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Abstract

Introduction. At present, in scientific publications, there is no unambiguous understanding and reasoned metal physical
justification of the role of the carbide phase of irradiated materials in forming the required structure and achieving a
given degree of hardening of surface layers of steels during pulsed laser treatment, especially in the zone of laser
hardening from a solid (austenitic) state. The solution to this issue is of great importance, since it allows us to
reasonably and purposefully design the required structure of surface layers of products of various functional purposes
with high performance properties. The complexity and insufficiently detailed study of the process of structure formation
in the surface layers of steels under extreme thermal effects of pulsed laser radiation required a series of metal physical
experiments to study the fine structure of steels after high-speed high-temperature hardening. The aim of this article was
to obtain, quantify and critically analyze the array of results of metal physical studies and to assess the degree of
influence of the carbide phase on the formation of structure and properties of surface layers of steels in the process of
pulsed laser hardening in different modes, that is, with and without melting the surface of the samples.

Materials and Methods. In the work, carbon and alloyed tool steels were subjected to surface laser irradiation at a
Kvant 16 installation. The radiation power density was 70—-200 MW/m?2. Optical, scanning probe and electron
microscopy were used in conducting metal physical studies, as well as methods of diffractometric, spectral and
durometric analysis of steels before and after laser treatment.

Results. It was shown that laser treatment of steels with a radiation power density of 130-200 MW/m? led to a local
change in the chemical composition in the laser-fused areas of the spot, partial or complete dissolution of carbides
present in the irradiated metal and an increase in the amount of residual austenite in the fused areas up to 40-60%. It
was found that on P6M5 steel, the maximum possible hardness of the irradiated zones was achieved by dissolving 30%
of carbides, on 9XC, HVG steels — 60-70%. It was shown that under pulsed laser irradiation with qg=70-125 MW/m?,
that is, without melting the steel surface, "white zones" formed around carbide inclusions under the influence of thermo-
deformation stresses at the boundaries of the "carbide — steel matrix" composition. They had irretrievability, dispersion
of the structure and increased hardness (10-12 GPa). It was determined that the maximum hardness of laser-hardened
metal in the zones of laser hardening from a solid state was achieved if the "white zones" occupied 40% of the
irradiated area of steel. It was found that the dispersion of carbides in this case was 0.5-1.5 microns.

Discussion and Conclusion. The results of the conducted studies indicate that in order to obtain the best combination of
hardness and viscosity of the irradiated zones during laser treatment with melting of the surface of steels of different
chemical composition, it is necessary to dissolve different amounts of carbides. The dispersed structure of laser-fused
steel zones, along with a sufficiently high content of residual austenite, predetermine the possibility of improving the
operational characteristics of irradiated materials, especially under conditions of external shock loads.

The analysis of the conducted metal physical studies irradiated without melting the surface of steels allows us to
conclude that in order to obtain a high degree of hardening, it is necessary and expedient to ensure the presence of a
certain volume of dispersed carbides in the structure of the irradiated steel. The structural composition of "white zones"
formed during laser treatment without melting the steel surface contributes to obtaining a unique level of operational
properties.
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The results of the performed studies contribute to the theory of steel structure formation under conditions of extreme
heat exposure and allow for a rational choice of modes of surface laser processing of products and their operability.
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AHHOTALUA

