
ISSN 1027-4510, Journal of Surface Investigation: X-ray, Synchrotron and Neutron Techniques, 2021, Vol. 15, No. 2, pp. 350–360. © Pleiades Publishing, Ltd., 2021.
Russian Text © The Author(s), 2021, published in Poverkhnost’, 2021, No. 4, pp. 47–58.
Phase Composition and Tribological Characteristics of the Surface 
Layers of Carbon Tool Steels after Laser Processing in Air

A. V. Sidashova, A. T. Kozakovb, *, S. I. Yareskoc, **, N. G. Kakovkinac, and D. S. Manturova

aRostov State Transport University, Rostov-on-Don, 344038 Russia
bResearch Institute of Physics, Southern Federal University, Rostov-on-Don, 344090 Russia

cLebedev Physical Institute, Samara Branch, Russian Academy of Sciences, Samara, 443011 Russia
*e-mail: kozakov_a@mail.ru
**e-mail: yarsi54@gmail.com

Received April 15, 2020; revised June 17, 2020; accepted June 20, 2020

Abstract—We present the results of studies of the phase composition of an oxide layer formed on the surface
of U8 and U10 carbon tool steels after laser treatment in air using a quasi-continuous laser source. Data on
the structure of the oxide–metal interfaces are obtained by X-ray photoelectron spectroscopy using the
AlKα1,2 line; the SPECS surface analysis system is applied. The thickness of the completely oxidized surface
layers is 38.7 and 99.0 nm, respectively, for steels U8 and U10. The thickness of the transition layer (81.0 nm)
located at the interface with unmodified bulk steel and consisting of iron oxide FeO and iron atoms for U10
steel is approximately two times smaller than that for U8 steel. We determine the composition of the oxides
on the surface of the steels after laser processing. The surface of U8 steel is mainly a wustite film, the pres-
ence of which determines the poor wear characteristics of the surface of the laser-action zone. On the con-
trary, the thicker oxide layer of modified U10 steel containing Fe2O3 and Fe3O4 with better strength char-
acteristics ensures a higher wear resistance of the U10 steel surface after laser processing during tribological
tests. For U10 steel, the wear rate of the modified surface is more than halved, while for U8 steel, this figure
is only ~17%.

Keywords: laser processing, surface, X-ray photoelectron spectroscopy, oxidized surface layers, elemental
composition, phase composition, tribological testing
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INTRODUCTION

Laser action, depending on the parameters and
methods of treatment, gaseous medium, elemental
composition, and the methods of the bulk heat treat-
ment of steels, has a multifactorial effect on the state of
their surface and near-surface layers, which is the sub-
ject of numerous studies [1–4]. Along with the meth-
ods of laser modification [1–4], the laser texturing of
a surface using various technological schemes and
methods of direct laser processing (LP) [5–9] is also
effective in improving the tribological properties of
materials. The method is successfully applied for
structural materials [5–7], including ceramics (for
example, based on silicon carbide [6, 7]), and ensures
a decrease in the coefficient of friction and an increase
in the performance characteristics of machine parts
and mechanisms.

One of the significant results of laser action, which
is not associated with a change in the surface microre-
lief, is the formation of a thin oxide film on the surface
of steel during laser processing in air. Studies of the
kinetics of heating metals and analysis of the growth,

structure, and optical properties of oxide layers
formed when metals are heated by laser radiation (LR)
made it possible to clarify the physical concepts of the
thermal-chemical mechanisms of the interaction of
intense laser radiation with matter [10–13] and make
significant progress in understanding the occurring
metal-oxidation processes.

Studying the effect of laser radiation on the kinetics
of the formation of oxide films on the surface of alloy
steels (AISI 329 (analogue of 08Cr5N4M2 steel),
AISI 304 (analog of 08Cr18N10 steel), 9CrC, R6M5,
steel 45, etc.) has demonstrated that depending on the
elemental composition of steels, both the thickness of
the films and the phase composition over the thickness
of the film change, as well as the ratio between iron
oxides of various valences and oxides of alloying ele-
ments [14–20]. The effect of laser treatment in air on
the behavior of a cutting tool made of heat-resistant
steels of the R9K5 type is expressed, first of all, in an
increase in the stability of the surface properties of the
laser-irradiated zone (LIZ) when cutting in the tool–
part contact zone [21]. Laser treatment in air not only
stabilizes the process of tool wear and minimizes the
350
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wear rate but also leads to significant expansion of the
range of cutting conditions at which its least wear is
achieved.

