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B cTaTbe NpoBeAeH aHanu3 CTPYKTYPHOro,
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cTanbio 65I B UICXOAHOM COCTOSIHUM U nocne
06beMHOM 3aKalku COOTBETCTBEHHO. Mo
pesyabTaTtam 3KCNepUMeHTa/IbHOWM OLeHKU
YPOBHSI TE@pPMUYECKMX OCTATOYHbIX HAMPSXXeHUN
nocsie 06beMHOM Ne4YHOM 3aKaJIK1 U 1asepHoro
ynpo4yHeHus 06pasuoB u3 ctanu 65 BbINo/IHEH
pacyeT NporHo3npyemoro pecypca nocaegywouien
3KCnyaTauum getanen noyBoo6pabaTbiBalomx
MeXaHU3MOB U MALUVH.

KntoueBble C/10Ba: /1a3ePHOE YIPOYHEHME,
MWUKPOTBEPAOCTb, 06EMHASA 3aKaKa,
HanpsaXKeHHOE COCTOAHME, MPOrHO3MPOBAHME
pecypca akcrniyaTauun.

CraTtbs nony4eHa:11.09.2024
Cratbs npuHATa:12.10.2024

550 ®OTOHUKA TOM 18 N27 2024

| mﬂly TEXHOJIOTUU U TEXHOJIOTMYECKOE OBOPYAOBAHUE |

Evaluation of the
Properties of 65G Steel
Samples after the Laser
and Conventional
Hardening Methods

in Relation to

the Operation of
Agricultural and
Forestry Machines

V. P. Biryukov', V. I. Krivorotov?, B. E. Lukanin?

I Mechanical Engineering Research Institute of the Russian
Academy of Sciences (IMASH RAN), Moscow, Russia

2 LLC NTO “IRE-Polyus”, Fryazino, Moscow region, Russia

The article analyzes the structural, stress
condition and triboengineering tests of 65G
steel samples after the laser and conventional
hardening methods for possible extension of
the service life of parts and mechanisms for
the forestry and agricultural machinery. It is
established that the abrasive wear resistance

is increased by 2.5 and 1.7 times compared

to 65G steel in the initial condition and after
bulk hardening, respectively. Based on the
experimental assessment results of the thermal
residual stress level after the bulk furnace
hardening and laser hardening of the 65G steel
samples, a calculation has been made for the
predicted subsequent service life of the parts of
tilling mechanisms and machines.
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INTRODUCTION
At present, not a single strategically significant tech-
nological direction can do without the application of
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BBEAEHUE

B HacTosIIIee BpeMsI HU OAHO M3 CTpaTeruyueckKH BasK-
HBIX TEXHOJIOTMYeCKUX HaIlpaBleHUN He 00XOmMTCS
0e3 HCIIONB30BaHUS Jja3epoB. JlasepHble TeXHOJIO-
TMHU aKTHBHO IIPUMEHSIIOTCSI B MAaIIHMHOCTPOEHHH,
3JIeKTPOHHOM, aTOMHOM, KOCMHYeCKOM, aBHALIMOH-
HOH U CYAOCTPOUTENbHOMN IIPOMBIIIIEHHOCTH, MelH-
LIMHe, a Takke B ODOPOHHOM IIPOMBIIIJIEHHOM
KomIiekce. Eme B 80-90 roapl ABagliaTOro CTOJIe-
THsL OBUIM IpOBeleHBbl HAyuHO-HCC/Ie[0BaTelbCKHUe
M OIBITHO-KOHCTPYKTOPCKHe paboThl IO OIIpefesie-
HUIO IIPUOPUTETHBIX 0OJacTell IIpUMeHEHHs J1a3ep-
HBIX TeXHOJIOTUM B MAIIMHOCTPOEHUU, B TOM UUCIIe
U CeTbCKOXO03SKCTBEHHOM.

O6paboTKa IMOYBBI [0 CHUX IIOP SIBISETCS OLHOM
U3 CaMBIX pecypcoeMKHX CTaTel pacXoldoB Cpenu
NPeAIIpUSTHIH CeIbCKOXO3SIFICTBEHHOM U J1eCOTeXHU-
YeCKOM OTpacjiell 3KOHOMHKM. Kak mpaBuio, mjs
06paboTKM CJIOKHBIX IIOYB MUIM OIAIIKH Jieca IIpef-
NPUATHS 3TUX OTpaciaeld NPUMEHSIOT IJIYTH CIIeLy-
ANIBHOTO Ha3HaYeHHSs, PeXyIlHe OeTald KOTOPHIX
(meMexa) BO BpeMsl 3KCIUIyaTallMH, II0[BepPraroTCs
akKTHBHOMY abpa3uBHOMY. Il0o3TOMy IIpoBefeHHe
HCC/IeOBAaHUI, HallPaB/IeHHbIX Ha IIOUCK IIyTeH yBe-
JIMYeHUS] CPOKa CJIYy>KOBbI JIeMeXOB SIBJISeTCSI BeChMa
aKTyaJIbHOM 3afaver. IIOCKONIBKY CHIDKeHHE H3HO-
COCTOMKOCTH pabouux opraHoB IIouBooOpabaTeiBa-
IOIIMX MallMH, a TaKke OTAENbHBIX ero AeTaslew,
NPUBOOUT K IPOCTOSIM, IPHUBOASIIMM K CHIDKe-
HUIO 3QPeKTHBHOCTHU [OesTelbHOCTH IpellpHUITHH
U OTpaciy B menoM [1].

Hi3BeCTHO, YTO OOHUM U3 3dPeKTHUBHBIX CII0COOOB
IIOBBINIEHHS CPOKA CIY>KOBI eTanel I104Boobpabatsl-
BAIOIIMX MAaIlIUH SIBSIETCS Ta3epHOe IT0BEPXHOCTHOE
yIpouHeHHe. Jla3epHOe IMOBEPXHOCTHOE YIIPOYHe-
HHe 3TO IPoLecC MOAUPHUKALIMHU II0OBEPXHOCTH, IIPU
KOTOPOM HarpeB jla3epHBIM JIyUOM I103BOJISIET I1OBbI-
CHUTb HM3HOCOCTOMKOCTb IIOBEPXHOCTH 3a cueT ¢aso-
BOrO MapTeHCHUTHOrO IpeBpalieHHs 6e3 HCII0/Ib30-
BaHHSI KaKok-1ubo 3akanouHon cpeasl [2]. CornacHo
NPOBeIeHHBIM HCCIefoBaHUAM [3-5], Gonee BbICO-
Kas TBEPAOCTb ITOBEPXHOCTU CTAJIH IIOC/Ie JIa3ePHOI0
yIpouHeHHUs 6e3 pacriaBiaeHHs (3aKalKH) OOBIUHO
IIPUBOOHUT K H0Jiee BEICOKOM M3HOCOCTOMKOCTH K KOP-
PO3HOHHOM CTOMKOCTH, a TakoKe K YBeJTMYeHHUIO yCTa-
JIOCTHOTO pecypca paboTsl JeTalel MaIlkH.