Bgedenue. B coBpeMeHHBIX HAay4YHBIX ITyOJHKAIMAX HE CYLIECTBYET OAHO3HAUHOI'O CY)KJICHHS M apryMEHTHPOBAaHHOTO
METaIO(pU3NYECKOr0 0OOCHOBAHUS POJIM KapOMIHOH (a3bl 00yyaeMbIX MaTepuajoB B (OPMHUPOBAHHU TpeOyeMoii
CTPYKTYpPHI U JTOCTIDKEHHH 33JaHHON CTETeHU YIPOUYHEHUS MOBEPXHOCTHBIX CJIOEB CTalell MpH MMITYJIbCHOM J1a3epHOil
00paboTke, 0COOCHHO, B 30HE JIa3ePHOM 3aKaJKHU U3 TBEPJOro (ayCTEHHTHOIO) COCTOsHMA. PemieHne 3Toro Bompoca
uMeeT OOJbIIOEe 3HAYEHHE, TaK KakK MO3BOJISIET OOOCHOBAHHO M LEJICHANPABIEHHO KOHCTPYHPOBATh TPEOyeMYIO
CTPYKTYPY TOBEPXHOCTHBIX CJIOEB U3AEIMH pa3HOTO (yHKIMOHAIBHOTO Ha3HAYEHUSI C BBICOKUMH DKCILUTyaTallHOHHBIMH
cBoiictBamu. CJOXXHOCTHP M HEJOCTATOYHO MOJAPOOHAas W3YyYEHHOCTh MIpoOIlecca CTPYKTypooOpa3oBaHHS B
MIOBEPXHOCTHBIX CIOSAX CTaJeH MPH IKCTPEMAIFHOM TEIUIOBOM BO3JCHCTBHHM HMITYJIBCHOTO JIA3€PHOTO H3IIYYEHHS
MOTPeOOBAIH MIPOBEICHUS CEPUN METANIOPU3UIECKNX HKCIIEPUMEHTOB 10 H3yUCHUIO TOHKOTO CTPOCHUS CTaJIeH 1mocie
CKOPOCTHOW BBICOKOTEMIICPATypHOH 3aKasikd. Llenbio JaHHOH CTaThH SIBHJIOCH MONTyYCHHE, KOJMICCTBEHHAS OLCHKA U
KPUTHYECKUH aHaIN3 MacCHBa pPE3yJbTaTOB METAIOPH3MYECKUX HCCICJOBAaHUH M OIIEHKA CTENEHH BIMSHUS
KapOuIHO#t (as3bl Ha GopMHUpOBaHUE CTPYKTYPbI M CBOMCTB MOBEPXHOCTHBIX CJIOEB CTajed B IMPOLECCE MMITYJIbCHOM
JIa3epHOM 3aKaJKU Ha Pa3HBIX pPeXHMax, TO €CTh C OIUIaBJIIEHHEM U 03 OIIaBICHHS OBEPXHOCTH 0Opa3IloB.
Mamepuanot u memoosi. B paboTe TOBEpXHOCTHOMY JiazepHOMY 00IyueHHIO Ha ycTaHOBKe «KBaHT 16» moaBepramuch
YTIAEPOJUCTBIE U JIETMPOBAaHHBIE HHCTPYMEHTAIbHBIE CTadd. [IIOTHOCTH MOIIMHOCTH H3Iy4eHHs cocTaBisuia 70—
200 MB1/M?. TIpu npoBeleHMH METAIOPU3UYECKUX HMCCIIEN0BAHMN HMCIIONb30BAIMCH ONTHYECKAS, CKAHUPYHOLIas
30HJI0Basi M 3JIEKTPOHHAs MHUKPOCKOIHMS; METOJbl AM(PAKTOMETPUUECKOTO, CIEKTPAIBHOTO M JIOPOMETPHYECKOTO
aHaM3a CTaJIeH 0 M Tocie Ja3epHoi 00paboTky.

Pe3ynomamut uccnedosanusn. [lokazano, 4ro nasepHas 00pabOTKa cTayeil ¢ IIOTHOCTHIO MOIMHOCTH M3Iy4eHus 130—
200 MBT/M? mipuBOAIMIIa K JIOKAJIBHOMY M3MEHEHHMIO XMMHYECKOTO COCTABa B JIa3€PHO-OILIABJIEHHBIX 30HAX MSTHA,
YaCTHYHOMY WJIM TIOJIHOMY PAacTBOPEHHUIO IPUCYTCTBYIOIIMX B 00Jy4aeMOM MeTajuie KapOuaoB W K YBEIHMYCHHUIO
KOJINYECTBA OCTATOYHOTO ayCTEHHWTAa B OIUIABJICHHBIX 30Hax 10 40-60 %. YcraHomieHo, uTro Ha crtagu POMS
MaKCHMaJIbHO BO3MOXKHasi TBEPIOCTh OOJyUEHHBIX 30H JOCTHrajach npu pactBopeHuu 30 % kapOumoB, Ha CTasix
9XC, XBI' — 60-70 %. INoka3aHo, 4TO NpPH MMIYJILCHOM Ja3zepHOM obOmydenuu ¢ q=70-125 MBt1/M?%, To ectb Ge3
OIUIABJICHUS TIOBEPXHOCTH CTaJId, BOKPYT BKJIIOUEHHH KapOWOOB IO JCWCTBHEM TepMO-AedOopMaIlmOHHBIX
HamNpsDKCHWH Ha TpaHUIaX KOMITO3HMIMH «KapOWa — cTalbHas MaTpuia» (GOpMHPOBAIHCh «Oenmble 30HBY. OHHU
o0nasany HEeTPaBUMOCTBIO, JUCIIEPCHOCTBIO CTPOECHHUSI W MOBBIMEHHON TBepaocThio (10-12 I'Tla). Onpeneneno, 4To
MaKCHMaJlbHasi TBEPAOCTh JIa3€pPHO-3aKAIICHHOTO MeTajyla B 30HaX JIa3epHOM 3aKaJKH M3 TBEPJAOrO COCTOSHUS
JOCTUTaNach B ciiydae, ecinu «Oeinble 30HB» 3aHUMand 40 % oOiydeHHOH 00JacTH CTanM. YCTaHOBJIEHO, YTO
JIUCIIEPCHOCTH KapOUIOB B 3TOM cirydae coctaBisuia 0,5—1,5 MkM.

