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Abstract
Introduction. Laser surface treatment of mechanical engineering products makes it possible to increase their durability.

However, the laser hardening process is not good at the consistency of results, since choosing the irradiation modes and
schemes of specific products, texture effects in the zones of laser exposure are not taken into account. This leads to
premature wearing and even destructing the working surfaces of irradiated products. Therefore, the work objective is to
study the mechanism of influence of the structure of the laser-hardened layer on the operational properties of the tool.
Materials and Methods. The materials for this study were tool steels: R6M5 and R18 (according to the EN 10027
standard tool steels: 1.3355, 1.3343). Pulsed laser irradiation was carried out at the technological device Kvant-16 with
a radiation power density of 70-250 MW/m?. Scanning probe and optical microscopy, X-ray diffraction and durometric
methods for analyzing the steels structure were used. The values of steel strength in bending and impact strength were
determined before and after laser treatment.

Results. It has been experimentally proven that it is necessary to strengthen the sections of the products working
surfaces that are subject to maximum wear and are under the action of compressive stresses during operation. It is
shown that textural effects in the laser treatment zones lead to a decrease in the friction coefficients and contribute to an
increase in the wear and adhesion resistance of the steels surface layers.

Discussion and Conclusion. The results of the research carried out make it possible to rationally select the surface laser
processing modes and schemes of products for various functional purposes and ensure their operability with a
guarantee. The possibilities increasing the structural strength and properties of the tool due to laser alloying the surface

layers of powder-coated steels and stabilizing tempering after laser irradiation are determined.
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AHHOTALUA

Beeoenue. JlazepHas noBepXHOCTHast 00pabOTKa M3ICIUNA MAIIMHOCTPOCHHUS MO3BOJISCT YBEIUYUTH UX JOJITOBEYHOCTb.
OpmHAKO TPOIECC JIa3epHOTO YIPOYHEHUS HE OTIMYACTCS CTAOMIBHOCTBIO IIONyYaeMbBIX pe3yNbTaToOB, TaK KakK IPH
BEIOOpE PEXKUMOB M CXeM O0JTyUeHHsI KOHKPETHBIX M3JICIUN HE YUUTHIBAIOTCSA TEKCTYPHBIC dPPEKTHI B 30HAX JTa3¢PHOrO
BO3ICHUCTBUS. DTO MPUBOAMT K MPEKAECBPEMEHHOMY H3HOCY U JTaKe Pa3pyLICHUIO Pa0OYNX MOBEPXHOCTEH 0OIyIeHHBIX
m3genuii. [loaToMy 11enpio paboThI SIBUIIOCH UCCIIEIOBAaHUE MEXaHM3Ma BIMSAHUS CTPOCHHS JIA3€PHO-3aKAIIEHHOTO CIIOs
Ha 3KCHﬂyaTaHI/IOHHI)Ie CBOﬁCTBa I/IHCprMeHTa.

Mamepuanvt u memoov. MatepuanaMmu 1Ji1 JaHHOTO UCCIIEJOBAHMS MOCIYXWIN UHCTpyMEHTaIbHbIE cTaid POMS u
P18. NMmnynbcHOe na3epHOe OOJydeHHE MPOBOAMIOCH HA TEXHOJOTHYECKOW ycTaHOBKe «KBaHT-16» ¢ MIOTHOCTHIO
MOIIHOCTH u3dydeHus 70-250 MBt/M?. Mcnonp3oBanuch CKaHUPYIOMIAS 30HIOBAS M ONTMYECKAs MHKPOCKOIIHS,
PEHTTEHOCTPYKTYPHBIH M AIOPOMETPUYECKUN METOMbl aHalu3a CTPYKTYpbl crajeil. Omnpenessuiuch 3HaueHUs
MIPOYHOCTH CTaNeH Ha U3THO M YAApHYIO BA3KOCTH JI0 U MOCHE JTa3epHO 00pabOTKH.