JJ1s1 SKCIIEPUMEHTOB [6] GBIIM HCIIOTB30BAHBI 1B
THuna cranen - AISI52100 (0,98% C) u 50CrMo4 (0,51% C).
JlazepHast obpaboTka OblTa IpoBefeHa C MCIIOJb-
30BaHMEM BOJIOKOHHOro sa3epa IPG Photonics
YLR-150/1500-QCW ¢ mIuMHOHM BOJHB 1,07 MKM.
MakcuManbHasi MOIIHOCTb Jja3epa B HeIPepbIB-
HOM peXuMe cocTaBiasia 250 BT. JlasepHBIM J1y4

lasers. The laser technologies are actively and widely
used in mechanical engineering, electronic, nuclear,
space, aviation and shipbuilding industries, medicine,
as well as in the defense industrial complex. Back in the
80-90s of the twentieth century, the research and devel-
opment works were performed to determine priority
application areas of the laser technologies in mechani-
cal engineering, including agricultural field.

Tillage is still one of the most resource-intensive
expenditure items among the enterprises in the
agricultural and forestry economic sectors. As a rule,
for the cultivation of complex soils or forest plow-
ing, the enterprises in these sectors use the special-
purpose ploughs, the cutting parts of which (namely
the ploughshares) are exposed to the active abrasive
impact during operation. Therefore, the researches
aimed at searching the ways to increase the ser-
vice life of ploughshares is a rather urgent task.
Since the decreased wear resistance of the operating
parts of tilling machines, as well as their individual
parts, leads to the downtime, this fact results in the
decreased efficiency of enterprises and the entire
industry [1].

It is well-known that one of the effective ways to
increase the service life of the tilling machine parts is
the laser surface hardening process. The laser surface
hardening is the surface modification process during
which the laser radiation heating allows to increase
wear resistance of the surface due to the martensitic
transformations without application of any hardening
medium [2]. According to the studies performed [3-5],
a higher steel surface hardness after laser hardening
without any melting (quenching) usually leads to the
higher wear resistance and corrosion resistance, as
well as to an increase in the fatigue life of the machin-
ery parts.

For the experiments [6], two types of steel were
used: AISI 52100 (0.98% C) and 50CrMo4 (0.51% C). The
laser machining was performed using an IPC Photon-
ics YLR-150/1500-QCW fiber laser with a wavelength
of 1.07 pm. The maximum laser power in a continu-
ous mode was 250 W. The laser beam was directed
onto the operating surface by beam focusing through
the lens with a focal distance of 300 mm, and a spot
with a diameter of 0.5 mm was generated on the
surface. In all experiments, the defocusing distance
was 10 mm. The beam spot was scanned along the
surface in one line with the length of 10 mm on the
sample surface by a galvanometric scanner with vari-
ous laser machining parameters. Laser hardening of
the samples was performed under a water layer with
the thickness of 1-5 mm and in an argon environ-
ment. With a small water layer thickness of <1 mm,
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6bl1 HampaBleH Ha pabodylo IIOBEPXHOCTb IIyTeM
GOKYyCHPOBKM Jjy4da uepe3 06beKTHUB C (GOKYCHBIM
paccrosHreM 300 MM, M Ha IIOBEPXHOCTH obpaso-
Baj0Ch MATHO AuamMeTpom 0,5 mMM. Bo Bcex skcrie-
PHUMeHTaxX pacCTossHHe pacPOKYCHPOBKHU COCTABIISIIO
10 mMm. IIgaTHO Jydya CKaHHPOBA/NM BOOIb IIOBEPX-
HOCTH, IIPOM3BOJSl CKAaHHPOBAHHE OLHOH JIMHHEH
IJIMHOM 10 MM Ha ITOBePXHOCTH 06pa3lia ¢ IIOMOILBIO
raJibBAHOMETPHUYECKOI0 CKaHepa IPH PasIHYHBIX
IapaMeTpax Jia3epHOH 06paboTku. JIasepHoe ympou-
HeHHe 06pa3lioB 6BUIO ITPOBENEHO IIOf CI0EM BOZBI
1-5 MM U B cpefie aproHa. [1pu HeboIbLUION TONIIHHE
C710s1 BoABl <1 MM perucTpupoBanu 6osee BBICOKYIO
TBEPIOCTh [IOBEPXHOCTH, YeM IIPH 3alIUTe aprOHOM.
MakcuMasbHas TBePHOCTh IIOBEPXHOCTH, KakK [IJId
obeux crajed coctasasiaa 900 HV. YcTaHoB/IeHO, YTO
r1ybHMHA M IIUPHUHA 30H 3aKaJIKH B YCIOBHUSX IIOIPY-
>KeHUS B BOAY 3HAUHUTeIbHO MeHbIIe, YeM 00pasIoB
06paboTaHHBIX IIPH 3alIUTe AproHOM. Ha IoBepxHO-
ctu 06pa3ioB cTanu AISI 52100 06pa3syroTcs TPeIHEL
IIpH 3aKajIKe I10J, BOMOM K3-3a 6oslee BEICOKOTO COLep-
SKaHHS yriaepozaa, a y obpasmos ctanu 50CtMo4d Tpe-
IIKH He 06HapYy>KeHO.

DKCIIEPUMEHTHI 110 Ja3epHOM 3akaike [7] 6wpuIH
IpoBefieHBl Ha obpasllax MapTEeHCHUTHON HepsKaBe-
fomei cranu AISI 410 u AISI 420 ¢ HCIIO/Nb30BaHHEM
OHOOHOIO j1a3epa C MaKCHMaJbHOK MOIIHOCTBIO
1600 BT. Pe3ynpTaThl MeTa/JIOrpapHUYECKUX HCCIe-
JOBAHMU II0KA3a/IH, YTO IIPH OJHMHAKOBBIX PEXKHMax
obpaboTku ctanp AISI 420 umesna 6oiee BEICOKYIO TBEP-
IOCTb ITIOBEPXHOCTH U MEHBIIYIO IIYOHUHY U LIUPHUHY
IIpoIUIaBieHus, yeM cTanb AISI 410. HabmromeHus
[IOKa3aJH, 4YTO IIOBEepPXHOCTHO YIIPOUHEHHBIN JIase-
pom ciou Ayst ctanu AlSI 410 coctaBnsin 620 HV npu
raybune 1,8 MM, a ansa cranu AlISI 410-720 HV npu
raybuHe 1,2 MM. CpaBHeHHe Pe3yIbTaTOB C TEPMO-
06paboTKOM IpH 3aKajaKe B IeYM IIOKA3AJIH, UTO
IIPOLIeCC JIa3ePHOM 3aKaJIKU bonee 3pdeKTHUBEH, deM
TPafAULIMOHHBIH IIPOLiecC.