Obcysrcoenue u 3aknrouenue. Pe3ynpTaTsl IPOBEJICHHBIX HCCIEIOBAHUM CBUIETENBCTBYIOT O TOM, UTO JUISl IIOJIy4EHUs
HAWITY4IIero COYETAaHWs TBEPIOCTH M BA3KOCTH OOJMYYeHHBIX 30H IpH Jla3epHOW 00paboTke C OIUIaBICHHUEM
MTOBEPXHOCTH CTalell pa3HOro XHWMHUYECKOTO COCTaBa HEOOXOAWMO pACTBOPHTH PA3HOE KOJIUYECTBO KapOHIOB.
JucniepcHOE CTpOCHHE JIa3epHO-OIUIABICHHBIX 30H CTalll, HAPAAY C JOCTATOYHO OOJBIINM COJEPKAHUEM OCTATOYHOTO
AyCTeHHWTa, TNPEAOTNPEACISIIOT BO3MOXKHOCTH ITOBBIMIEHUS AKCIUTYyaTallMOHHBIX  XapaKTEPUCTHK  OOIyYeHHBIX
MaTepHasoB, 0COOEHHO B YCIOBUSIX JACHCTBHS BHEIIHUX yIAapHBIX Harpy30K.
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AHau3 TPOBENEHHBIX METAUIOQM3MYECKUX HCCICNOBAaHUM, OONyYeHHBIX O€3 OIUIABIEHHS IOBEPXHOCTH CTalleH,
HO3BOJIWJI CHENATh BBIBOJ, YTO IS IIOJMyYCHHS BBICOKOH CTEIEHH YIPOYHEHHs HEOOXOIMMO M Iesecoo0pasHo
obecrieunTh TPHCYTCTBHE B CTPYKTYpe OOJy4aeMOH CTajdd ONpEAEIEHHOr0o o0beMa MAWCIEPCHBIX KapOWIOB.
dopmupyrommasics mpu Ja3epHoi 00paboTke 0e3 OIUIaBJICHHS! TOBEPXHOCTH CTAJIM CTPYKTYPHAs KOMIIO3UIMS «OeJbIX
30H» CIIOCOOCTBYET MOJTYYEHHIO YHUKAJIBHOTO YPOBHSI AKCILITyaTal[MOHHBIX CBOHCTB.

Pe3ynbraThl BBINOJHEHHBIX HMCCIEAOBAaHUI BHOCAT BKJAJ B TEOPHUIO CTPYKTypooOpa3oBaHHs CTalieil B YCIOBHAX
SKCTPEMAILHOTO TEIJIOBOTO BO3JCHCTBHS, a TaKKe IO3BOJISIOT OCYIIECTBIATh PAlMOHAIBHBIN BHIOOD PEKHMOB
MTOBEPXHOCTHOM JIa3epHOI 00pabOTKH M3IENMHil U TapaHTUPOBAHHO 00ECTIEYUBATh NX PabOTOCTIOCOOHOCTS.

