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Abstract. The goal of this investigation was to research the nature of the formation of gradient and composite zones near non-metallic
inclusions during laser treatment of the steels. The materials for investigation were commercial steels containing different non-metallic
inclusions. The specimens of different steels were exposed to laser beaming on the installations GOS-30M. The research methods were
applied: petrography, X-ray microscopy (MS-46 Cameca, "Nanolab - 7") and optical microscopy (Neophot-31) to study steel matrix near
non-metallic inclusions and to identify of the inclusions. Nanohardness of the steel matrix near inclusions ("Nano Indenter 1) was analyzed.
Peculiarities of saturation of the steel matrix by elements of non-metallic inclusions during different regimes of laser action were
investigated. It was shown the role of that process in the formation of local structure of steel matrix near non-metallic inclusions. The
features of the formation of gradient and micro composite saturation zones of a steel matrix under conditions of abnormal mass transfer from
nonmetallic inclusions during laser processing are discussed. The difference in the rates of abnormal mass transfer of chemical elements of
non-metallic inclusions into a steel matrix at the moment of laser melting is shown.

KEYWORDS: NON-METALLIC INCLUSIONS, STEEL, MICRO COMPOSITE ZONES, ABNORMAL MASS TRANSFER, LASER

TREATMENT, STRENGTHENING, NANOHARDNESS

1.Introduction

Laser processing is widely used for surface strengthening
of steels and steel products [1]. It is known that the mechanism of
laser strengthening of steels is associated with a number of factors
that create a total strengthening effect [1, 2]. First of all, these are
high-speed phase transformations, thermoplastic  stresses,
microchemical heterogeneity, partial or complete dissolution of
carbides and non-metallic inclusions, etc. High-speed shear phase
transformations in the steel matrix generate stresses from high-
temperature and phase hardening during rapid heating and cooling,
including the local influence of inclusions on these transformations.

Non-metallic inclusions that are present in any steel affect
the local processes occurring during laser treatment. In process of
laser treatment non-metallic inclusions are fully or partly melted
down or are remained hard [2 - 7]. In spite of short-term treatment
energy of laser ray turns out sufficient for melting of the high-
melting and low-melting inclusions, and also for the development of
mass transfer processes which lead to enrichment of steel matrix by
the elements of inclusions and also transfer of matrix elements to
the surface zone of the inclusions. In the vicinity of non-metallic
inclusions due to microalloying, areas appear that are supersaturated
by inclusion elements solid solutions [4 - 6]. The level of the
strengthening of steels near non-metallic inclusions depends on
some factors: chemical composition of steel and non-metallic
inclusion and also character of speed structural and phase
transformations which flow in steel matrix, phase, deformation and
high temperature hardening. It was found that the strengthening
zones of the steel matrix near non-metallic inclusions have different
structures and phase compositions [ 3 - 7]. At the same time, the
nature of the formation of these zones is not always clear. The goal
of this investigation was to research the nature of the formation of
gradient and composite zones near non-metallic inclusions during
laser treatment of the steels.

2. Materials and Procedures.

Samples of different steels (R7, 08Yu, 08T, 08Kp,
08Ch18N10T, ShChi15, NB-57, 12GS, E3) were laser treated by
GOS-30M installation with parameters: an excitation voltage of 2,5
kV, pulse energy of 10...30 J, heating rate of 10° °C / s, cooling rate
of 10° °C / s, action time of (1,0...6,0) - 10°s. Identification of non-
metallic inclusions was carried out by metallographic (Neophot-31),
X-ray microspectral and petrographic methods [3]. Distribution of
the elements by X-ray microanalysis (MS-46 “Cameca”, "Nanolab -
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7") and nanohardness of the steel matrix near non-metallic
inclusions ("Nano Indenter 11") were analyzed.