BnusiHKMe TBepHocTH [8] MOBEPXHOCTH Ha H3HO-
COCTOMKOCTh M XapaKTep H3HOCa IpHU QpeTTHHIe
6pU10 HM3ydeHO Ha obpasmax crtaau AISI P20. [ns
TepMOOOPAOOTKU HKCIIONB30BAICS MOLIHBIA ITHOJ-
HBIU Jla3ep MOINHOCTBIO 4 KBT C HPSIMOYTOJIBHBIM
Ja3epHBIM J1y4oM. B obpasiax, MOABEPTrHYTHIX Tep-
MoobpaboTke 5asepom, 6bpUIO 0OHApy>RKeHO H3Me-
HeHHe MMKPOCTPYKTYPhl M yBeJH4YeHHe TBePHOCTU
[I0 CpPaBHEHHUH C HCXOOHOM 3aKaJeHHOM CTalblo.
B pesynbraTe y 06pa3sLioB, IOABEPrHYTHIX JIa3€PHOM
TepMoobpaboTKe, HabnIofancs OTHOCHUTENIBHO bosee
HU3KUH KO3QPULIMEHT TPeHHUsI U MeHbIlIHe I10TepH
Ha M3HOC II0 CPaBHEHHI C OCHOBHBIM METaJIJIOM.
Beutyu mpoBefeHBl pasaHYHbIe UCIBITAHUS IS U3y~
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a higher surface hardness was recorded than in the
argon protection conditions. The maximum surface
hardness for both steels was 900 HV. It was found
that the depth and width of the hardened zones under
the water immersion conditions were significantly
less than those of the samples treated with the argon
protection. The cracks were generated on the surface
of AISI 52100 steel samples when quenched under the
water due to the higher carbon content, while no
cracks were found in 50CrMo4 steel samples.

The laser hardening experiments [7] were conducted
with the AISI 410 and AISI 420 martensitic stain-
less steel samples using a diode laser with a maxi-
mum power of 1600 W. The results of metallographic
tests showed that under the same processing condi-
tions, AISI 420 steel had a higher surface hardness
and a smaller penetration depth and width than
AISI 410 steel. The observations showed that the laser-
hardened surface layer for AISI 410 steel was 620 HV at
a depth of 1.8 mm, and for AISI 410 steel - 720 HV at
a depth of 1.2 mm. Comparison of the results with the
heat treatment procedure during the furnace harden-
ing showed that the laser hardening process was more
efficient than the conventional process.

The surface hardness [8] effect on the wear resis-
tance and wear pattern during fretting was studied
using the AISI P20 steel samples. A high-power 4 kW
rectangular laser beam diode laser was used for the
heat treatment. The samples heat treated by the laser
were determined to have some changes in their micro-
structure and an increased hardness compared to the
original hardened steel. As a result, the laser heat
treated samples demonstrated a relatively lower fric-
tion coefficient and less wear loss compared to the
base metal. Various tests were performed to study the
effect of fretting conditions on the wear pattern by
changing the normal loads and oscillation frequen-
cies of the counter sample. The higher normal loads
resulted in the greater wear, while the higher fre-
quencies lead to less wear for both the base metal and
the laser heat treated samples.

A ferritic-martensitic steel plate [9] with the thick-
ness of 2 mm was subjected to the diode laser surface
treatment to determine its microstructure, hardness
and wear resistance. Two clearly delineated modi-
fication areas were determined in the steel sample:
the first melting zone, consisting of both martens-
itic plates and bulk &-ferrite, and the second heat-
affected zone, consisting mainly of martensitic plates,
with the relevant hardness values of 385+17 HV and
442 +44 HV that was significantly higher than that
of the substrate (267+3 HV). The wear rate measure-
ments showed that the wear resistance of the ferritic-
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YeHHs BJAHUSHHUS YCIOBUM OPeTTHHTAa Ha XapaKkTep
M3HOCA IIyTeM M3MeHEeHHS HOPMaJ/IbHBIX Harpy3oK
M 4acToT KonebaHMUM KOHTpobpasua. Bonbine HOp-
MaJIbHbIe HaTpPy3KH IIPHUBOAMIIH K O0IBIIEMY H3HOCY,
B TO BpeMs Kak 6ojiee BBICOKHE YaCTOTHI ITPUBOAUIH
K MEHbIIeMY M3HOCYy KaK OCHOBHOIO MeTajla, TakK
1 06pasLioB, IOABEPrHYTHIX TepMHUUecKor obpaboTke
J1a3epoM.

DeppHUTHO-MAPTEHCUTHBIN JTUCT [9] CTanu ToNIIu-
HOHM 2 MM IIOABEPrajiy ja3epHoHN o6paboTke IOBepX-
HOCTH [OUOJHBIM JIa3epoM, C LeIbI0 OIIpeleeHUs
MHUKPOCTPYKTYPEI, TBEPAOCTH M H3HOCOCTOMKOCTH.
B obpasiie CTaju ompefieseHbl Be YeTKO BBIPasKEH-
Hble 30HBI MOOUQHKALMM. I[IepBas 30HA pacIlIaBiie-
HHUS, COCTOAINAs, KaK M3 MApTeHCHUTHBIX I[JIaCTHH,
Tak U U3 o6beMHOro S-deppuTa, U BTOpas 30HA Tep-
MHYEeCKOTO BO3[eHCTBHS, COCTOSIBIIAsS B OCHOBHOM
M3 MapTeHCUTHBIX IIJIACTHH, C COOTBETCTBYIOIIMMU
3HAYEeHHUAMH TBepmocTH 385+17 HV u 442+44 HV,
4YTO 3aMeTHO BbIIIe, YeM Yy IIOAJIOKKH 267+3 HV.
H3MepeHHS CKOPOCTH HM3HOCA ITOKa3alaM, YTO HU3HO-
COCTOMKOCTh 00pa3uoB ¢GeppUTHO-MapPTEHCUTHOM
CTanu ynaydileHa 6onee yeM Ha 50%. ITo mopdoso-
UM IIOBEPXHOCTEM TPeHHs YCTAHOBJIEHO, YTO OCHOB-
HBIMH MeXaHH3MaMH H3HOca Obl1 abpasUBHBIN,
afre3sOHHBIM M OKHC/IMTEeNIBHBIM H3HOC IIOBEPXHO-
CTel, KaK UCXOJHBIX 06pa31oB, Tak M 06pa3I|oB mmocie
JIa3epHOM 3aKajJKH. Y/IydlleHHble CBOMCTBA II0BEpX-
HOCTHU XOPOIINO KOPPeIHMPOBAIU C MHKPOCTPYKTYP-
HBIMH XapaKTePUCTUKAMH JIa3ePHBIX JOPOXKEK.