KaroueBble ci1oBa: kapOuIbl B CTalH, Ta3epHOE O0Iy4EHHE, CTPYKTypa, CBOHCTBA

BaarogapHocTH. ABTOPHI BRIPaXKAIOT OJaroJapHOCTh PEIEH3EHTaM, Ubsi KPUTUYECKasl OI[CHKA TPEICTaBICHHBIX MaTe-
pHANOB W BBICKA3aHHBIE NPEAJIONKEHUS 110 MX YCOBEPIICHCTBOBAHHIO CIOCOOCTBOBAIM 3HAYHUTEIFHOMY ITOBBIIICHUIO
KadecTBa HACTOSAIICH CTAaThH.

Jdas nurupoBanus. bposep I'.U., lllepbakosa E.E. Ponb kapOumoB B popMHUpPOBaHHH CTPYKTYPHI U CBOMCTB cTalsieit
IPU UMITYJIBCHOM JIa3epHOM oO0nydeHun. bezonacnocms mexnozennvlx u npupoousix cucmem. 2023;7(4):106-118.
https://doi.org/10.23947/2541-9129-2023-7-4-106-118

Introduction. During pulsed laser irradiation, the surface layers of the material are subjected to a powerful thermal
"shock". Under these conditions, high temperature gradients, concentrations, as well as stress fields appear — thermal,
phase, etc. The dissipation of energy acquired by the material can be as follows: partial dissipation of external energy by
the dislocation mechanism by local plastic deformation; the dissipation of elastic energy by the mechanism of mass
transfer due to the movement of carbon atoms and alloying elements from carbides into solid solutions in contact with
them to defects in the crystal structure, etc. [1-4]. It should be noted that mass transfer, which leads to a local change in
the chemical composition of laser-irradiated steel zones, plays a particularly important role in the process of structure
formation of multiphase steels and alloys containing a significant volume of the carbide phase. The dissolution of
carbides, even partial, affects the structure and properties of the surface layers of steels and products in general [5-8].

With high-speed laser processing, that is, in conditions of time scarcity, the effects of carbide dissolution and
accelerated mass transfer can be observed only in laser-fused metal zones, at their borders with the initial steel, in thin
areas around carbides [9-12]. Emerging microparts with changed chemical composition, structure and properties are of
great practical importance, but have not been studied enough. This limits the possibilities for creating a material with a
given structure and increased performance in the surface layers of the alloy. Thus, the aim of this study was to
determine the influence of the carbide phase on the formation of structure and properties of the surface layers of steels
during pulsed laser hardening in different modes, that is, with and without melting the surface of the samples.

Materials and Methods. The analysis of structure formation processes under conditions of high-speed laser heating
was carried out on samples of steels U8 (GOST 1435 99), R6M5 (GOST 19265-73), R18 (GOST 19265-73) and others
subjected to preliminary volumetric quenching for a martensitic structure and tempering.

Optical, scanning probe and electron microscopy were used in conducting metal physical studies as well as methods
of diffractometric, spectral and durometric analysis of steels before and after laser treatment. Pulsed laser irradiation
was carried out at a Kvant-16 installation (Russia). Changes in the radiation energy, the degree of beam defocusing (3—6
mm), and the duration of the radiation pulse (1-6) 10 s allowed varying the radiation power density in a wide
range (70-200 MW/m?). Metallographic studies were carried out on transverse and longitudinal sections on
microscopes MIM-7 (Russia) and Neophot-21 (Germany). Studies of fine structure of steels, as well as the
determination of chemical composition of the studied zones of irradiated materials were carried out on scanning
electron microscopes Hitachi TM-1000 (Japan) and Mira3 (Czech Republic). A diffractometer DRON-0.5 (Russia) was
used for X-ray diffraction analysis. Microhardness measurements were carried out on a PMT-3 device (Russia) with a
load of 0.49 N.

Results. Metal physical studies showed that the irradiated zones on steels had a heterogeneous structure in the depth
of the hardened layer. As it can be seen in Figure 1 a, when processing with a radiation power density q=130-
200 MW/m?, a melted quenching zone from the liquid state (1 — LS zone) and a quenching zone from the solid state
(2 — SS zone) were observed.
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Fig. 1. Microstructure of irradiated steel R6M5: a — 1 — LS zone,
2 — SS zone; 3 — initial steel (x200);
b — convective process in the steel melting zone (interference microscopy) (x300)

Further, the features of formation of structure and properties in both zones of the irradiated spot were considered and
described, taking into account the influence of the carbide phase in the steels on these processes.