The range of thicknesses of oxide films formed on
bulk metal substrates when they are heated without
melting by a laser pulse of millisecond duration is quite
wide: from cover films (<0.1 nm, for chromium and
tantalum) to rather thick films (~100 nm, for titanium
and steels) [22]. Upon exposure to continuous laser
radiation, the thickness of oxide films can reach tens
of micrometers [23] and more. Metal oxide films with
a thickness of 100–200 nm play an essential role in
reducing the coefficient of friction in the contact zone
[21, 24–28], lowering the intensity of the stress field
on tool working surfaces, decreasing the temperature
and force load on the cutting wedge, and increasing
tool life [3, 28]. It is generally accepted that the forma-
tion of protective oxide formations prevents severe
wear and decreases friction [26, 27]. The intensity of
this phenomenon depends on the thickness and com-
position of the oxide layers. The effect of films on the
wear of metal-cutting tools is multifactorial. Accord-
ing to Usmanov and Yakunin [26], surface films can
also cause metal hardening due to the suppression of
surface sources of dislocations and due to dissolution
of a part of the film in highly deformed surface layers
and the subsequent blocking of dislocations by “Cot-
trell atmospheres.” The “barrier effect” of the film, as
well as of the hardened surface layer, depends on the
temperature–rate conditions of deformation. The sec-
ondary structures of the surface of the laser-irradiated
zone in the form of oxide films, along with a structur-
ally modified layer extending down to a depth of
900 μm (and deeper in some cases), affect the perfor-
mance characteristics of steels of various composi-
tions, purposes, structures, including carbon tool
steels [4, 29–31].

In this regard, it is of interest to study the phase
composition of iron oxides on a laser-irradiated sur-
face and its distribution over the thickness in a thin
surface oxide layer formed by laser radiation of the
same power, not only in heat-resistant tool steels [15,
16] but also in carbon tool steels, differing in content
by the presence of just one element (carbon). These
are carbon steels U8 and U10, which are widely used
in the manufacture of tools operating under conditions
that do not cause heating of the cutting edge and some
wear-resistant parts. These steels are most often used
for the manufacture of metrological tools for con-
trolling the shape and dimensions of parts and tools
(for example, calibers for various purposes). The qual-
ity of manufacturing calibers is subject to increased
requirements for manufacturing accuracy, wear resis-
tance, and constancy of the working dimensions.
Laser treatment is an effective method for maintaining
the high wear resistance of the surface layers of these
steels and meeting the above requirements.
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The goal of this work is to study the structure and
phase composition of thin oxide films of the laser-irra-
diated surface of tool carbon steels U8 and U10 and to
analyze the depth distribution of the structural com-
ponents of oxides and their effect on the tribological
characteristics of the LIZ surface.

EXPERIMENTAL
The laser treatment of samples of steels U8 and

U10 with dimensions of 10 × 10 × 1.5 mm was carried
out using an LK-150/1500-QCW-AC fiber-optic
ytterbium quasi-continuous laser source with a wave-
length of 1.07 μm. The laser power was 130 W; the pro-
cessing speed was 3 mm/s. In all experiments, the
pulse-repetition rate was 25 kHz with a single pulse
duration of 20 μs. The irradiation modes were selected
in such a way as to exclude surface melting. The laser
beam moved along the surface of the sample parallel to
one of the sides, forming stripes 0.6–0.8 mm wide; the
distance between the centers of the stripes was ~0.4–
0.5 mm. As a result, the entire irradiated region of the
sample was a uniform structure. The appearance of
the sample surface after laser processing is presented
in Fig. 1a, and the corresponding SEM image is given
in Fig. 1b.

Ion profiling of the samples was carried out in the
pretreatment chamber of the SPECS surface analysis
system. An ion gun was attached to the f lange of the
pretreatment chamber in such a way that ion-beam
irradiation was carried out strictly vertically. Profiling
with Ar+ ions was carried out for 10–13 h with an interval
of 5–10 min with the following parameters of ion-gun
operation: Iacc = 2.99 keV, beam current I = 10 mA, and
the argon pressure was no more than 4.5 × 10–3 Pa.