HHcTpyMeHTanbHass cTanb X30CrMoNI15 [10]
C BBICOKHM COJEep>KaHHeM a30Ta (0,3% N) IIpUMeHs~
eTCs, HallpuMep, JIs U3TOTOBJIEHHUS IIOAIIMITHHUKOB
1 3yb4aThIX KOJleC B aBUALlMOHHOM M KOCMHYeCKOM
TexHHKe. [IpeMMyIIecTBOM 3TOM CTalH IO CpaBHe-
HUIO C OOBIYHBIMU HHCTPYMEHTAJIBHBIMU CTAISIMH,
He cofiepsKallMMM a30Ta, SBASeTCS IIPeBOCXOJHas
KOPPO3HOHHAsl CTOMKOCTb, KOTOpas MOXeT ObITh
obycnoBneHa pactBopeHueM Cr, Mo u N B TBepioM
pactBope. UTO6bI MONYyYHUTh AOCTATOYHYIO /ISl IIPH-
MeHeHHsI IIPOYHOCTb, 06pa3Ibpl OTIIYCKATH IIPH TeM-
nepartype Boliie 600 °C, B pe3ynbTaTe 4ero GopmMupo-
BaJIMCh KapbUABl U HUTPUABI, KOTOPble CBSI3BIBAIH
Cr u N. C moMmoIpio J1a3epHOT0 YIIPOYHEHHs pac-
TBOPSUIM HUTPHBI, YTO IIPHUBOJM/IO K YIyYIIEHHIO
CBOMCTB IIPH YCTAJIOCTHOM HM3HOCe M KOPPO3HH. JTO
IOOCTUTANIOCh 33 C4YeT obpa3oBaHMs HOBOI'O MapTeH-
CHTa, KOTOPBIK BBI3BIBAJ IIOJy4eHHe OCTAaTOYHBIX
HalOpsDKeHUM CKaTHsg, W IOBBbIIIaJl H3HOCOCTOH-
KOCTb ITPH TPEHUH CKOJIbKeHUH. TprboTexHHUUeCKHe
MCCIe0BaHU S ObUIM BBIIIOJIHEHBI C UCII0/Ib30BaHUEM
cxeMbl TpeHHS: «TUPT (cTanb 52100 c OOBIUHOM
3aKJIKOM) - AUCK (o6paser] C a3epHOM 3aKAIKOM)»,
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martensitic steel samples was improved by more
than 50%. Based on the morphology of the frictional
surfaces, it was established that the main wear mech-
anisms included the abrasive, adhesive and oxidative
surface wear of both the original samples and the
laser-hardened samples. The improved surface prop-
erties correlated rather well with the microstructural
specifications of the laser runs.

The tool steel X30CrMoN1S5 [10] with a high nitrogen
content (0.3% N) is used, for example, for the produc-
tion of bearings and gears in the aviation and space
technology. The advantage of this steel compared to
the conventional tool steels that do not contain any
nitrogen is its excellent corrosion resistance that can
be due to the dissolution of Cr, Mo and N in a solid
solution. To obtain the sufficient strength for use, the
samples were tempered at a temperature above 600 °C,
resulting in the generation of carbides and nitrides
that linked Cr and N. The laser hardening process was
applied to dissolve nitrides that led to the improved
properties in the case of fatigue wear and corrosion.
This condition was achieved by the generation of new
martensite that caused the formation of residual com-
pressive stresses and increased wear resistance under
the sliding friction conditions. The triboengineering
tests were performed using a friction scheme: “a pin
(52100 steel with conventional hardening) - a disk
(a sample with laser hardening)”. It was determined
that the wear resistance of steel with a high nitrogen
content was higher than that of similar conventional
tool steels, and that the laser treatment led to its fur-
ther improvement.

The material of samples [11] was AF63CrMnMo6
forged steel in the form of a rod with a diameter of
40 mm after a conventional industrial heat treat-
ment, including oil hardening and tempering to the
hardness of 300 HV + 10. Four single laser runs were
made on each specimen so that they did not overlap.
A Nd :YAG laser with an output power of up to 4.4 kW
was applied for the treatment. The experiments were
performed using an optical fiber with a diameter of
0.4 mm for beam transmission, and the focusing
optics were built into the laser head. The focal dis-
tance of the lens applied was 200 mm. The laser head
was mounted on an ABB IRB 6600175/2.8 robotic arm,
and the samples were placed in an ABB IRBPL 250
positioner for laser surface processing. The triboengi-
neering tests were performed using the roller-to-roller
scheme under the loads of 150 and 300 N, relevant to
a Hertz pressure of 300 MPa. For the roller samples
made of C40 steel and the laser-hardened rollers made
of AF63CrMnMo6 steel, the rotation rates were set at
200 min™! and 180 min™, respectively that ensured
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YCTaHOB/IEHO, YTO HM3HOCOCTOMKOCTb CTalH C BBICO-
KHM CofepkaHHMeM a30Ta BhIlle, YeM Yy aHaJoTu4-
HBIX OOBIUHBIX HMHCTPYMEHTA/IPHBIX CTajel, M UTO
nasepHas 06paboTKa IMIPUBOAMIIA K AATbHEHIIEMY ee
yJIy4LIeHHUIO.

