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Abstract: During pulsed laser processing and modification of the surface of steels and alloys, several still
unresolved issues arise related to the structure formation and property development in the irradiated zones. The
aim of this article is to study and scientifically analyze the features in phase transformations, structure and
properties formation of the steels surface layers under variable modes of high-speed laser heat treatment.
Metallophysical studies in the work were carried out on samples of carbon and alloy steels subjected to pulsed
laser irradiation using a technological device Kvant-16 with a radiation power density of 50-250 MW/m2. The
identification of the phase composition and the materials structure study were carried out by several methods:
metallographic, X-ray, scanning probe microscopy, hardness measurement.It is shown that the locality of laser
treatment, a high heating rate and high temperature gradients along the layer depth led to the thermoelastic
stresses appearance, which play the main role in the steels surface hardening. The physical nature and structural
organization of the “white zone” formed around carbide inclusions in steel have been established by
metallophysical studies. The main part of the "white zone" is a nanosized austenite-martensite structure with a
martensite lath size of ~150nm, which has anomalously high values of microhardness.It has been established
that under the conditions of pulsed laser radiation thermal-deformation effect during the treatment of steels and
alloys without surface melting, the main role in structure formation and formation of properties is played not by
diffusion processes, but by processes of local plastic deformation. It is shown that the presence in laser-hardened
steel of a dispersed carbides large amount (more than 40% of the irradiated volume of steel), surrounded by
"white zones", contributes to the creation of a structural state on the working surfaces of products with high
microhardness values.
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Introduction

Pulsed laser treatment has a number of characteristic features that affect the processes of hardening, structure
formation, and the formation of the irradiated material operational properties. These include the high
concentration of the supplied energy and the treated domain locality; high manufacturability; high processing
speed; ease of automation; absence of hazardous waste during irradiation, etc. (Cui et al., 2019; Katancik et al.,
2020; Lapouge et al., 2019; Lesyk et al., 2017; Roy et al., 2017; Sagar et al., 2018). The developed surface of
such a structure, consisting of low-angle, semi-coherent, low-energy boundaries, determines the low etchiness
of the "white zone", which has anomalously high values of microhardness.

An analysis of the prospects and relevance using the laser processing for hardening various materials showed
that pulsed laser radiation has unique characteristics that allow heating the materials surface at hyper high
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speeds (106 deg/s) and with almost complete absence of holding at temperatures above critical points.
Subsequent rapid cooling at rates of 104-106 deg/s fixes in the material surface layers some results of phase
transformations and structure formation occurring in them at high heating temperatures.

Non-trivial thermal processes lead to the temperature gradients’ appearance and the formation of hardened
zones with a depth of 0.05-0.18 mm on the steels surface, which have low etching, dispersed crystalline
structure, and high hardness. The result of laser treatment depends on the energy characteristics of the heat
source, the time of its exposure, and the thermo physical properties of the material being hardened.

To determine the structural and tool steels hyper speed heat treatment technological prospects, the article
provides a scientific analysis of the features in phase transformations and structure formation, the formation of
properties in the steels surface layers under variable modes of high-speed laser heat treatment.

The created and considered physical models of the phenomena that arise in materials during laser processing
will make it possible to purposefully form in the surface layers of steels the necessary, specified structure with
the required level of performance properties.

Features of the laser processing process- locality (spot diameter ~1-5 mm), small depth of heat-affected zones
(~50-150 microns), high heating and cooling rates - leave an imprint on the structures formed in the surface
layers of materials.

Method

The materials for this study were carbon and alloy steel.

Pulsed laser irradiation was carried out on the technological device: "Kvant-16". Changing the radiation energy,
the beam defocusing degree (3-6 mm), the duration of the radiation (1-6) 10~ s made it possible to vary the
radiation power density in a wide range (50-250 MW/m?). The identification of the phase composition and the
study of the materials structure after laser processing were carried out by several methods, the combination of
which was determined by the research objectives: metallographic, X-ray, study of areas of laser processing
using a scanning probe microscope in atomic force microscopy mode, hardness measurement, etc.