Qualitative and quantitative analysis of the chemi-
cal composition of the surface and near-surface layers
of the samples of tool carbon steels was carried out by
X-ray photoelectron spectroscopy (XPS) using a sur-
face analysis system (SPECS, Germany). An AlKα
monochromated X-ray line with an energy of 1486.6 eV
was used as the excitation radiation.

The energy resolution of the analyzer was 0.45 eV
for the Ag3d3/2 line. We used the carbon C1s line as an
external standard for determining the binding ener-
gies; the energy of the line was taken to be 285 eV. The
pressure in the vacuum chamber during measurement
was maintained at a level of 8 × 10–8 Pa.

Microstructural analysis was performed using cross
sections. To reveal the structure of the base metal and
the structure of the laser-action zone, we used a 4%
solution of HNO3 in ethyl alcohol. Metallographic
analysis was performed using a Neophot-30 optical
microscope (Carl Zeiss) and an EVO 50 EP scanning
electron microscope at a magnification from 100 to
14000 times.

Tribological studies were carried out using an
Anton Paar tribometer Model 6.2.8 in the linear
TRON AND NEUTRON TECHNIQUES  Vol. 15  No. 2  2021
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Fig. 1. Surface of the sample (U8 steel) after laser process-
ing: (a) appearance, ×5; (b) SEM image of the surface
microrelief.

10 µm

(а)

(b)

Fig. 2. Fe2p XPS spectra recorded after etching the laser-
irradiated zone of U8 steel: (1) initial surface, (2) 30 min,
and (3) 4, (4) 9, and (5) 12 h.
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motion mode under ambient conditions at 50% rela-
tive humidity. The total amplitude of the reciprocating
motion was 1 mm; the vibrational frequency was 10 Hz
at a vertical load of 5 N. The counterbody was a ball 6
nm in diameter, made of corundum Al2O3.

Fe2p, O1s, and C1s XPS Spectra of the Laser-Irradiated 
Surface of Steels U8 and U10

The spectra of internal 2p levels of iron atoms for
steels U8 and U10 (Figs. 2 and 3, respectively) were
obtained at different times of ion profiling of the sur-
face after laser treatment. The spectra were recorded
every 5 min during the first hour of etching, and then
at an interval of 10 min until the oxygen concentration
dropped to less than 7 at %. Figures 2 and 3 do not
show all those spectra, the profiles of which demon-
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
strate the most significant details of the iron-oxidation
process.

The Fe2p spectra (Figs. 2 and 3) consist mainly of
two peaks: Fe2p3/2 and Fe2p1/2, which correspond to
the emission of an electron from the 2p3/2 and 2p1/2
levels of iron, separated by spin–orbit interaction. In
addition to these main lines, the spectra contain
details of the fine structure, which are indicated in
Figs. 2 and 3 by vertical dashed lines. These lines
belong to the so-called charge-transfer satellites
Sat. (+2) and Sat. (+3), by which it is easy to identify
whether an iron ion is in the bivalent or trivalent state
[16, 32]. The energy position of the Fe2p3/2 and
Fe2p1/2 peaks serves as an additional feature that
makes it possible to distinguish whether iron is in an
oxidized state or not and also to determine the oxida-
tion state itself.
TRON AND NEUTRON TECHNIQUES  Vol. 15  No. 2  2021
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Fig. 3. Fe2p XPS spectra recorded after etching the laser-
irradiated zone of U10 steel: (1) initial surface, (2) 4, (3) 7,
(4) 9, and (5) 10 h.

1

2

3

4

5

740710 720 730700

Bond energy, eV

Fe2pFe2p3/2

Sat(2+)

Sat(3+)

Fe-Met

FeO

FeO

Fe2O3

In
te

n
si

ty
, 

a
rb

. 
u

n
it

s

Fig. 4. Cross section of the laser-irradiated zone for
(a) steel U8 and (b) steel U10.
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The component of the Fe2p3/2 level, having an

energy in the range of 706.7–707.8 eV, refers to unox-
idized iron [33, 34]. The component of the Fe2p3/2

level with an energy in the range of 710.3–710.7 eV
belongs to Fe3O4, the component with the energy in

the range of 711.0–711.5 eV is for Fe2O3, and the com-

ponent with an energy of 709.5 eV is for FeO. An addi-
tional sign of the presence of magnetite Fe3O4 in the

layer under study is the presence in the profile of the
Fe2p3/2,1/2 spectrum of a characteristic feature with

energy spaced from the spectrum maximum at a dis-
tance of 1.8 eV towards lower binding energies and the
absence of a charge transfer satellite Sat. (+3) with an
energy of approximately 718.5 eV [32, 35].