Marepuanom obpasuos [11] 6pl1a KOBaHasi CTajlb
AF63CrMnMo6 B BuAe IpyTKa AHamMeTpoM 40 mMm
rocie OO6BIYHOM IIPOMBIIIJIEHHOM TepMoobpaboTky,
BK/IIOYAIOIel 3aKaJIKy B Macjae U OTIYCK A0 TBepZo-
ctu 300 HV+10. Ha kakoom 06pa3ue OBUIN BBIIIOJ-
HeHbl 4YeThblpe OJUHOYHBIE jla3epHble JOPOXKKH, TakK
4yTOObl OHM He IIepeKpBIBATKCh. [lig obpaboTku
ucronb3oBancsi Nd:YAG asep ¢ BBIXOIHOM MOIIHO-
cThi0 [0 4,4 KBT. DKCIIepHMEHTHI OBLIH [IpOBeeHbI
C MCITI0JIb30BaHHEM OIITHYEeCKOro BOJIOKHA JHaMeTPOM
0,4 MM 115 TIepefavM jiyda, a GOKyCHpYyIOIast OIITHKA
6bIa BCTPOEHA B JIa3epHYIO TonoBKy. POKycHoOe pac-
CTOSTHHME MCIIO/Ib3yeMOM JIMH3bI COCTaB/sIo 200 MM.
JIazepHas rosoBKa 6blIa yCTaHOBIEHA Ha pyKe pobora
ABB IRB 6600175/2,8, 1 0OpasLibl IIOMeNIAIH B 103U~
nuoHep ABB IRBPL 250 pyisi ja3epHOi 06paboTKu
IIOBepXHOCTH. TpHbOTeXHHUYECKHEe HCIIBITAHUS OBUIM
BBIIIOJIHEHBI 10 CXeMe: «POJIMK-POJIMK» IIPU Harpy3Kax
150 1 300 H, 4TO COOTBETCTBOBAJIO faBJieHMI0 ['epria 300
MIIa. [ins 06pasLoB poauKkoB K3 cTasu C40, U 3aKka-
JIEHHBIX JIa3epOM POJIMKOB M3 cTanu AF63CrMnMo6,
OBUIM yCTAaHOBJIEHBI YaCTOTHl BpamleHHs 200 MuH!
U 180 MHH! coOTBeTCTBEHHO, 4TO 06ecIeyuBasio
HUX IIpOCKajb3blBaHHe Ha 28%. IIpofo/i>KUTEeIbHOCTD
HCIBITAaHUM COCTaB/Isina 135 MUH. HCIIBITaHUS IIPOBO-
OUINCh IIPU HOPMAJIBHOM TeMIiepatype (6e3 mormon-
HUTEe/JIBHOIO HarpeBa aHanora C40) M HpPHU BBICOKOH
TemIepatype (C MHAYKIMOHHBIM HarpeBOM pOJIHKa
u3 cranu C40 mo 700 °C). M3HOCOCTOMKOCTb POJIHKOB,
3aKaJIeHHBIX JIa3epOM 0 TBepaocTH 600-800 HV, 6p11a
IIPUMEPHO Ha IOPSIOK BhIIe, YeM Y 0a30BOH CTAIH
[IpX HOPMaJIbHBIX YCJIOBHSIX. IIpH BBICOKOM TeMIIepa-
Type U3HOCOCTOMKOCTb 006pa31ioB, 06paboTaHHBIX 1a3e-
pom, 6bUIa He XysKke, 4eM y 6a30BOK CTaIH H3-3a CIIO-
COOHOCTH Pa3TUYHBIX MUKPOCTPYKTYp 0OpPa30BBIBATH
OKCHTHBIE CJIOM, 3aIlHINAONIKe OT M3HOoCa.

O6pasusl HHU3KOYIIepoAucTon cranu (0,25%)
B BHUIe IJIACTUH [12] OBLIM K3rOTOBJIEHBI JJIsI OIIpe-
JeleHHWs OINTHMA/IBHBIX PEeXHMOB ILeMeHTalluU
M IOCIeNyIoller TepMHUYecKOM M Ja3epHoH obpa-
6orku. Kpome TOro, TpuboTeXHHUYeCKHE M 3SHep-
reTH4YeckKhe IapaMeTphl [eTaled, yIPO4YHeHHBIX
nasepoM, 6bUIH oIpefesieHbl Ha obpasliax M3 BBICO-
KOYIJIEPOAMCTBIX CTaJIel (C collep>KaHHeM YIJlepofa
no 0,7%) B IpefIIONOkKeHUH, 4YTO 3PHeKTUBHOCTH
na3epHoM 06pabOTKH JO/KHA BO3PACTaTh C yBelHYe-
HMeM COAep>KaHUs yriepona He3aBUCKHMO OT peskuMa
HayIJIepoOKUBaHUs. [/ onpeneneHUss TPUOOTeXHU-
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their slippage by 28%. The test duration was 135 min-
utes. The tests were conducted at the normal tempera-
ture (without additional heating of the C40 analogue)
and at the high temperature (with the induction
heating of the C40 steel roller up to 700 °C). The wear
resistance of the laser-hardened rollers with a hard-
ness of 600-800 HV was approximately a sequence
higher than that of the base steel under normal condi-
tions. At the high temperatures, the wear resistance
of laser-treated samples was no worse than that of the
base steel due to the ability of various microstructures
to generate oxide layers that protect against wear.

The low-carbon steel samples (0.25%) in the form of
plates [12] were prepared to determine the optimal car-
burization modes and subsequent heat and laser treat-
ment. In addition, the triboengineering and energy
parameters of the laser-hardened parts were deter-
mined using the samples made of high-carbon steels
(with a carbon content of up to 0.7%) on the assump-
tion that the laser treatment efficiency should be
increased with the increasing carbon content regard-
less of the carburization mode. To determine the tri-
boengineering properties, the tests were performed
using an industrial friction test machine and an origi-
nal machine under the impact and hydroabrasive wear
conditions, as well as when simulating the interac-
tion of samples with the soil. The maximum hardness
value of 9070 MPa (64 HRC) was obtained for the first
batch samples at the minimum treatment speed and
an initial hardness of 120 HB. The triboengineering
properties of the high-carbon steels 70 and 65G, used
to produce the working elements of tilling machines,
after laser treatment did not depend on the previ-
ous heat treatment. The laser treatment increased
their wear resistance by 1.7-1.9 times. The laser hard-
ening performed after carburization and quenching,
ensured the higher triboengineering properties of the
working element parts of the tilling machines.

EQUIPMENT AND RESEARCH METHODS

In our experiments, we used the samples of carbon
hypoeutectoid steel 65G (average carbon content of
0.65%), made from the sheet metal with a thickness of
4 mm.