3. Results and discussion.

Some transformations in non-metallic inclusions and steel
matrix under laser action took place. The type of inclusion
determines of their behavior at the time of laser beam action. High-
melting non-metallic inclusions (oxides Al,Os, Cr,05, SiO,, TiO,
MnO.Al,O;, MgO.Al,03, MnO.Cr,0Oz, TiCN) are melted or
remained hard during laser treatment. Some low-melting inclusions
(iron-manganese silicates and sulfides) are melted under laser action
and spread over a surface under shock wave [8]. The components of
inclusions penetrate into steel matrix and saturate it [2 - 7]. In the
process of laser action between a non-metallic inclusion and a steel
matrix, a high-speed exchange of atoms occurs through the interface
under conditions of an abnormal high mobility of the atoms that
does not meet the conditions of classical diffusion (abnormal mass
transfer) [9 - 12]. The processes of mass transfer during laser
exposure are facilitated by the following factors: heating to high
temperatures and high-speed movement of the defects in the crystal
structure that occur during thermal shock; the possibility of
formation of a thermally nonequilibrium plasma; the appearance of
convective and wave flows in the melt [13]; relaxation of
thermoplastic stresses arising during irradiation; melting; electronic
and electromagnetic interaction of inclusions and matrix [3];
formation in the surface areas of the inclusions of zones with an
increased density of dislocations [3, 8].

Analysis of the oversaturated areas of steel matrix near
non-metallic inclusions was shown that their structure is
heterogeneous. There are a few versions of their structure revealing
by heat etching under laser action. It may be one zone, or two
zones, or three zones (Fig. 1). The number of saturation zones near
the inclusions did not depend on the type and state of the inclusion
at the time of laser exposure, however, it depended on the laser
processing mode: the higher the pulse energy and the longer the
exposure time, the greater the tendency for the appearance of
multilayer formations. This is due to the activation of the process of
mass transfer of elements from the inclusions to steel matrix with an
increase in the energy of the laser pulse and an increase in the
possibility of its implementation with an increase in the duration of
exposure. By that in non-metallic inclusions the surface zone
saturated by the element of steel matrix may or may not be
available.
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The number of saturation zones near the inclusions did
not depend on the type and state of the inclusion at the time of laser
exposure, however, it depended on the laser processing mode: the
higher the pulse energy and the longer the exposure time, the
greater the tendency for the appearance of multilayer formations.
This is due to the activation of the process of mass transfer of
elements from inclusions to the steel matrix with an increase in the
energy of the laser pulse and an increase in the possibility of its
implementation with an increase in the duration of exposure.

Oversaturated areas of steel matrix near non-metallic
inclusions are differed by distribution of chemical elements. At
presence of one oversaturated zone near inclusion the gradual
decrease of quantity of elements of non-metallic inclusion by
removing from inclusion was observed (Fig. 2, a, b). At presence of
two or three oversaturated zones in each of them gradual decrease
of quantity of elements of non-metallic inclusion by removing from
inclusion was observed but quantity of elements in second zone was
less than in first zone and also quantity of elements in third zone
was less than in the first and second zones. Thus at the presence of a
few oversaturated zones in steel matrix the cascade of elements
concentration near non-metallic inclusion with gradual decrease of
quantity of the chemical elements in each zone were observed (Fig.
2,0).

It is known that under shock compression pressure, the
normal stresses in steel exceed the yield point, while shear stresses
become higher than the critical value and the material flows [14].
As aresult, dislocations multiply, dislocation reactions occur, which
contributes to the appearance of vacancies and an increase in the
dislocation density in the laser impact zone up to 10°...10%% cm™
[20]. New mobile dislocations appear, their movement is associated
with the relaxation of thermoplastic stresses arising during

e
Figure .1. Zones of interaction between non-metallic inclusions and steel matrix under laser treatment: a - SiO, steel E3; b - Al,O3,
MnO-A41,03, R7, ¢ - TiCN, R7, d - (Fe,Mn)O, R7, e - FeS-(Fe,Mn)S, steel NB-57, f - Al,O5, 08Yu.

irradiation, which contributes to the implementation of anomalous
mass transfer [15 - 17].

Stress relaxation in the zone of laser action is carried out by plastic
shears and rotations, as well as by twinning [20]. Microplastic
processes of stress relaxation are localized near non-metallic
inclusions, where zones of shear-rotational deformation are
observed. Laser exposure is essentially thermal shock. During
abrupt heating to high temperatures, the high pressures develop in
shock waves, which create a concentration of thermal and
deformation stresses near the inclusions. For the relaxation of these
stresses there is an extremely short time of shock compression. The
described conditions provoke an avalanche relaxation of stresses
near the inclusions (Fig. 3, a, b), where complexly deformed zones
appear (Fig. 3, c), indicating high-speed shear-turn plastic
deformation processes with elements of a wave nature. In some
areas of these =zones, there are signs of recovery and
recrystallization high-speed processes (Fig. 3, d, e). And yet, despite
the rather significant heating temperature, the main mechanism of
stress relaxation is high-speed plastic deformation [18]. During
thermal shock near non-metallic inclusions, the wave relaxation of
stresses occurs [18, 19]. It can be assumed that stress relaxation
waves accompany abnormal mass transfer of inclusion components
into the steel matrix (Fig. 3, f): the first wave is the farthest; the
second one is shorter in the distance of action from the inclusion
and is superimposed on the zone of action of the first wave; the
third one is correspondingly even shorter and is superimposed on
the zones of action of the first and two waves. It should be noted
that plastic relaxation near non-metallic inclusions occurs against
the background of their dissolution and melting, leading to local
saturation of the steel matrix with inclusion elements, which
undoubtedly affects the mechanism and rate of the processes under