The LS zone features were its incorrigibility in conventional reagents, the dispersion of the structure and high
hardness (8-10 GPa), as well as a noticeable decrease in the volume of the initial carbide phase, even when using
optical microscopy. Despite the short exposure time of the laser pulse (10-%s), this was facilitated by the high heating
temperature and convective mixing of a thin layer of liquid metal caused by the action of thermostrictive
stresses (Fig. 1 b). The partial or complete dissolution of carbides was evidenced by the results of studies on a scanning
probe microscope (SPM) (Fig. 2), which clearly demonstrated that the dissolution of carbides smoothed the surface
relief near carbides due to the mass transfer of their components into the surrounding steel matrix.

a) b)
Fig. 2. Structure of surface layers on R6M5 steel:
a — before laser reflow (SPM); b — after laser reflow (SPM)

Confirmation of the possibility of partial dissolution of carbides during high-speed laser quenching with melting of
the surface of R6MD5 steel was also the results of X-ray diffraction analysis shown in Figure 3.
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Fig. 3. Phase composition of R6MS5 steel before (c. 1) and after (c. 2) laser treatment with surface melting

As it can be seen, laser reflow of the steel surface led to a decrease in the height of the carbide phase reflexes (K).
Their intensity varied from 1=143.24 s in the initial steel (Fig. 3, c. 1) to 1=65.38 s in the LS zone (Fig. 3, c. 2). It can
be concluded that the volume fraction of carbides in the LS zone decreased. The angle of the carbides on the radiograph
also changed. In the fused zone, carbide reflexes were fixed at angles 2Q=54.1839 compared to 2Q=54.1219 before
laser treatment, that is, they shifted to large reflection angles. These results, as well as an increase in the physical
expansion of the carbide phase reflexes from 0.6392 mrad for the starting metal to 0.9000 mrad for the LS zone,
indicated a change in the stoichiometric composition of carbides, their partial dissolution and an increase in the density
of defects of the crystalline structure.

As it can be seen in Figure 3, curve 2, austenite reflexes were also observed on the diffractogram, and martensite
reflexes were shifted to smaller reflection angles. This was a consequence of the appearance of areas with high
saturation of carbon atoms and alloying elements, and also indicated a high dispersion of the fine structure of the phases
of the irradiated metal.

Figure 4 shows the results of determining the local chemical composition of the laser treatment zone of R6M5 steel
with surface melting.
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b)
Fig. 4. Results of spectral chemical analysis of R6M5 steel samples:
a— in the initial state; b — after laser quenching

As a result of changes in the chemical composition, the points of martensitic transformation in the LS zones
decreased and a significant amount (40-60%) [13] of residual austenite, characterized by a dispersed structure,

remained in them [14-16].
This had a positive effect on the operational properties of irradiated products, especially when exposed to external

shock loads.
Figure 5 provides the results of a quantitative assessment of the effect of the volume of dissolved carbides on the
degree of hardening of the surface layers of metal obtained during durometric studies of steels irradiated in different

modes.
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Fig. 5. The effect of the volume of dissolved carbides on the microhardness of irradiated steels

Considering the influence of the carbide phase on the structure of the SS zone, it was necessary to take into account
some features of the process of pulsed laser irradiation of materials. They were caused by the appearance of
thermostrictive stresses in the irradiated steel zones, the relaxation of which led to local plastic deformation, an increase
in density of defects in crystal structure, dynamic return, polygonization and early stages of recrystallization [17, 18].
There was also dispersion of the structure, acceleration of mass transfer of the atoms of the elements and hardening of
the metal in the SS zones. Figure 6 provides visual consequences of the influence of local plastic deformation on the
structure of polished 12X18H9 steel samples after laser treatment. The traces of deformation in the form of a line or slip
bands were clearly visible.
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a) b)

Fig. 6. Deformation twins after laser treatment of 12X18N9 steel:
a — optical microscopy (x500); b — scanning electron microscopy (x10,000)

Figure 7 shows a reconstruction diagram of such characteristic structural features of polygonization and
recrystallization processes in laser treatment zones as the formation of a developed substructure, grain refining, grain
formation around inclusions, etc.