Considering the above, we note that iron ions on
the surface of the samples of U8 and U10 steels,
formed by laser treatment, and in the layers below are
in different oxidized states. A more detailed analysis
shows that the distributions of chemical bonds of iron
with oxygen over the depth of the oxidized iron layer in
U8 and U10 steels, determined from the energy posi-
tion and fine structure of the Fe2p3/2,1/2 spectra, are
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
not identical (Figs. 2 and 3), although these steels are

analogous. The Fe-Me component, which indicates

the presence of iron in the metal state in the test layer,

appears after etching for 4 h for U8 steel and 6 h for

U10 steel. This may be an indicator of a greater thick-

ness of the oxide layer on the laser-irradiated surface

of U10 steel compared to U8 steel. The depth of the

laser-irradiated zone with the modified structure after

laser treatment for U10 steel (~100 μm) is also greater

than that for U8 steel (~60 μm) (Fig. 4).

Figure 5 shows the O1s X-ray photoelectron spec-

tra obtained at the surface and over the depth of the U8

and U10 steels after laser processing. Near the surface,

the X-ray photoelectron spectra of oxygen of both

plates of steel (Fig. 5, spectrum 4 for U8 steel and

spectrum 8 for U10 steel) have three components: A,

B, and C. Component A has an energy in the range of

529.9–530.2 eV. This component can be attributed to

the oxygen of one of the iron oxides (for the iron

oxides detected on the surfaces of both plates of steel,

the energy of the O1s line changes insignificantly) [33,

34]. We attribute component B at an energy of

~531.7–531.9 eV to adsorbed oxygen and component

C at an energy in the range of 533.1–534.0 eV to water

oxygen and/or a hydroxyl group [32, 33].
TRON AND NEUTRON TECHNIQUES  Vol. 15  No. 2  2021
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Fig. 5. O1s XPS spectra recorded after etching the laser-irradiated zone of (left) U8 steel and (right) U10 steel: (1) 8, (2) 4,
(3) 15 min, (4) initial surface, (5) 10, (6) 6, (7) 3 h, and (8) initial surface.
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Subsequently, as atoms of the surface elements are
etched off the surface, only two components remain in
the oxygen spectrum: component A, which is related
to iron oxide, and component B (of low intensity),
which is related to adsorbed oxygen. Further etching
fails to remove component B completely. Conse-
quently, it can refer to either oxygen dissolved in steels
or oxygen located at grain boundaries in steels.

Figure 6 shows the C1s X-ray photoelectron spec-
tra obtained at the surface and depth of the laser-irra-
diated zone of U8 steel.

On the initial surface, carbon is in one state corre-
sponding to hydrocarbon contamination with Eb =

285 eV (component A). Component A' refers to carbon
bonds with OH groups. During ion etching, while
component A related to hydrocarbon contamination
remains in the carbon spectrum, component B
appears at an energy of approximately 283.0 eV. This
component can be attributed to the carbide structural
component of steels, which is present in the quenching
zone after laser treatment, according to the data of
metallographic analysis.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
Already after 20 min of ion etching, the total
amount of fixed carbon (from contamination and
bound to the metal of the alloy) in the analyzed surface
layer becomes significantly smaller. At a depth corre-
sponding to 9 and 13 h of ion etching, the carbon con-
centration decreases to approximately 0.2 at %. The
change in the C–H spectrum over the depth of U10
steel is similar. It has two components on the surface,
related to hydrocarbon contamination with Eb = 285 eV

(main) and the bonds of carbon with OH groups (low
intensity). As the main component disappears, a com-
ponent with a binding energy of about 283.0 eV begins
to appear, which we attribute to the carbide structural
component of steels.