Results and Discussion

When carrying out metallophysical studies, it was found that in the irradiated layer of steel, as can be seen in
Figure 1, two zones are formed that have a different phase transformations nature. On the surface of the material
there is a fusion zone, which is formed during crystallization under laser hardening from a liquid state. It has a
dendritic structure, and the dendrites are directed towards the heat sink. In this zone, carbides are almost
completely dissolved, and there are no such defects in the liquid metal as craters, slag inclusions, decarburized
areas of the slick. The zone of laser hardening from the liquid state is absent in the case of laser processing
without melting the metal surface.

x 250
Figure 1. Structure of laser-irradiated zones on steel: U12
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Below there is a zone of laser hardening from a solid state, which has a low etching rate and the highest
hardness. It was established (Parkin & Zhatkin, 1994) that an important, although not decisive, role in the
process of structure formation during high-speed laser processing is played by mass transfer and its special case
- diffusion. This is especially true for multiphase steels and alloys, containing a significant carbides amount, the
dissolution of which, at least partially, affects the saturation degree of a- and y- solid solutions with carbon and
alloying elements, on the course of phase transformations, on the level of the irradiated materials achieved
properties.

It should be noted that, under laser heating conditions, high values of temperature gradients and concentrations,
as well as the presence of stress fields, play an important role in the process of structure formation in the
irradiated metal. It was found that under pulsed laser irradiation, under time deficit conditions, diffusion
processes are observed only in the zones of laser quenching from the liquid state, at the boundary with the
quenching zone from the solid state, and in the “carbide - steel matrix” compositions in the material zones
irradiated without fusion.

The temperature gradients and thermal stresses that appear in the metal zones irradiated with fusion of the
surface contribute to the dynamic convective mixing of the liquid at a speed of 103cm/s, and also, despite the
extremely short laser pulse time (107 s), partial or complete dissolution of carbides.

As a result, the chemical composition of the fused metal changes, the points of martensitic transformation
decrease, and a significant amount of textured metastable retained austenite (40-70%) is fixed, which is
characterized by a high dispersity of the structure (cross-section of dendrites 5-9 nm) and crystallization
texture.

As mentioned above, the irradiated zones have a heterogeneous structure in depth, along with the zone of laser
hardening from the liquid state; there is a zone of laser hardening from the solid state. The peculiarities of this
zone are its non-etching in conventional reagents, dispersion of the structure and high hardness. The low etching
of this zone is apparently associated with the low energy of the interphase boundaries, as well as with the
absence of the phase boundaries decoration with dispersed carbide inclusions.

To elucidate the fine structure features of the laser hardening zone from the solid (austenitic) state and the role
of mass transfer in its formation, annealed samples of U8 carbon steel after laser hardening were studied using a
Hitachi TM-1000 scanning electron microscope, which makes it possible to obtain an undistorted image of the
surface metal in reflected and secondary electrons with a high magnification and a depth of field exceeding the
optical microscope depth of field, and also allows you to obtain a profile of the investigated surface.

First of all, attention is drawn to the results of the local chemical analysis for the irradiated zones, shown in
Figure 2. As can be seen, the chemical composition of the solid state laser hardening zone is similar to the
chemical composition of the base metal, that is, there are no explicit macro-diffusion processes in this zone.
Despite this, the irradiated steel in this zone has properties that differ from the base metal. For comparison,
Figure 2 (b) shows the chemical composition of steel irradiated with melting. As can be seen, with an almost
complete dissolution of carbides, the general background and the reflections intensity of alloying elements
increase, which indicates the occurrence of diffusion processes in this case. Of interest is the fine structure of the
solid-state laser hardening zone (SS zone).

Figure 3 shows the microstructure of the transition zone from the base metal (lamellar pearlite) to the SS zone,
as well as the distribution of the surface profile heights in the base metal and in the SS zone. The route of
scanning and measuring the height of structural elements is indicated in Figure 3 (a) with a marker line. As can
be seen: the SS zone has a dispersed, poorly etched structure; individual elements of the structure cannot be
detected at a magnification of 100,000 times.