Fig. 7. Diagram of structural features of polygonization (1)
and recrystallization (2) processes in laser irradiation zones

As shown by metal physical studies, the solid state laser quenching zone (SS zone) had a dispersed, poorly etched
structure.
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Fig. 8. Microstructure on irradiated R6M5 steel:
a — profilogram of the transition zone from the source metal to the SS zone; b — profilogram obtained in the Gwyddion program;
¢ — histogram of the distribution of heights of the surface profile in the base metal; d — histogram of the distribution of heights of
the surface profile in the SS zone

Figure 8 shows the results of the studies of microstructure of irradiated R6M5 steel on a scanning electron
microscope.

As it can be seen, carbides were not etched in the SS zone, the surface profilogram was more even than in the base metal
(Fig. 8 b) and there were no sharp fluctuations in properties at the boundaries in the compositions "carbide — steel matrix".

To confirm the formation of light non-etching shells with an ultradisperse structure ("white zones") around the
inclusions of carbides, metallographic studies of the surface of the irradiated without melting zones of R6MS5 steel were
carried out (Fig. 9).

Fig. 9. Boundary dissolution of carbides in irradiated areas of R6M5 steel without melting:

a — metallographic microscope (x800); b — electron microscope (x10000) P
Studies of the structure of the "white zone™ using a scanning probe microscope (SPM) and atomic force %
microscope (AFM) (Fig. 10 a, c) showed that martensitic crystals had the form of thin slats 4—7 nm thick and ~150 nm g
long [19] (Fig. 10 b) -
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©)

Fig. 10. Microstructure of martensite of laser-quenched R6M5 steel:
a — Hitachi TM-1000 SPM; b — distribution of heights of the profile of martensite needles;
¢ — AFM — image of the structure of the "white zone"

In order to expand knowledge about the fine structure and properties of the SS zone, scratch tests were conducted on
a Nanotest installation. A friction probe equipped with a load cell was used, which made it possible to determine the
friction force between the indenter and the sample under the influence of gravity of the calibration weights.

Discussion and Conclusion. The listed features of structural state of the melted zone can be associated with the
course of dynamic high-temperature plastic deformation during high-speed laser processing. This contributes to the
fragmentation of dendritic structure of the irradiated steel zones, accelerates the processes of mass transfer.
Confirmation of the above is the result of determining the local chemical composition of the laser treatment zone of
R6M5 steel with surface melting. As it can be seen in Figure 4 b, due to the dissolution of carbides, the general
background of the intensity of reflexes of alloying elements increased in comparison with the original (Fig. 4 a) metal.

Based on the results of durometric studies of steels irradiated in different modes shown in Figure 5, it can be
concluded that in order to obtain the maximum possible hardness during R6M5 steel laser treatment, it is sufficient to
dissolve 30%, and for 9XC, KhVG steels — 60-70% of the initial carbides. The decrease in the hardness of the
irradiated zones with an increase in the volume of dissolved carbides was probably due to an increase in the amount of
residual austenite under these conditions.

It should be noted that during the operation of irradiated products under the influence of thermo-deformation loads,
the decrease in hardness observed in Figure 5 compensated for the large amount of solid dispersed inclusions of
hardening carbides released from austenite [20].

The analysis of the results of scanning microscopy of the metal surface showed that in the SS zone the profilogram
was more even than in the base metal (Fig. 8 b) and there were no sharp fluctuations in properties at the boundaries in
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the compositions "carbide — steel matrix". This indicates the formation of transitional micro-regions with a changed
chemical composition at the borders. As it can be seen in Figure 8 ¢, d, the metal in the SS zone was located higher
above the plane of the metallographic section. The height of the surface profile on the initial steel was 5.0 nm, and for
the laser-hardened zone — 5.8 nm.