30 plates with the dimensions of 60x300 mm were
cut using the hot-rolled steel sheet 65G, with the
parameters of 4x600x1000 mm. Then the samples were
divided into 2 groups by the hardening method: one
part of the samples was treated using the bulk harden-
ing technology followed by the medium-temperature
tempering, and the remaining samples were treated
with a defocused laser beam with a diameter of 6 mm
(round spot mode) by the contacting runs in two passes,
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YeCKUX CBOWCTB OBUIM IIPOBeHEeHbl HCIIBITAHUS Ha
NIPOMBIIUIEHHON MalllHe TPeHHS U Ha OPUTHHA/Ib-
HOM MalllMHe B YCIOBHSIX YAAPHOTO U TruUApoabpa-
3UBHOTO H3HOCA, a Takke MNPH HMHUTALUU B3aH-
MOJEHCTBUS 06pasloB ¢ IPyHTOM. MaKCHMaJIbHOe
3HaueHHe TBepaocTH 9070 MIIa (64 HRC) 6b110 I0ITY-
YeHO Ha obpasmax IepBoM IIAPTHUH IIPU MHUHHMAJb-
HOM CKOPOCTH 00paboTKM M HCXOIHOM TBEPLOCTH
120 HB. TpuboTexHHUeCKHEe CBOHCTBA BBICOKOYIJIe-
POOHUCTHIX CTaser 70 U 65T, MCII0/Ib3yeMBIX AJISI H3T0-
TOBJIEHUSI PAabOUHX OPraHOB I10YB00OPAOATHIBAIOIIUX
MaIlKH, II0CJIe JIa3epHOM 06paboTKU He 3aBUCUIIH OT
IpeAIlecTBYIOIIer TepMmoobpaboTku. JlazepHas obpa-
60TKa IIOBBIIIAIA UX H3HOCOCTOMKOCTD B 1,7-1,9 pasa.
JlazepHOe ympo4yHeHHe, IIPOBOAKMOE IIOCiIe LieMeH-
TAallMK M 3aKalKu, obecreduBaso 6osiee BBICOKHE
TpUbOTEXHUYECKHE CBOMCTBA AeTanel pabouux opra-
HOB I104YB00OpabaThIBAOIINX MAIIKH.

OBOPYANOBAHUE

N METO/[bl UCCNIEAOBAHUN

B Hamux S5KCIEePHUMeHTaX HCIIOIB30BAIU 06pasIibl
YIJIepOAMCTOMN A03BTeKTOMAHON cTanu 65T (cpenHee
colepkaHUe yriepoza 0,65%), U3 THMCTOBOIO MeTaJl/Io-
[IpoKaTa TONIIHHOHN 4 MM.

N3 ropsa4yeKaTaHOro CTA/IBHOTO JIHMCTAa MapKu 65T,
¢ mapamerpaMu 4x600x1000 MM BeIpe3anu 30 Iia-
CTUH pa3MepoMm 60x300 MM. 3atem ob6pasusl pas-
OeMWIn Ha 2 TPYHIBL II0 CIIocoby 3aKaJaKH: OIHY
YacTh 06pa3ioB 06paboTanu MO TeXHOJIOTHU 00BeM-
HOHM 3aKa/IKU C IOCIedyIOIIHUM CPeIHHM OTIIYCKOM,
a octaBmIMecs: 06pasipl 06paboTanu ma3epHBIM pacdo-
KyCHPOBaHHBIM JIy4OM AHAMETPOM 6 MM (PeXHUM Kpy-
IJI0€ IISITHO) COIIPUKACAIOIINMHUCS AOPOSKKAMH 3a [Ba
IIpOX0Aia, C TMHEHMHBIMHU KoJIebaHUSIMH yda aMIUIH-
Tymon 10 MM (IMHENHBIH PeXXUM) U C KPYrOBBIMU
KonebaHUSIMU j1yda (KPYroBOM PeXHUM) C Hapy>KHBIM
AuameTpoM Kpyra 10 Mm. JlazepHoe yIIpOYHEHHE
06pasloB MPOBOJMIM C HCIO/Nb30BAHHEM HTTep-
breBoro BOMOKOHHOro aszepa JIC-10 ¢ AHUaMeTpoM
BOJIOKHA 100 MKM M ONTH4YeCKOH ronoBKHd IPC D30W
¢ MopyaeM KonebaHUS yda, TEXHOIOTUYECKHUEI CTOJI.
BBIXOJHYI0 MOIIHOCTh Jiy4ya BapbHUpOBaJk B IIpe-
menax 1,0-2,25 kBT C IIaroM yBeIHYeHHsS MOIIHO-
ctu 0,25 kBT. KpuTepueM IpPUTOAHOCTH 06pa3lioB
Iocjie JIa3epHOM 3aKa/IKU AJIS JATbHEHIINX HCCIelo0-
BaHHMH WU MCIBITAHHUM SIBJISUIOCH OTCYTCTBHE C/IelOB
OIlJIaB/IeHH S [IOBEPXHOCTH.

II1acTUHBI, YIOpOYHsSeMble II0 CYIIecTBYMOLIek
(Yy>Ke CTaBIIeM KIACCHYecKOHM) TeXHOJIOTHH 06beMHOM
3aKaJIKK C IOCJIeAYIOIUM CPpeIHHMM OTIIYCKOM, pasfe-
JIMJIM Ha [Be IIOATPYIIIHI 110 Cpefie OXIKAEHMs: BoJa
HUJIM Macio. Harpes 1o AOCTHDKEHUS 3HAUYeHHUH TeMIIe-

=

with the linear beam oscillations with an amplitude of
10 mm (linear mode) and with the circular beam oscil-
lations (circular mode) with an outer circle diameter of
10 mm. The laser hardening of samples was performed
using an ytterbium fiber laser LS-10 with a fiber diam-
eter of 100 pm and an IPG D30W optical head with
a beam oscillation module, as well as the process table.
The output beam power was varied within 1.0-2.25 kW
with a power incremental step of 0.25 kW. The suit-
ability criterion for the samples after the laser harden-
ing process for further research and testing was the
absence of surface melting traces.