A change in the contrast of the image, which makes it possible to distinguish between the base metal and the SS
zone when examined with a scanning electron microscope, may be associated with a local change in the
chemical composition at the interface between ferrite and cementite. This is explained by the possible escape of
carbon atoms from the boundaries of cementite plates to dislocations of the adjacent ferrite, which leads to a
change in the conditions for the interaction of the probe electron beam with these microvolumes of steel. One of
the possible reasons for the local change in the chemical composition at the cementite-ferrite boundaries is the
difference in the binding energy of carbon atoms with iron atoms in the crystal lattice of cementite in
comparison with their binding energy with dislocation cores.
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Figure 3. Microstructure of the transition domain from the base metal to the SS zone of the irradiated spot on U8
steel with the lamellar pearlite structure, revealed during the study on SEM (a) and the profilogram indicated by
the line of the transition zone (b).

It was found that the metal regions in the SS zone are located above the plane of the thin section, that is, they are
harder and more dispersed. The profilogram of this domain does not have sharp fluctuations in height, that is,
the transition zones between the matrix and the carbide protruding above the surface of the microsection are
smoothed out. As can be seen in Figure 4 (b), in the initial lamellar pearlite, the average height of the sample
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surface profile is 6.2 nm, and in the SS zone - 7.4 nm. This result, as well as the fact that the chemical
composition of the SS zone is practically similar to the chemical composition of the parent metal, may indicate a
partial dissolution of carbides, which begins from the interface between them and the ferrite matrix.

In order to expand knowledge about the fine structure and properties of the SS zone, scratch wear tests were
carried out using the Nanotest installation. A friction probe equipped with a strain gauge was used, which made
it possible to determine the friction force between the indenter and the sample under the action of the gravity of
the calibration weights.

It has been established that the values of the friction force when the SS zone is scratched by the indenter are 17
MN in comparison with 11 MN for the base metal. It can be concluded that the SS zone is formed at a pulsed
thermal-deformation stress of the laser-irradiated metal surface layer. In this case, local plastic deformation
occurs, accompanied by dynamic polygonization and quenching of the matrix surrounding the carbides with a
possible change in the chemical composition in local domains of the structure at the boundaries of the "carbide -
steel matrix" composition. Moreover, different mechanisms are responsible for the degree and result of the
changing the chemical compositions processes and mass transfers processes in the SS zone and in the laser-
melted metal discussed above.

Let us consider the features of the mass transfer manifestation during laser processing without melting the metal
surface. When carrying out metallographic studies, it was noticed that in the laser irradiation zone of alloy steel,
despite the short thermal effect duration, the results of the partial carbides dissolution process in the surrounding
matrix are clearly visible. As can be seen in Figure 4, this is expressed in the formation of a light non-etched
border around the carbide inclusions, the so-called "white zones".

Figure 4. "White zones" around carbides in irradiated steel R6EMS.

The micro hardness of these areas is 4-6 GPa. The obtained values of hardness correspond to the hardness of
medium-carbon steels martensite. The ensembles formation of such concentration inhomogeneous areas in the
irradiated zones additionally strengthens the laser-hardened metal.

It can be concluded that the light non-etched border near the carbide particles indicates the austenite formation
during heating and martensite formation during cooling these areas.

The carbon spread from the carbides grain boundaries occurred at a distance of L=2-3 microns. This diffusion
path during the action of the laser beam t~1073s corresponds to the diffusion coefficient of carbon in austenite
D~L%/1~4-105cm?/s, which exceeds the value of the carbon diffusion coefficient in iron (1-5) 107cm?/s at a
temperature of 1000°C and corresponds to the self-diffusion coefficient of iron in the melt.

Such a high diffusion rate of carbon can be explained by the appearance of the liquid phase interlayers at the
boundaries of carbides with a matrix (with ferrite) due to contact melting, which occurs at temperatures much
lower than the melting temperatures of the components during the thermo-force stresses action at the “carbide-
ferrite” boundaries under laser irradiation.