Pesynemamut uccnedosanus. JKCIEPUMEHTAIBHO I0Ka3aHO, YTO YIIPOYHSTD CIIEAYET YUaCTKH padounX MOBEPXHOCTEH
W3JeNNH, MOABEepKEHHBIE MaKCUMAIBHOMY M3HOCY M HaXOISIUecs MPH SKCIUTyaTalldd MO NEHCTBHEM CHKUMAIOIINX
HanpspkeHuil. [lokasaHo, 4To TekcTypHblie 3G (GEKThl B 30HaX Ja3epHOH OOpabOTKM MNPHUBOISIT K MOHMKCHUIO
KOX(QPHUIHUEHTOB TPEHHUSI W CHOCOOCTBYIOT MOBBIMICHHIO W3HOCO- M aITre3MOHHOW CTOHKOCTH TOBEPXHOCTHBIX CIIOCB
cTayei.

Obcyrcoenue u 3axknrouenus. Pe3ympTaTel MPOBEACHHBIX HCCICIOBAHUI IO3BOJITIOT OCYIIECTBISATH paIllHOHAIBHBIN
BBIOOP PEKUMOB M CXEM ITOBEPXHOCTHO#! Jla3epHOil 00paboTKM U3/enuil pa3nuiHOro GyHKIHMOHAIBHOIO Ha3HAYCHUS U
rapaHTHPOBAHHO 00ECHEeYUBATh MX PaboTOCIOCOOHOCTh. OmpeneieHsl BO3MOXKHOCTH TOBBIMICHUS KOHCTPYKIIMOHHON
MIPOYHOCTH U CBOWCTB MHCTPYMEHTA 3a CUET MPOBEJIECHUS JIA3€PHOTO JISTHPOBAHMSI TIOBEPXHOCTHBIX CJIOEB CTajeil u3

TTOPOIIKOBBIX HOKprTI/Iﬁ 1 MMPOBEACHUS ITOCJIC JIA3€PHOT'O O6J'Iy‘leHI/I$I CTa6I/IJ'II/I31/IpyIOH.[€FO OTITyCKa.

KuaroueBble ciioBa: azepHoe 00IyUeHHe, JETUPOBAHHBIC CTAH, CTPYKTYPa, CBOMCTBA, H3HOCOCTONKOCTD, a/Ire3HOHHAS

CTOHKOCTb.

BJIaFO}.IapHOCTI/l. ABTOpBI BbIpaXKaroT 6Har0,£lapHOCTB peuCH3CHTaM, Ybs KPUTHUYCCKAsA OIICHKAa IPCACTABJICHHBIX
MaTepruaioB U BBICKA3aHHBIC TMIPCIJIOKEHUA 10 HUX YCOBEPIICHCTBOBAHUIO CII0COOCTBOBAIIH S3HAYUTCIIBHOMY

IIOBBINICHHUIO Ka4€CTBA HaCTOHHIeﬁ CTaThH.

Jast uuruposanusi. bposep I'.1., lllep6akosa E.E. Bnusaue TexcTypHBIX 3G heKTOB Ha pabOTOCIIOCOOHOCTH Ja3epHO-
OOJIy4eHHOTO  MHCTPYMEHTa.  be3onacHocmv — mMexHOeeHHbIX U npupoouwvix  cucmem. 2023;7(2):102-112.

https://doi.org/10.23947/2541-9129-2023-7-2-102-112

Introduction. Currently, machine-building enterprises pay great attention to improving the performance of tools
and technological equipment, especially of high-alloy expensive steels.

The analysis of literature sources has shown that during its operation the tool experiences high contact stresses and
pressures on the working surfaces [1-4]. In addition, the work of products of various functional purposes is

accompanied by heating and bending stresses, as well as shock loads or vibrations.
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Therefore, steels for the manufacture of tools should have high values not only of hardness, wear and heat
resistance, but also strength at a sufficient level of viscosity in order to prevent premature destruction of working
surfaces. Laser irradiation of tools and accessories, along with other methods of surface hardening, allows increasing
their durability, but the laser treatment process does not differ in the stability of the results obtained [5-9]. This is due to
the fact that the criteria for choosing modes and schemes of laser irradiation of products for various purposes are not
clearly defined. In particular, the degree of influence of textural effects arising from laser treatment with surface melting
on the structural strength of steels has not been considered.

