oxide
was formed in the course of anodic polarization in
aqueous medium.
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Fig. 6. Curves of anodic polarization of specimen 4 at pH
12.4: 1, anodic polarization; 2, reverse course after obtain-

ing of curve I, 3, anodic polarization after obtaining of
curve 2.

The lower dissolution rate of the layers obtained by
laser sintering in the passive state can be attributed as
follows. At increase in anodic polarization, the process
of iron oxidation occurs due to existence of defects
and pores in the initial passivation layer of Fe,O; and
oxide layer of the chemosorptive type. Furthermore,
the internal layers of nonoxidized iron under the
action of electrolyte that penetrates the pores and
defects are oxidized to the state of hydrated oxide, e.g.,
Fe(OH),, which closes the pores of free oxide and
increases the passivity state, which finally results in a
decrease in the anodic current. The process of hydrox-
ide formation is facilitated at an increase in the
medium pH, which is confirmed by the comparison of
the currents for specimen 3 at pH 7.4 and 12.4.

Let us consider the curves in Fig. 6 as an example
that confirms the stability of the passive state of a laser-
processed specimen. As was already mentioned, in
addition to the phases of a- and y—Fe, the surface
layer of this specimen after laser sintering contains up
to 10 at. % nonhydrated oxide Fe,0;, which is respon-
sible for the passive state of electrode. Moreover, it can
be seen in Fig. 6, that thus phase oxide is highly stable
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with the consequence that the cathodic polarization at
the reverse course of the polarization curve does not
result in surface activation, i.e., does not disturb the
passive layer containing the Fe,O; phase.

CONCLUSIONS

It is established that the surface layers obtained in
the course of the laser sintering of iron-based powders
with a carbon content of 0.5 £ 0.1 wt % consist of the
phases of oo— and y—Fe and adsorbed and chemically
bound oxygen, including in the form of Fe,0;. As a
consequence, these surface layers obtain the capacity
to transform into a stable passive state with increased
corrosion resistance in neutral and weak-alkaline
mediums.
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