Phase Composition of Oxide Layers over the Laser-
Irradiated Depth for U8 and U10 Steels

The distributions of the concentrations of iron,
oxygen, and carbon over the depth of oxide layers
formed on the laser-irradiated surface of U8 and U10
steels are shown in Figs. 7a and 7b, respectively.
TRON AND NEUTRON TECHNIQUES  Vol. 15  No. 2  2021
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Fig. 6. C1s XPS spectra recorded after etching the laser-
irradiated zone of U8 steel: (1) initial surface, (2) 30 min,
and (3) 9 and (4) 13 h.
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Fig. 7. Concentrations of elements over depth depending
on the time of ion etching after laser processing for (a) U8
steel and (b) U10 steel.
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Comparison of the presented data indicates a dif-

ference in the formed oxide layers on the surface of

both plates of steel already at the stage of studying the

concentration dependences over depth. Carbon and

oxygen on the surface are represented by surface con-

tamination typical of steels exposed to the environ-

ment; although their concentration can also be

affected by the carbon contained in the steels or, more

correctly, the enrichment of the surface with it under

the action of laser radiation. Their concentrations are

also determined by the type of oxide formed under

high-speed laser heating. In the shallowest surface

layer, the concentrations of carbon, oxygen, and iron

for U8 and U10 steels are 63, 32, and 4 at % (Fig. 7a)

and 40, 46, and 14 at % (Fig. 7b), respectively. The

concentration of carbon and oxygen decreases with

depth for both plates of steel. For U8 steel, the carbon

concentration becomes close to the bulk one (3.5 at %)

only at a depth corresponding to 2 h of ion etching,

and for U10 steel, the carbon concentration sharply
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
decreases and becomes the same as the bulk one
already at a depth corresponding to 0.3 h of ion etching.

The oxygen concentration in U8 steel coincides
with the iron concentration after the removal of sur-
face contaminants in terms of carbon and oxygen,
from 1 to 2 h of ion etching (Fig. 7a), which may indi-
cate the formation of an FeO compound in this layer.
After 2 h of etching, the oxygen concentration in the
studied oxide layer gradually decreases, remaining
smaller than the iron concentration, which indicates a
change in the oxidation state of iron over the depth of
the oxide layer. The behavior of the concentration
dependences for iron and oxygen for U10 steel differs
in comparison with those for U8 steel. After the
removal of surface contaminants to the etching point
of 5.5 h, the oxygen concentration exceeds the iron
concentration by 1.6 times. This value is close to the
ratio of the oxygen and iron concentrations in Fe2O3

oxide.
TRON AND NEUTRON TECHNIQUES  Vol. 15  No. 2  2021
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Fig. 8. Distribution of iron oxides over the depth of oxide
layers after laser processing in (a) U8 steel and (b) U10
steel.
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For a more accurate assessment of the chemical
states of iron, the Fe2p spectra of iron of U8 and U10
steels, recorded during the entire etching time over the
depth of the oxide layer, were decomposed into com-
ponents corresponding to a certain iron valence. The
decomposition procedure is described in [16, 32]. Fig-
ures 8a and 8b show the results of this decomposition,
the analysis of which makes it possible to refine sig-
nificantly the data presented in Figs. 7a and 7b.

The study of the distribution of iron oxides over the
depth of the oxide layers after laser processing shows
that on the surface of both plates of steel, iron atoms

are in two oxidized states, Fe2+ and Fe3+, indicating
the presence of two oxides, FeO and Fe2O3 (Figs. 8a

and 8b). For U8 steel, the layer in which FeO and
Fe2O3 coexist is rather thin. However, for U10 steel,

the surface layer containing FeO and Fe2O3 extends

deep up to 2 h of ion etching.

For U8 steel, the oxide layer appears to consist only

of iron in the oxidized state Fe2+ after 15 min of etch-
ing and up to 2 h (inclusive), which is consistent with
the data of Fig. 7a. The surface state corresponding to
the etching time interval between 2 and 2.5 h is repre-
sented by a thin layer of Fe3O4. Starting from 2.5 h of

etching, pure iron and iron in the Fe2+ oxidation state
appear for the first time at the studied depth.

U10 steel also has a thin layer of Fe3O4 located

above the layer where pure iron is detected by XPS.
Under a layer of the composition Fe3O4, there is a

layer consisting of a mixture of FeO and iron in the zero
oxidation state, that is, Fe-Me, in which the concentra-
tion of FeO gradually decreases, and the concentration of

iron Fe0 increases until it becomes the same as the con-
centration of iron in the bulk of the steel.