The plates, hardened according to the existing
(already classic) bulk hardening technology with the
subsequent medium-temperature tempering, were
divided into two subgroups by the cooling medium:
water or oil. Heating to the temperature values required
for hardening, and then to the tempering temperature
was performed in a muffle furnace SNOL-2.2,5.2/12,5-11.
At first, the steel 65G samples were heated to a tem-
perature of 840 °C. After that, some of the samples were
cooled in water, and some in oil. Then the samples were
exposed for 60-120 minutes at a temperature of 400 °C.
Then they were cooled in air at the room temperature,
thus performing the tempering operation. Then the
samples were divided into the parts to obtain microsec-
tions, conduct the metallographic studies and deter-
mine the hardness (microhardness). The appearance of
the samples under study is shown in Fig. 1. The metal-
lographic studies were performed using an Olympus
CX-51 microscope, the microhardness was measured
using a DURASCAN-70 device. To determine the stress
conditions of the samples under study, the coercive
field strength (Hc) values were measured before and
after the laser heat treatment. The measurements were
carried out with a KRM-Ts-K2M magnetic coercimeter
(structroscope) using a 2-pole magnetic sensor with
a base surface of 20x29 mm. The abrasive wear tests
were performed according to the scheme “generating
surface of a rubber disk - plane (65C steel sample)” with
a drop delivery of quartz sand into the friction zone
with a particle size of 200-600 pm. The test cycle dura-
tion was 10 minutes at a load on the sample of 15 N.

RESULTS OF EXPERIMENTAL STUDIES

The structure of steel 65C when heated to 840 °C was
transformed into austenite, and later, after rapid cool-
ing, into the quenching martensite, whereupon the
material became hard and brittle with the high inter-
nal stresses [12]. In the case of further heat treatment
by the medium-temperature tempering, the quenching
martensite structure was transformed into the temper-
ing troostite. Therefore, the steel with a high elastic
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PaTypbl He06XOMK MO [J151 3aKA/IKH,
a Iocjie W [0 TeMIIepaTyphbl OTIIy-
CKa [TPOBOAMIIN B MydeIbHOM I1e9H
CHOJ-2.2,5.2/12,5-11. [Ojnsa Hadada
obpasupl M3 CTanu 650 Harpenu
mo temmepatypel 840 °C. Ilocie
3TOr0 4acTb 00Pas3LOB OXIaJHIH
B BOZe, a 4acThb B Macjie. 3aTeM
00pasipl BBIIEpPKATH, B Tede-
HHe 60-120 MUHYT IpU TeMIlepa-
Type 400 °C. 3aTem OXJIagM/IHA HX
Ha BO3flyxe NP KOMHAaTHOH TeM-
repatype, IpoBeist TaKUM obpa-
30M OIepalMio OTIIycKa. Jlanee
00pasLbl pasfenyiau Ha YacTH AJIs
IO/Iy4eHHsT MHKPOUIIHMGOB, IIPO-

Puc. 1. Viccnedyemple 06pasubl u3 cmaau 651 nocae pesku u3 aucma
Fig. 1. The studied samples made of 65G steel after cutting from a sheet

BelleHHUsl MeTajiorpadpuyeckux

HCC/IeJlOBAaHUK U OIpefie/leHus

TBepAOCTH (MUKPOTBEPIOCTH). BHEIIHMU BHUJ, HCCIe-
OoyeMbIX 00pasloB IpeACTaB/leH Ha puc. 1. MeTtai-
JaorpapryecKkre MCCIeQOBaHUS IIPOBOJMIN C HCIIOJNb-
30BaHHeM MHKpockora Olympus CX-51, m3MepeHHe
MHKPOTBPAOCTHU BBIIIOJIHAIN C IIpHUMEHeHHEeM IIpU-
60opa DURASCAN-70. [I151 orTpesie/ieHus HAIIPSREHHOTO
COCTOSIHMSI HCC/IelyeMBbIX 00pa3lLioB BBIIIOIHSIH K3Me-
peHUs 3HaueHH I KO3PLIUTHUBHOM cubl (H,) 1o U mmocie
Na3epHOM TepMoo6paboTKu. M3MepeHMs IOBOIUIH
MarHUTHBIM KO3PLIUTHUMETPOM (CTPYKTPOCKOIIOM)
tumna KPM-I1I-K2M, ¢ HCI0/Jb30BaHUEM 2-X IIOJIIOC-
HOI0 MarHHUTHOIO JaT4YHKa C 6a30BOM I1OBEPXHOCTHIO
20x29 MM. McnoelTaHHS Ha abpasuBHOe H3HAIIMBa-
HHe IIPOBOZIMJIM II0 CXeMe «00pa3syolliasi [I0BepXHOCTb
Pe3MHOBOro J¥CKa — IIOCKOCTB (0ob6pasery ctamu 650)»
C TPaBUTALIMOHHOI [I0fa4el KBapLIeBOIO I1eCKa B 30HY
TpeHus ¢ pasMepoM 4dactul] 200-600 MkM. IIpomorsku-
Te/IPHOCTb L[MKJIA MCHBITAHUH COCTaB/asaa 10 MHHYT
IIpU Harpyske Ha obpaser 15 H.

strength and increased viscosity values was obtained.
The average microhardness of samples hardened by
bulk quenching followed by tempering with water and
oil for cooling was 530 and 470 HV, respectively.

The study results of the second group of samples
after surface hardening with a laser beam are given in
Table 1.

Figure 2 shows the graphs of microhardness dis-
tribution by width and depth for various hardening
modes. In the case of linear beam oscillations (Fig. 2a),
the maximum values of the hardening zone micro-
hardness of 875-904 HV were obtained with a uniform
distribution over the run width at a layer depth of
612-630 pm. In the case of circular beam oscillations
(Fig. 2b), the microhardness values were lower and
amounted to 650-714 HV, while the depth of the hard-
ening layer was 289-479 pm. In the case of hardening
with a round spot (Fig. 2c), the microhardness was
630-850 HV with a rather uneven distribution across

Tabnuua 1. Pe3ynbTaThl NCCIeA0BAHNS NOKA3ATe1eM /TA3€PHOr0 YMPOYHEH S
Table 1. Study results of the laser hardening indicators

Pe>Xxumbl MokasaTtenu ynpoyHeHus | Hardening indicators

YNPOYHEHMS

Hardening Buna 30HbI 3akankm | Description of the hardening zone nybuHa, MKm LWnpurHa, MKM
modes Depth, pm Width, pm
JINHeNHbLIN PaBHOMepHas 3aKasika C yMeHbLUeHMeM ryBbuHbI MO Kpasim 4OPOXKM | 612—-630 875-904 11142
Linear Uniform hardening with the depth decrease at the edges of the run

Kpyroson PaBHOMepHas 3aKka/ika C yMeHbLleHUeM rnyOuHbI MO Kpasim JOPOXKK | 289—-479 650-714 12055
Circular Uniform hardening with the depth decrease at the edges of the run

Kpyrnoe JlyHKOOBpa3Has 756-1036 603-850 10588
MATHO Lunate

Round spot
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PE3YJIbTATbl 3KCNMEPUMEHTAJ/IbHbIX
NCCNEAOBAHUN