To solve these problems, bending tests, impact strength, wear and adhesion resistance of irradiated samples are
required.

The results of such experiments will make it possible to make a rational choice of the parameters of the surface laser
treatment process.

The objective of this article is to study the effect of the structure of the laser-hardened layer on the operational
properties of the tool.

Materials and Methods. The materials for this study were P6M5 and P18 instrument steels.

Pulsed laser irradiation was carried out at the Kvant-16 process installation with a radiation power density of
70-250 MW/m?. Identification of the phase composition and the study of the structure of materials after laser treatment
were carried out by metallographic, scanning probe, X-ray durometric methods.

Metallographic studies were carried out on MIM-7 and Neophot-21 microscopes. X-ray diffraction analysis was
carried out on a DRON-type diffractometer. Microhardness was measured on a PMT-3 device with a load of 0.49 N.
The bending strength of the samples was determined using the IM-4A machine, the impact strength of the samples
without incision was determined on the KM-5T pendulum copra.

Results. Metal physical studies have established that during laser treatment of steels, a hardened layer is formed on
the surface, consisting in general of a melted quenching zone from the liquid state and an underlying quenching zone
from the solid (austenitic) state [10-12].

The material is melted to increase the overall depth of the hardened layer or during laser alloying of the irradiated
zones. In the latter case, this is caused by the need to melt the alloying coating and a thin surface layer of steel.

Special attention was paid to the study of the features of the structure formation of steels in the zone of laser
quenching from the liquid state.

It has been experimentally established that this zone has a dendritic structure (Fig. 1 a). Moreover, the dendrites are
directed in a certain way — towards the heat sink from the irradiated surface into the depth of the hardened layer.
The total thickness of the hardened layer is 80-100 microns, the average metal hardness of the surface
layers is 10-10.5 GPa.

X-ray diffraction analysis showed (Fig. 1 b) that the following phases are present in the melting zones: o-phase
(martensite), a certain amount of y-phase (residual austenite) and blurred reflexes of incompletely dissolved carbides.

At the same time, an abnormal ratio is observed of the intensities of the diffraction lines (200) and (111) of austenite
in the zones of laser quenching from the liquid state (Fig. 1 b, curve 2), compared with the quenching zone from the

solid (austenitic) state (Fig. 1 b, curve 1).
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Fig. 1. Location of dendrites in the zone of laser quenching from a liquid state on P6MS5 steel (a), X800 and fragments of

radiographs (b) of steel after laser treatment without melting (curve 1) and with melting of the surface (curve 2)

This indicates the appearance of texture effects in the surface irradiated layers.

The formation of the austenite texture is probably due to the predominant orientation of its subgrains in the surface
layer of materials, which occurs due to the directed crystallization of metal after the end of the laser pulse.

The described effect has a positive effect on the properties of products after laser treatment. In particular, the texture
lowers the friction coefficients in the friction pairs, especially if the texture type is consistent with the type of stress
state of the hardened products under operating conditions [13].

The paper considers some possibilities of using a texture that causes anisotropy of properties in the surface layers of
steels as a factor in improving the technological characteristics of irradiated products.

For this purpose, bending and impact strength tests were carried out on samples made of P6M5 steel irradiated in
different modes and according to different schemes, that is, the structural strength of laser-irradiated steels was
determined.

When choosing methods of experiments, it was assumed that bending tests create a stress state in the samples close
to that arising during the operation of a metalworking tool. Samples with a size of 4x6x55 mm were used.

The use of samples of non-standard cross-section is caused by the need to tighten the degree of influence of a thin
hardened layer on the measured properties.

Before irradiation, the steel was subjected to standard heat treatment. To relieve internal stresses after grinding the
samples to size, tempering was performed at 400 °C, as well as visual inspection for the absence of cracks or other
defects. One face of the samples (6x55 mm) was subjected to laser irradiation with a radiation power density of 70—
150 MW/m?, that is, without melting and with melting of the surface of the samples. Some of the samples were
subjected to laser alloying from powder coatings containing dispersed charcoal particles, followed by heating to a
temperature of 550 °C.