RESULTS AND DISCUSSION

Laser treatment of both types of steels led to mod-
ification of their phase composition at depths of up to
100 μm, which is in agreement with the published data
[1–4]. Of particular interest is the analysis of changes
in a thin surface layer, associated with the formation of
laser-induced secondary oxide structures of the laser-
irradiated surface. The factors that determine the
change in the structure of steels on the laser-irradiated
surface differ from the factors that determine its
change over the depth of the heat-affected zone. In the
former case, metal heated above the temperature of
phase transformations could interact with atmo-
spheric oxygen. The surface layers of the metal were
oxidized to form oxides of various stoichiometry, the
chemical composition, thickness, and relative position
of which are shown in Figs. 8a and 8b for U8 and U10
steels, respectively.

Although the concentration curves (Fig. 7a) and
the curves characterizing the phase composition of the
oxides (Figs. 8a and 8b) quantitatively differ from each
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
other, the qualitative pattern of the oxidation of steels
under laser treatment is approximately the same.
Based on the data of Fig. 8, we schematically present
the relative position and thickness of various oxides on
U8 and U10 steels (Fig. 9).

It is rather difficult to find the absolute depths of
the oxide layers: they depend on many factors [33] and
are determined by the operation time of the ion gun,
the density of the ion beam, etc. According to the data
obtained earlier [16], the rate of ion etching of steels
using the used ion gun is ~0.3 nm/min. The uncer-
tainty of the above ion etching rate in depth profiling
is approximately 1%. Using this value and the known
time of passage of oxide layers (for example, Fig. 8)
during ion etching, we determined the thicknesses of
oxide layers in U8 and U10 steels discussed below.

In both steel plates, the surface layer consists of
FeO and Fe2O3 (Figs. 8 and 9). For U8 steel, this layer

of a mixture of oxides is rather thin (1.5 nm), which
TRON AND NEUTRON TECHNIQUES  Vol. 15  No. 2  2021
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Fig. 9. Arrangement and thickness of oxide layers on the
surface of U8 and U10 steels.
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practically coincides with the depth of XPS analysis.
For U10 steel, this layer is much thicker and reaches
36.0 nm. For U8 steel, the mixture of FeO and Fe2O3

is replaced with increasing depth by a layer of FeO
(34.5 nm), directly behind which there is a thin layer
of oxide of the composition Fe3O4 (2.7 nm). The latter

is adjacent to a layer (186.3 nm) consisting of a mixture

of FeO and iron atoms Fe0 (Fig. 9). The total thickness
of oxides on the surface of steel U8 is only 38.7 nm, but

together with the transition layer of FeO and Fe0 at the
boundary with the steel base, the thickness of the oxi-
dized layer of U8 steel can be estimated to be 225.0 nm.

Qualitatively, the arrangement of oxides on the sur-
face of U10 steel does not differ from that for U8 steel,
but there is a quantitative difference in the thicknesses
of the oxide layers with the same phase composition
(Fig. 9). For example, the layer of the composition
Fe3O4 of U10 steel is significantly thicker and amounts

to 45.0 nm. The FeO layer of U10 steel is below the
Fe3O4 layer and has a thickness of 18.0 nm. It borders

with a transition layer located at the interface with the
unmodified bulk steel U10 and a layer consisting of

FeO and iron atoms Fe0 with a thickness that is
approximately two times smaller than that of U8 steel
and amounts to 81.0 nm. The thickness of only oxides
on the surface of U10 steel is more than twice that of
U8 steel and is 99.0 nm. However, the total thickness
of the oxide layer of U10 steel together with the transi-

tion layer of FeO and atoms Fe0 at the boundary with
the steel base is somewhat smaller compared to the
total thickness of the oxide layer of U8 steel and
amounts to 180.0 nm.

The determined arrangement of the oxide layers
formed under conditions of high-speed laser heating
correlates quite well with the mutual arrangement of
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
the oxide layers obtained by high-temperature isother-
mal oxidation [36].

The most significant difference between oxidation
under conditions of laser heating and isothermal heat-
ing is that the rate of laser oxidation depends not only
on the target temperature but also on the intensity of
the incident laser radiation [37]. The total diffusion
flux, which is the driving force of oxidation, is deter-
mined not only by the term proportional to the con-
centration gradient (this f lux leads to Wagner’s law
[36]) but also by the term proportional to the tempera-
ture gradient, the value of which is mainly determined
by the thermal EMF coefficient of the oxide (α). For
thermal EMF values of less than zero (for example,
α = –430 μV/deg for Fe3O4 and –500 μV/deg for FeO,

while for α = 380 μV/deg Fe2O3 [38]), the oxidation

rate decreases with an increase in the radiation inten-
sity, and thermal-diffusion processes do not affect the
rate of laser oxidation. Therefore, we can assume that
the process of the formation of FeO and Fe3O4 obeys

the Wagner parabolic law, that is,

where   is the oxidation-rate constant [36], which
describes the processes associated with the concentration

gradient. For Fe3O4,  = 1.05 × 10–2exp(–40500/RT)

cm2/s, and for FeO,  = 5.75 × 10–2exp(40500/RT)

cm2/s.