The results obtained indicate that the metal regions in the SS zone were more solid and homogeneous, as well as
possible partial dissolution of carbide inclusions, which began at the interface between them and the steel matrix. This
was confirmed by the formation of light non-etching shells with an ultradisperse structure (“white zones™) recorded
during metallographic studies around the inclusions of carbides (Fig. 9 a), which was especially noticeable at high
magnification (Fig. 9 b). The formation of such "white zones" during laser processing of steels with a radiation power
density of 70-125 MV t/m? was facilitated by stresses of various kinds appearing at the boundaries of the "carbide —
steel matrix" composition: thermostrictive, stresses due to different thermophysical coefficients in the composition, etc.

Microhardness of these sites was 10-12 GPa. The obtained hardness values corresponded to the hardness of the
martensite of alloy steels. It can be concluded that the non-etching edge near the carbide particles was a laser-quenched
martensite.

The complex structural picture that was formed around inclusions as a result of stress relaxation was proposed to be
described as follows. First of all, due to contact melting, a thin shell of liquid metal was formed in the immediate
vicinity of the boundaries of carbides, through which carbon atoms and alloying elements from carbides moved to
nearby solid solutions of the irradiated spot. After crystallization, a superhard amorphous-like structure may appear
around the carbides. In the rest of the part of "white zones", o — y transformation during heating under extreme
temperature and force conditions was carried out by shear mechanism. This led to plastic deformation and dynamic
polygonization of austenite with the formation of a fragmented substructure. In the process of high-speed hardening in
the austenitic edge, y—a transformation occurred with the inheritance of the fragmented structure of austenite by
martensite.

The results of metallographic and durometric studies showed that the maximum hardness of laser-hardened metal in
the SS zones was achieved if the "white zones" occupied 40% of the irradiated area of steel. The dispersion of carbides
should be 0.5-1.5 microns.

It was established that when the indenter scratched the base metal of R6M5 steel, friction force fluctuations were
observed caused by the movement of the indenter through an inhomogeneous structure consisting of phases with
different hardness. There were no significant friction force fluctuations in the SS zone of the laser-irradiated metal. It
can be concluded that the SS zone was relatively homogeneous in structure and hardness, and its hardness was much
higher than the hardness of the base metal. This was evidenced by the values of the friction force of about 17 MN in
comparison with 11 MN for the base metal.

The analysis of the conducted metal physical studies indicates that laser treatment with a radiation power density of
130-200 MW/m?, that is, with the melting of the surface of steels of different chemical composition, obtained the best
combination of hardness and viscosity of the irradiated zones when dissolving different amounts of carbides. Due to the
fixed dispersed structure of laser-fused steel zones, along with a sufficiently high content of residual austenite in them,
it became possible to increase the operational characteristics of irradiated materials, especially under conditions of
external shock loads.

Metal physical studies of irradiated steels, with a radiation power density of 70-125 MW/m?, that is, without
melting the surface, allowed us to conclude that in order to obtain a high degree of hardening in this case, it is necessary
and advisable to ensure the presence of a certain volume of dispersed carbides in the structure of the irradiated steel.
The structural composition of the "white zones" formed during laser treatment without melting the steel surface
contributed to obtaining a unique level of operational properties.

The results of the research made a contribution to the theory of steel structure formation under conditions of extreme
heat exposure, and also made it possible to make a rational choice of modes of surface laser processing of products of
various functional purposes to ensure their operability.
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3asenennwviii 6xk1a0 coasmopos:

I''". BpoBep — mocTaHOBKA 3a/1a4d, BEIOOp METOJOB M METOIUK WCCIICAOBAaHHMN, IUIAHHPOBAHHUE SKCICPUMEHTOB,
y4acTue B IPOBEACHUH METAIIOPU3NIECKUX HCCIIEIOBAHUN U B 00CYKICHUH UX PE3yIbTaTOB.

E.E. lllepbakoBa — KpHUTHYECKUH O0030p JNHUTEpAaTYypPHBIX HCTOYHHKOB II0 TEME WCCIEAOBaHHSA, ydacThe B

MpOBEACHUN MeTaJ’IJ’IO(i)I/I?)I/I‘{eCKI/IX OKCIICPUMCHTOB U B O6cy)KI[eHI/II/I HX pE3YJIbTATOB.

Kongruxm unmepecos: aBTOpbI 3asBISIOT 00 OTCYTCTBHU KOH(IUKTA HHTEPECOB.

Bce agmopur npouumanu u 0006punu OKOH4YAMENbHBI 6APUANI PYKONUCHU.