It should be noted that during the tests, the laser-hardened layer was under the influence of compressive or tensile
stresses, depending on its location relative to the loading element.

As a result of the tests, it was found that in the case of compressive stresses acting on the irradiated layer, the
strength of the samples practically does not decrease (Table 1). In case of exposure to tensile stresses, the tendency of
samples to brittle fracture increases. This is probably due to the fact that tensile bending loads initiate the nucleation and

propagation of cracks in the melted surface layers of steel along the inter-dendritic layers.
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Table 1
Mechanical characteristics of P6M5 steel before and after laser treatment
] Guwrx10, MPa ax10t, MJ/m?
Processing mode i : : :
compression stretching compression | stretching
Standard heat treatment
. . 272+7 27017 3.240.2 3.1+0.2
(quenching and tempering)
Laser hardening without melting the surface 258+7 32+7 2.840.2 0.2+0.2
Laser hardening with surface melting 23847 30+7 2.7+0.2 0.3+0.2
Laser hardening and tempering at 550 °C 25747 31+7 2.840.2 0.4+0.2
Laser alloying from coal powder 291+7 337 2.910.2 0.4£0.2
Laser alloying from coal powder and tempering

{550 °C 302+7 32+7 3.0+0.2 0.2+0.2

a o

It can be concluded that in order to stabilize the structural strength of irradiated products, it is necessary to harden
the sections of their working part that are exposed to compressive loads during operation.

Of particular interest, from the point of view of improving the operational properties of laser-hardened products, are
the results of experiments obtained on laser-alloyed carbon powder samples.

During metal physical studies, the microstructure features of laser alloying zones from powder coatings containing

activated carbon were revealed (Fig. 2).

Fig. 2. Structure of the melt in liquid-hardened P6M5 steel under laser alloying from a powder containing coal particles, X500

In particular, dispersed particles of coal are clearly visible, which are located in the irradiated metal at the
boundaries of growing dendrites. Simultaneously with textural effects, the presence of graphite plates in irradiated
zones lowers the friction coefficients on the working surfaces of products, acting as a solid lubricant [14]

As it can be seen from the table, under the action of compressive stresses, laser alloying and subsequent tempering
at a temperature of 550 °C increase the strength of irradiated products most effectively.

An additional contribution of tempering to improving properties, in particular hardness, of the surface layers of
P6MS5 steel is associated with the effect of dispersion hardening in irradiated and, especially, alloyed layers of steel. To
confirm the effectiveness of the process of laser hardening and alloying of the tool, taking into account textural effects
in the surface layers [15, 16], there have been carried out full-scale tests on the wear resistance of cutters made of
P18 steel under conditions of cutting parts made of steel 45.

Cutters made of P18 steel were subjected to volumetric quenching and tempering, as well as various surface
treatment options: laser quenching with and without melting the surface, laser alloying from powder coatings containing

dispersed inclusions of tungsten carbides.
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Laser irradiation was carried out along the back face of the working part of the cutter, which is exposed to
compressive stresses during cutting. As shown in the article above, this eliminates the brittle destruction of the cutting
edges of the tool. The experiments carried out to select the degree of overlap of the irradiated spots showed that the
overlap coefficient of the irradiated zones should be at least 0.7-0.8. The depth of the hardened layer was 80-
100 microns, the average metal hardness of the surface layers was 11-11.5 GPa.

The degree of wear was estimated by the size of the wear area on the back face of the cutter with the same cutting

path for different surface hardening options.
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Fig. 3. Wear resistance of P18 steel cutters after volumetric heat treatment (curve 1), laser hardening without partial melting
(curve 2), with surface partial melting (curve 3), laser alloying with tungsten carbides (curve 4)

As it can be seen in Fig. 3, at all cutting speeds, there is a decrease in wear by 1.5-2 times in the cutters subjected to
laser hardening. Moreover, minimal wear is achieved in the case of laser alloying of the working surfaces of the cutter
with tungsten carbides. At the same time, structures are formed in the surface layers of the cutters, which are a textured
matrix with WC tungsten carbides fused with solid particles.