Assuming that the oxide layers on iron grow para-
bolically and proportionally, let us estimate the thick-
ness of the iron-oxide films, for example, a Fe3O4 film

on U10 steel. According to estimates, for the experi-
mentally obtained parameters of the laser-irradiated
zone (Fig. 4b), the characteristic time of action of the
laser source to achieve the required depth of the hard-
ened layer is ~1.5 ms. At a surface temperature of 15–
20% less than the melting temperature of steel, which
corresponds to the real conditions of the experiment,
we obtained a thickness for the Fe3O4 film, limited by

diffusion processes, of 34.6–48.5 nm, which is in good
agreement with the experimental data.

The estimates also correlate well with the thick-
nesses of the oxide layers formed on the surfaces of
alloyed tool steel 9CrC and high-speed tool steel
R6M5 after pulsed laser processing [3, 16] and are
consistent with the results of calculations [22], accord-
ing to which rather thick (~100 nm) oxide films are
formed on bulk metals and steels upon heating without
melting by a millisecond pulse.

TRIBOLOGICAL CHARACTERISTICS
OF SURFACE OXIDES IN THE LASER-

IRRADIATED ZONE

To assess the effect of the oxide-phase composition
of the laser-irradiated surface, obtained on U8 and

' 2 ,пdx dt k х=

'
пk

'
nk
'
nk
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Fig. 10. Coefficients of friction depending on the distance
traveled for (1) the modified and (2) the initial surface of
U8 steel. Inset: images of the wear trace on the surface of
the test ball when sliding along (a) the modified and
(b) initial surfaces, respectively.
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Fig. 11. Coefficients of friction depending on the distance
traveled for (1) the modified and (2) the initial surface of
U10 steel. Inset: images of the wear trace on the surface of
the test ball when sliding along (a) the modified and
(b) initial surfaces, respectively.
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U10 steels on their tribological characteristics, wear
tests were carried out, the results of which are shown
in Figs. 10 and 11 for U8 and U10 steels, respectively.
Measurements were carried out both for the oxidized
surface after laser modification and for the surfaces of
steels in the initial unirradiated state. Figures 10 and 11
show the dependences of the friction coefficients of a
test ball made of corundum (Al2O3) for the modified

(curves 1) and initial (curves 2) surfaces of both steel
U8 and U10, respectively. The images of the wear
trace on the surface of the test ball when sliding on the
modified and initial surfaces are demonstrated in
insets a and b of these figures.

Some tribological data are given in Table 1; they,
together with the data in Figs. 10 and 11, enable eval-
uation of the effect of oxide layers on the friction pro-
cess depending on their phase composition.

It is impossible to measure the microhardness of
the oxide films directly on the surface of steels due to
their small thickness. The available published data
[38] on the strength characteristics of individual
oxides are presented in Table 2. The lowest hardness
values are ascribed to FeO (Table 2), which is adjacent
to the unmodified bulk steel, according to the results
of XPS analysis. The region of its existence in depth

together with iron Fe0 in the bulk is approximately
twice as large for U8 steel (186.3 nm) than for U10
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Table 1. Tribological characteristics of the friction process carrie
and the surface of U8 and U10 steels

Steel grade, 

processing condition

Steel wear rate,

V × 10–10, mm3/N m

Ball wea

V × 10–10, m

U8, initial 11.7 3.2

U8, after LP 9.7 2.6

U10, initial 16.9 4.4

U10, after LP 7.10 5.2
steel (81.0 nm). For U8 steel, FeO is the main compo-

nent throughout the entire thickness of the oxidized

modified layer. In terms of strength characteristics,

Fe3O4 slightly exceeds FeO (Table 2), but its thickness

for U8 steel is small and amounts to 2.7 nm (Fig. 9).

Finally, the highest microhardness value is found for

Fe2O3, which forms the uppermost layer of U8 steel

with a thickness of 1.5 nm. The thicknesses of the

oxides Fe2O3 and Fe3O4 in the case of U10 steel sig-

nificantly exceed the thicknesses of the corresponding

oxides for U8 steel and are in total 81.0 nm (Figs. 8 and 9).