A similar contact melting phenomenon at the boundary of cementite inclusions with a matrix of technical iron
was described for the case of laser irradiation in (Dolgachev et al., 2024; Pustovoit et al., 2017) and graphite
with a metallic matrix of cast iron in (Li & Guan, 2020). As a result, a complex structural pattern is formed
around the carbide inclusions. In the immediate vicinity of the boundary, due to contact melting, a thin shell of
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liquid metal is formed, which promotes the accelerated mass transfer of carbon atoms and alloying elements
from the inclusions to the adjacent matrix layer.

After crystallization around carbides, the formation of a superhard amorphous-like framework is possible. It
should be noted that, depending on the heating temperatures reached during the action of the laser pulse,
different mass transfer driving forces can prevail in the irradiated metal. At high temperatures, the main
mechanism is thermal diffusion caused by high temperature gradients (10>-107 K/cm), which is effective for 7-
10 ms. Beginning from 700-800°C, deformation processes, heterogeneous in depth, intensively proceed. During
this time period, anomalous accelerated mass transfer occurs, associated with the influence of local microplastic
deformation processes occurring in the zones of laser treatment from the solid state (Brover & Shcherbakova,
2023, 2024; Kumar et al., 2023; Lu et al., 2019; Sahoo et al., 2023).

In the main part of the volume of "white zones", the transformation of a—y under the described extreme
temperature-force conditions is carried out according to the shear mechanism, which leads to plastic
deformation of the matrix. Under conditions of high-speed laser hardening, the recrystallization processes are
suppressed, the dynamic polygonization processes of austenite proceed with the fragmented substructure
formation. Austenite crystals are in the form of thin plates separated by semi-coherent boundaries with low
energy and high density of epitaxial dislocations (Li et al., 2023; Ma et al., 2022; Tsumura et al., 2025).

In the process of high-speed quenching, an a—y transformation occurs in the austenite rim. Martensite crystals
are shear-formed in austenite lamellae and are also in the form of thin lamellas separated by low-energy semi-
coherent boundaries. This leads to a low etching of the "white zone" and a very high microhardness (10-12 GPa)
due to the high density of dislocations during shear a—y—a transformations. Figure 5 shows the results of
studying the "white zone" structure using an atomic force microscope.
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Figure 5. 3D - image of the "white zone" structure (AFM)

As can be seen in the 3D image, martensite crystals have the form of thin laths ~ 150 nm in size and look like
protrusions on the surface. The troughs are, apparently, thin wedge-shaped twins, which are formed during
diffusionless phase transformations of the martensitic type at the elastic twinning stage (Brover &
Shcherbakova, 2023; Kraposhin, 1989; Matyunin et al., 2022). The presence in laser-hardened steel of a
dispersed carbides large amount (more than 40% of the irradiated steel volume), surrounded by "white zones",
contributes to creation on the working surfaces of products the structural state with high microhardness values,
indifferent to external temperature-force loading during operation.

It has been experimentally established that the revealed the structural state features of the steels and alloys
irradiated surface layers make it possible, by varying the parameters of the laser radiation mode, to obtain
structures in them that have different degrees of adaptation to external loading conditions and have a positive
effect on heat and wear resistance.

Conclusion
1. It has been established that under the conditions of pulsed laser radiation thermal-deformation effect during

the treatment of steels and alloys without surface melting, the main role in structure formation and formation of
properties is played not by diffusion processes, but by processes of local plastic deformation. Which is the
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relaxation consequence of thermostrictive stresses and stresses at the phase boundaries in the "carbide-steel
matrix" system.

2. It is shown that the presence in laser-hardened steel of a dispersed carbides large amount (more than 40% of
the irradiated volume of steel), surrounded by "white zones", contributes to the creation of a structural state on
the working surfaces of products with high microhardness values.

3. The possibilities of improving the methods of thermal hardening of materials using pulsed laser heating have
been determined. This makes it possible to solve the problem of forming the surface layer structure with varying
degrees of adaptability to the temperature-force conditions loading both during irradiation and during operation.
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