study.
A MM
Zj% B
A/MM\W S
Mn
Cr0s3 (Fe, Mn)S

13

YEAR XI, ISSUE 1, P.P. 12-15 (2025)



INTERNATIONAL SCIENTIFIC JOURNAL "MATERIALS SCIENCE. NON-EQUILIBRIUM PHASE TRANSFORMATIONS"

WEB ISSN 2534-8477; PRINT ISSN 2367-749X

N ekt

I, pulse/s

L, pulse/s

I, pulse/s

CaOMnOSiO>

Fe

I, pulse/s

MnO-ALO;

Figure 3. Plastic stress relaxation near inclusions under laser action

A detailed analysis of the curves of the gradient cascade
distribution of elements near the inclusions (on the example of R7
wheel steel) made it possible to reveal some of their features. They
are related to the fact that, along with clear drops in the radiation
intensity of elements in the presence of two or three saturation
zones, there are cases of mismatch of these drops for different
elements near one inclusion (Fig. 2, d, e). The boundaries of the
first, second and third saturation zones were determined by the most
active chemical element that penetrated to the maximum distance
from the initial inclusion

Within the indicated saturation zones, Mn atoms penetrate
to the greatest distance from the initial inclusion, then Si atoms, and
finally S atoms. At the same time, Ca atoms, as a rule, penetrate a
short distance from the initial inclusion, and in the presence of two
or three saturated zones, only in the one that is adjacent to it. These
data indicate the different rates of migration of atoms of various
elements in molten steel in the laser melting zone.

Obviously, there is some relationship between these results
and the difference in the diffusion coefficients of various alloying
elements in liquid iron [20]. Undoubtedly, the conditions under
which the indicated diffusion coefficients were determined are far
from those that are realized at the moment of pulsed laser action,
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when abnormal mass transfer occurs, rather than diffusion
processes. The authors of [20] showed that alloying elements
diffuse in liquid iron at rates that differ significantly from each
other, which is associated with their different solubility in clusters
and the disordered zone of the melt. In this work, alloying elements
are divided into three groups according to the degree of solubility in
liquid iron. Elements of the first group (Mn, Ni, Co, Pd, Pt) easily
dissolve in clusters, their diffusion coefficient D is close to the self-
diffusion coefficient of the iron atoms, they dissolve indefinitely in
liquid and solid iron. Elements of the second group (Cr, N, C, Zn,
Cu, Mo, V, Nb, Al, Cd, W, Ti, Zr, O, S) have an increased
solubility in the disordered zone. They are infinitely soluble in
liquid iron and sparingly soluble in solid iron. Their diffusion
coefficients fluctuate over a wide range relative to D of the iron
atoms. Elements of the third group (Na, Mg, Ca, H) are sparingly
soluble in both liquid and solid iron, their diffusion coefficients
depend on the atomic radius.

As for the conditions of pulsed laser exposure, the sharp
heating of the melt in a thin surface layer obviously violates its
equilibrium structure and also causes cluster polymorphism [20],
which should significantly and differently affect the nature of the
abnormal mass transfer of the atoms of various chemical elements.
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At the same time, there is a relationship between the rates of
diffusion of impurities in liquid iron with the rates of their abnormal
mass transfer in the melt under laser exposure. Relationships of
elements concentration in oversaturated zones were different and
were oscillated in interval 1,2 1,8 that connects with
heterogeneous field of temperatures and stresses and also with wave
character of speed mass transfer in the conditions of laser pulse.