Therefore, 4000–5000 friction cycles are sufficient for

U8 steel (Fig. 10) for the thin oxide layer to wear out

and the coefficient of friction of the modified steel

approached its value for unmodified U8 steel. A

thicker oxide layer of modified U10 steel, containing

Fe2O3 and Fe3O4 with better strength characteristics,

demonstrates a higher wear resistance than an unirra-

diated steel surface over 50000 friction cycles (graphs

in Figs. 10 and 11 are shown only for 20000 friction

cycles).

For U8 steel, the presence of a wustite film on the

laser-irradiated surface determines its low wear char-

acteristics. On the contrary, for U10 steel, the wear

rate of the modified surface in the presence of Fe2O3

and Fe3O4 with higher strength characteristics
TRON AND NEUTRON TECHNIQUES  Vol. 15  No. 2  2021

d out according to the ball–plane procedure for a corundum ball

r rate,

m3/N m

Area of the wear mark 

on the ball surface, mm2
Friction coefficient, μ

246 0.92

222 0.94

312 0.92

287 0.88
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Table 2. Strength characteristics of iron oxides [38]

Oxide, formula, mineral Hardness on the mineralogical scale
Microhardness

microhardness, MPa load, P × 10–5, N

FeO, wustite 5.0 5393.85–5398.07 49035–98070

Fe3O4, magnetite 5.5–6.5 4677.94–7884.83 49035

Fe2O3, hematite 6.75 10983.84–6864.9 49035
decreases by more than 2 times, while for U8 steel this
factor is ~17% (Table 1).

The results indicate that the tribomechanical char-
acteristics and wear dynamics of the modified surface
are significantly affected by the oxide layer on the
laser-irradiated surface, which has a complex structure
over depth, and its structure determines the wear char-
acteristics of the modified surface.

Heating the surface of steels by laser radiation in
air, in addition to oxidizing processes, initiates diffu-
sion processes in the surface layers, leading to austeni-
zation with complete dissolution of the carbide phase,
and at the cooling stage, it causes quenching with the
formation of martensite and residual austenite. In the
quenching zone, the microhardness exceeds the
microhardness of the base metal by 40–45%; there-
fore, we can assume that the tribological characteris-
tics of a steel surface after laser processing are deter-
mined by the joint effect of both oxide films and the
structurally modified zone. Depending on the loading
conditions, the prevailing effect on wear is exerted by
one or another structural component of the laser-irra-
diated zone.

CONCLUSIONS

We study the structure and phase composition of
oxide films on carbon tool steels U8 and U10. The
depth distribution of the phase components of the
oxide layer and their effect on the wear characteristics of
the surface during its modification in air are determined.
The result of the experiments are the following:

(1) We showed by XPS with ion etching that oxide
films on the laser-irradiated surface of both samples of
steel have a qualitatively identical layered structure,
but there are quantitative differences in the thicknesses
of individual phase layers.

(2) We found that the phase components of the
oxide films are located in the direction from the base
metal to the surface in the following sequence: the
layer containing FeO and iron atoms is located deep-
est, followed by an oxide layer of the composition
Fe3O4 and, finally, the outer layer, mainly consisting

of a mixture of FeO and Fe2O3. The thicknesses of

completely oxidized surface layers in U8 and U10
steels are ~38.7 and 99.0 nm, respectively. The total
thickness of the oxide layer together with the transition
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
layer of FeO and Fe-Me iron atoms is 20% greater for
U8 steel than for U10 steel and is 225.0 nm.

(3) It was found that for U8 steel, the surface film
of wustite (FeO) with a thickness of 34.5 nm deter-
mines the low wear characteristics of the laser-irradi-
ated surface. On the contrary, a thicker oxide layer of
modified U10 steel, containing Fe2O3 and Fe3O4 with

better strength characteristics, ensures a higher wear
resistance of U10 steel after laser processing. For the
modified surface of U10 steel, the wear rate decreases
more than twofold, while for U8 steel, this factor is
only 17%.

(4) We showed that the tribological properties of
the steel surface after laser processing are determined
by the combined effect of both oxide films and the
structurally modified zone. The presence of wear-
resistant structural components after laser processing
leads to an increase in the deformation characteristics
of steels.
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