The process of laser alloying of the surface of P18 steel with tungsten carbides having a high hardness (up to 15—
17 GPa) is evidenced by the WC reflexes present on the X-ray images, as well as the results of studies of coatings after
laser treatment obtained on a scanning probe microscope. In Fig. 4 a, the carbide particles protruding above the surface
of the sample are clearly distinguishable [17, 18].

Quantitative characteristics of the surface layers of steels after laser melting from coatings of WC particles were
obtained in the work. To do this, a computer image processing program (CIP) was used. The results of the analysis are

shown in Fig. 4 b.
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Fig. 4. Scanned image of the surface of P18 steel: a — after laser melting of tungsten carbides;

b — histograms of WC particle size distribution

Chemical Technologies, Materials Sciences, Metallurgy

107



https://bps-journal.ru

108

Safety of Technogenic and Natural Systems. 2023;7(2):102—112. eISSN 2541-9129

As it can be seen in Fig. 4, inclusions of 5-10 microns are mainly present in the surface layers of steels.

The array of results of experimental determination of the wear resistance of cutters after laser alloying, processed in
the program "Statistica”, is shown in Fig. 5. From the analysis of the figure, it can be concluded that the minimum wear
of the cutters is observed after irradiation with a radiation power density of 110-130 MW/m?2. The white dots in Fig. 5
indicate the results of experimental verification of regression modeling of processes occurring in the zones of laser

treatment of steels.
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Fig. 5. Regression modeling maps of wear resistance of P18 steel cutters depending on the power density of laser radiation and the

hardness of the surface layers of steel

The results obtained are of practical importance, since they allow us to reliably assign laser treatment modes to
obtain the required hardness and wear resistance, that is, the operability of the irradiated products.

It should be noted that the adhesive stability of the working surfaces against "sticking™ of the processed material is
of no small importance for a guaranteed increase in the durability of products, especially tools. This changes the
geometric dimensions of the working surfaces, leads to an increase in the loads and stresses acting in the friction pairs,
causing the destruction of the surface layers of the products.

The possibilities of improving the operational properties of laser-hardened tool steel in contact with non-ferrous
aluminum alloys were determined in the work.

Samples made of P6MD5 steel were subjected to standard volumetric heat treatment and subsequent laser hardening
with a radiation power density of 100-120 MW/m? to obtain a textured state of the steels on the surface. Coatings
containing tungsten carbides were used during laser alloying.

Friction and adhesive stability tests were carried out on the MI-1M machine according to the "disc — pad" scheme.
The counterbody was aluminum alloys with different hardness and viscosity. Alloy AD31 had a hardness of HB 2,
D16 — HB 70 and AMg6 — HB 90. Damages and signs of setting on the friction surfaces were recorded using an
MBS-2 microscope.

The value of the specific load applied to the friction pair and resulting in a significant increase in the coefficient of
friction due to the adhesion of the aluminum alloy to the surface of the steel sample, that is, due to the adhesive process,
was chosen as a criterion for assessing the tendency to set tool steel and aluminum alloy [19, 20].

As it can be seen in Fig. 6 a and b, when laser-irradiated tool steel comes into contact with aluminum alloys such as
AMg6 and D16, the transfer of aluminum alloys to steel is practically absent. The friction coefficients are 0.07-0.09, in
comparison with volumetrically hardened samples, for which the friction coefficients reach values of more than 0.10.