There is another type of distribution of elements of non-
metallic inclusions in areas of steel matrix. By collective mass
transfer connecting with dissolution of nano-grains of non-metallic
inclusion [5, 6] “spot” distribution of elements of inclusion in areas
of steel matrix was observed (Fig. 2, f).

The results of distribution of nanohardness of steel matrix

were shown that its value (H') near non-metallic inclusions (one
oversaturated zone or first zone) is bigger than far from non-
metallic inclusions [3, 21]. Its value depends from chemical
composition and structure of steel defining degree of strengthening

by laser action. In the first (or sole) oversaturated zone values of H',
in 1,45 ... 1,8 times bigger then in steel matrix far from inclusion.
Coefficient K; is determined by the ratio of the nanohardness of the
steel matrix in the saturation zone to the nanohardness of the steel
matrix away from the non-metallic inclusion [4, 5]. These results
are closed to the results of determining the microhardness near
inclusions after laser exposure obtaining in [5, 6]. In the second and
third oversaturated zones values of nanohardness lower than in the

first zone but exceeds values of H , far from non-metallic
inclusions accordingly in 1,25 ... 1,64 and 1,1 — 1,3 times. Thus the
cascade of nanohardness values by removal from non-metallic
inclusions was observed. Value of nanohardness of steel matrix in
all oversaturated zones near non-metallic inclusions and value of
coefficient K; depends from the condition of non-metallic inclusion

and steel matrix in the moment of laser action. Values of H' and K;
are maximum by fusion of non-metallic inclusions and steel matrix,
they are decreased by fusion of steel matrix near hard non-metallic
inclusion and they are minimum in the cases of hard condition of
non-metallic inclusion and steel matrix. This connects with
phenomenon of maximum saturation of liquid steel matrix by fusion
or full melting of non-metallic inclusions. In cases of fusion of
oxides, sulfides, silicates in the moment of laser action
nanohardness of steel matrix near non-metallic inclusions bigger
then near hard non-metallic inclusions and values of coefficient K;
in all oversaturated zones increase. Saturation of steel matrix by the
elements of non-metallic inclusions and their fix in solid solution

promotes increase of Hi, and K; values. Degree of steel matrix
saturation in the second and third zones less then directly near non-
metallic inclusions (in the first zone) that is confirmed by difference

of H', and K; values. Dependence of nanohardness of the first (or
sole) oversaturated zone of steel matrix near non-metallic inclusions
has non-monotonic view for all laser action time [3, 21]. This
evidence about existence of certain ranges of laser beam energy
values that correspond to maximum strengthening of local layers of
steel matrix.

Main factor of laser strengthening of local areas of steel matrix is its
microalloying from inner sources - non-metallic inclusions. The
appearance of cascade saturation zones during the formation of
liquation strengthened areas contributes to formation of micro
composite layers near non-metallic inclusions. Structure of these
zones maybe single-phase (oversaturated solid solutions) but often
dispersal microphases and nanophases — “satellite” particles are
observed (Fig. 1, a, f ). The initial inclusion and composition of
steel matrix determine the chemical composition of “satellite”
particles [3 - 6].

4. Conclusions.

The possibilities of transformation of non-metallic inclusions how
sources of inside alloying of steel matrix are shown. Features of the
formation of gradient and micro composite saturation zones of the
steel matrix under conditions of abnormal mass transfer from non-
metallic inclusions during laser processing are associated with the
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formation of segregation-strengthened zones. Gradient saturation
zones with a cascade and "spot" distribution of elements and
nanohardness, dispersed zones, and zones with a combined structure
were formed. The formation of a cascade distribution of chemical
elements in the saturation zones is due to the wave nature of the
relaxation of thermo-deformation stresses near non-metallic
inclusions at the time of laser exposure. Signs of different rates of
abnormal mass transfer of chemical elements of non-metallic
inclusions into the steel matrix at the time of laser melting are
revealed

5. Literature.

1. Dowden J, Schulz W. The Theory of Laser Materials Processing: Heat
and Mass Transfer in Modern Technology. 2nd ed. Berlin/Heidelberg:
Springer. 2017, 432 p.

2. Gubenko SI. Analysis of the effect of nonmetallic inclusions on steel
strengthening upon laser treatment. Steel in Translation, 2021, v.51, No 3,
pp. 217-228.

3. Gubenko S. Transformation of inclusions during laser processing of
steels. v.1. Local strengthening. Jlokansnoe ympounenue. London - UK,
Republic of Moldova - EU, Dodo Books abd OmniScriptum S.R.I.
publishing group — Indian, LAP LAMBERT academic publishing/ 2023, 317

p.