Moreover, in contact with the D16 alloy, a jump-like increase in friction coefficients is observed for them, starting with
specific loads in a friction pair over 6 MPa. This indicates the course of adhesive processes.
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Fig. 6. Friction coefficients at contact of P18 steel with alloys AMgé (a), D16 (b), AD31 (c) before laser treatment (curves 1), after

It should be noted that in friction pairs with AD31 alloy, which has the lowest hardness, non-irradiated steel samples
have a catastrophic increase in friction coefficients at specific loads of 4.5 MPa, and in laser-hardened steels at higher

loads in friction pairs —6 MPa (Fig. 6 c). Only laser-alloyed samples have high adhesion resistance under these
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laser hardening (curves 2), after laser alloying with tungsten carbides (curves 3)

conditions [21].

The increase in adhesion resistance under laser irradiation is associated with the achievement not only of high
hardness (11-11.5 GPa) of the textured surface layer, but also, as in the case of laser alloying, also with the melting of

solid dispersed tungsten carbides from coatings.
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Fig. 7. Regression modeling of friction coefficient values in friction pairs "irradiated tool steel — aluminum alloy™
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In order to predict and select the necessary friction coefficients that provide the specified values of wear and
adhesion resistance of P18 steel in contact with aluminum alloys after laser irradiation, regression modeling of
experimental results using the program "Statistica" was carried out (Fig. 7)

Discussion and Conclusion. It has been experimentally established that such features of the structural state of the
irradiated surface layers of steels as textural effects in a-and y-phases contribute to improving the basic properties and
improving the performance of irradiated steels. This is especially significant if the texture type is consistent with the
type of stress state of the hardened products under operating conditions.

It is established that it is necessary to strengthen the working surfaces of products that are in operation under the
influence of compressive loads. The preferred orientation of laser treatment structures reduces the tendency of the
surface layers of irradiated products to brittle destruction, reduces the friction coefficients in tribosystems compared to
traditional volumetric hardening of steel by 20-30 %. At the same time, the stability of the friction coefficients during
the operation of irradiated products also increases. This circumstance is important in ensuring the stationarity of
processes in the friction zone, creates prerequisites for the intensification of the modes of operation of friction pairs.

The practical use of the results obtained in the work makes it possible, by purposefully selecting the schemes and
parameters of the laser irradiation mode, to obtain structures on the surface that have the specified wear and adhesion
resistance under external loading conditions during operation.

The possibility of increasing the structural strength and operational properties of the tool due to laser alloying from

powder coatings and tempering after laser irradiation is determined.
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Bposep I'aauna WBanoBHa, mpodeccop kadempsl «MarepuanoBeIeHHE W TEXHOJOTHU METAIoB» JlOHCKOTO

TOCyapCTBEHHOTO TexHH4ueckoro yHuBepcutera (344003, P®, r. Pocros-ma-llony, mr [arapuna, 1), moktop

TEXHHYECKUX HaykK, abrover@mail.ru

IIlep6akoBa Enena EBrenneBHa, nomeHT kadeapsl «MaTepHaloBeIeHHE W TEXHOJOTHH METaJUIOB» JIOHCKOTO
TOCYTapCTBEHHOTO TEXHUYECKOTO YHHBEpPCHTETa, KaHAMIAT TexHmueckux Hayk (344003, PO, r. Pocros-na-/lony,
wt. ['arapuna, 1), bsherbakovaee@mail.ru

3asenenHvlil 6K1A0 COABMOPOE:

I''U. BpoBep — moOCTaHOBKa 3aJa4yu, BBIOOP METOJOB M METOAMK HCCIICAOBaHMIA, Y4acTHEC B IPOBEICHHUU
MCETAUIO(PU3UUCCKUX IKCIICPUMEHTOB W B OOCYXKJCHHHM UX pe3yJbTaTOB, IOCTPOCHHUEC MAaTEMAaTHYCCKOH U
komnbroTepHO# Moaenu. E.E. lllepbakoBa — KpUTHUECKHUIT 0030p JTUTEPATYPHBIX UCTOYHUKOB IO TEME UCCIICIOBAHHUS,
y4acTue B IPOBEACHHH METAUIOPH3NIESCKUX IKCIICPUMEHTOB U B 0OCYXKICHUU UX PE3yJIbTATOB.
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Bce aemopul npouumanu u 00006puiu okonyamenbHwill 6aPUAHM PYKORUCH.
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