4. Gubenko SI. Possibilities of transformation of non-metallic inclusions and
interphase inclusion-matrix boundaries under high-energy treatments. Metal
Physics. New Technologies, 2014, v. 36, No 3, pp. 287-315.

5. Gubenko S. Strucrural Effects near Nonmetallic Inclusions in Laser
Treatment of Steels. Materials Science, 2000, v. 35, No 6, pp. 818-827.

6. Gubenko S.I. Zones of contact interaction in steel matrix near inclusions
under the laser action. Materials Science, 2011, v. 46, No 4, pp. 448-452.

7. Gubenko S. Formation of Gradiental and Composite Zones Near Non-
Metallic Inclusions Under Laser Treatment of Steels. Proceedings of the 9"
International Congress «Mechanics, Technologies, Materials». 2012, Varna,
Bulgaria, 2012, pp. 19-22.

8. Gubenko S. Melting and Crystallization of Nonmetallic Inclusions and
Steel Matrix in the Course of Laser Treatment. Material Science. 2010, v.
46, No 3, pp. 365 — 371.

9. Bekrenev AN. Mass transport in metals under intensive impulse reactions.
J. Phys. Chem. Solids. 2002, No 63, pp. 1627-1631.

10. Mazanko VF, Kozlov AV, Riasniy AV, Prokopenko GI, Piskun NA. The
mass transfer in metals at ultrasonic treatment. Metallofiz. Noveishie
Tekhnol. 2001, No 23, pp. 232-234.

11. Filatov A, Pogorelov A, Kropachev D, Dmitrichenko O. Dislocation
mass-transfer and electrical phenomena in metals under pulsed laser
influence. Defect Diffus 2015, No 363, pp. 173-177.

12. Mazanko VF, Mironov DV, Hertzriken DS, Bevz, VP. Influence of
simultaneous action of an electric current and plastic deformation by
compression on migration of atoms in copper and nickel. Metallofiz.
Noveishie Tekhnol. 2007, v. 29, pp. 483-494.

13. Kuznetsov LI. Screening properties of the erosion torch and pressure
oscillations at a laser—irradiated target. SPIE 1990, v. 1440, pp. 222-228.
14. Sano Y, Akita K, Sano T. A mechanism for inducing compressive
residual stresses on a surface by laser peening without coating. Metals,
2020, No 10, pp. 816-822.

15. Gertsriken DS, Ignatenko Al, Mazanko VF, Mironova OA, Fal’chenko
YV, Kharchenko GK. Determining the duration of mass transfer and the
temperature of metal subjected to pulsed deformation. Phys. Met. Metallogr.
2005, v. 99, pp. 187-193.

16. Mazanko VF, Gertzriken DS, Bevz VP, Mironov VM, Mironova OA.
Mass transfer under the shock compression in metal-defects systems with
interlayer. Metallofiz. Noveishie Tekhnol. 2010, v. 32, pp. 1267-1275.

17. Vasil’ev LS. To the theory of the anomalously high diffusion rate in
metals under shock action: 1. Basic equations of diffusion mass transfer
upon plastic deformation of materials. Phys. Met. Metallogr. 2009, v. 107,
pp. 330-340.

18. Gubenko S. Specific features of stresses relaxation and recrystallization
of steel under laser heating. Materials Science. 2023, v. 59, No 3, pp. 267-
74.

19. Smirnov LI. Transport of interstitial atoms with an elastic wave in
metals. Phys. Met. Metallogr. 2000, v. 89, pp. 327-31.

20. Ershov GS, Chernyakov VA. Structure and properties of liquid and solid
metals. Moscow: Metallurgy, 1978, 165 p..

21. Gubenko S. Influence of non-metallic inclusions on the
strengthening of steels under laser action. Material science. Non-
equilibrium phase transformations. VVarna, Bulgaria, 2015, No 3, pp.
18-24.

YEAR XI, ISSUE 1, P.P. 12-15 (2025)


https://search.proquest.com/openview/e7f5c1b4d892dd958b52c71207c00950/1?pq-origsite=gscholar&cbl=2034508
https://search.proquest.com/openview/e7f5c1b4d892dd958b52c71207c00950/1?pq-origsite=gscholar&cbl=2034508