CtpykTypa cTtaju 65I mpu Harpese mo 840 °C mepe-
XOIW/Ia B ayCTEHUT, a B AAJIbHEHNIIeM, IIpH OBICTPOM
OXJIXKIEHHUH, B MAPTEHCUT 3aKaJIKU IIPU 3TOM MarTe-
pHa CTAHOBUTCS TBEPABIM U XPYIKHUM C BBICOKHMMU
BHYTPeHHHMH HanpsDKeHUsIMU [12]. IIpu manbHeH-
mei TepmoobpaboTke cpefHeTeMIIePaTypHBIM OTIIy-
CKOM CTPYKTypa MapTeHCHUTa 3aKaJK{ Ilepexofuiia
B TPOOCTUT OTIIYCKA, W IIOJIY4Ya/IM CTaJIb C BBICOKKM
[pefejioM YIPYTOCTH W IIOBBIIIEHHBIMM 3Ha4eHU-
SIMH BS3KOCTU. CpefHSsI MHUKPOTBEPHOCTh 06pa3LioB
YIIPOUHEHHBIX 06beMHOM 3aKaJIKOM C I1OCTIeNyIoLUM
OTIIYCKOM C KCIIOJIb30BaHHEM [JIS OXJIKIEHMS BOMBI
U Macia coctaBuiau 530 1 470 HV coOTBETCTBEHHO.

Pe3y/IbTaThl MCC/IEIOBAHUS BTOPOM IPYIIIBI 06pas-
LIOB II0C/Ie IIOBePXHOCTHOIO YIIPOYHEHHS Jia3epPHBIM
JIy4OM IIpefiCTaB/IeHbl B Tab. 1.

Ha puc. 2 npeacraBieHsl TpapuKY paclpenesieHus
MMKPOTBEPIOCTH I10 IIHMPHHe U ITybHHe IIPU Pas3auy-
HBIX PeKHMax yIpouHeHHs. [IpU THMHeHHBIX Koneba-
HHUSX J1y4a (pUC. 2, a) Moay4eHbl MaKCUMaJbHbIe 3HA-
YeHHSI MUKPOTBEPAOCTH 30HBI 3aKajku 875-904 HV,
C paBHOMEpHBIM paclipefe/lieHHeM II0 IIHpPUHE
DOPOSKKH ITpU IIybrHe ciost 612-630 MkM. IIpu Kpy-
roBeIX KojebaHMsX ny4a (puc. 2b) 3HaAUeHHS] MUKPO-
TBEPIOCTH OBUIM HHKe M COCTaBHJIM 650-714 HV mpu
3TOM I7yOMHa /1051 3aKaJIKK COCTaBHIa 289-479 MKM.
IIpy 3akane KPYIJIBIM ISITHOM (pHC. 2C) MHKPOTBep-
OOCTh MMea 3HadeHUs 630-850 HV ¢ mocTtaTodyHO
HepaBHOMEPHBIM pacIipeeieHMe ee 10 LIMPHUHEe 30HEI
3aKaJIKY, a ITIyDKMHA C10sI COCTaBHIA 756-1036 MKM.

Ha puc. 3 mpencTaBieHsl MUKPOLUIXQBL 30H j1a3ep-
HOM 3aKa/JKH. IIpy JTHHEHHOM peXuMe o6paboTku
(puc. 3a) mIKMpHHA 30HBI 3aKaJIKK COCTaBMIIA 1142 MKM,
a raybuHa cnost 612-630 MxM. IIpu obpaboTke ¢ Kpy-
rOBBIMU KoslebaHUSIMHU yy4a (puc. 3b) monyyeHa 30Ha
YIIPOUHEHHUS MHUPHUHOMN 12055 MKM C ITTyOHHOM C10s
3aKaJIKU 289-479 MKM.

JJIS OLleHKH 3KCIIIyaTallHOHHBIX CBOKCTB yIIPOY-
HeHHble 00pasLbl HCIBITHIBAIM Ha abpasUBHYIO
CTOMKOCTb. Pe3ynbTaThl WCIBITAHHM IIpeJCTaB/IeHBI
Ha puc. 4.

Hanbornblier CTOMKOCTBIO K aBpasiBHOMY HM3HAIIH-
BaHMUIO 0bafanu obpasibl, 3aka/leHHbIE J1a3epoM II0
TMHENHOMY PeKHUMY, [ajiee II0 yMeHbIIeHHUI0 H3HO-
COCTOMKOCTH ClIeloBanv obpasiiel, obpaboTaHHbBIE I10
KPYTOBOMY PEXKHMY M KPYITIBIM IISTHOM. O6pasiiel
3aKaJIeHHble B Bofle 06razany 6osbler HM3HOCOCTOM-
KOCTBIO, YeM 3aKajeHHble B Macie. HamMeHbIIyio
M3HOCOCTOMKOCTh IIOKa3aaud obpasibl HCXOLHOK
ctanu. B Tabn. 2 mpencTaBiaeHBI MOKA3aTeNH YIIPOY-
HEeHMUsI, TI0Tepsi Macchl 06pa3loB, pe3yJbTaThl H3Me-

the width of the hardening zone, and the layer depth
was 756-1036 pm.

Fig. 3 shows the microsections of laser hardening
zones. In the linear processing mode (Fig. 3a), the
hardening zone width was 1142 pm, and the layer depth
was 612-630 pm. When processing with the circular
beam oscillations (Fig. 3b), the hardening zone with
a width of 12055 pm and a hardening layer depth of
289-479 pm were obtained.

To assess the operational properties, the hardened
samples were tested for abrasion resistance. The test
results are shown in Fig. 4.
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PeHUI HaIIPSSKEHHOTO COCTOSIHHS
U KOSPLUTHUBHOM CHJIBI, IIONY-
YeHHBble NPHU H3MepeHHHU IpHbo-
pom KPM-ILI-K2M. HampssreHHS
B obpasmax cranu 65I, a Takke
pacueT IIpOrHO3UPyeMOro pecypca
[ocjie Jia3epHOro YIIPOUYHeHUS
ompefieNsiin C HCIOJIb30BaHUEM

3KCIIePUMEHTA/JIbHOM  TapHpo-
BOYHOIM KPHBOM M II0 MeTOIHKe,
IpeACTaBIeHHOH aBTOpPaMH
pabotsr [13].

OBCYXXAEHUE
PE3YJ/IbTATOB

B pesynbpraTe HCHOBITAHUH Ha
abpa3uBHOe M3HAIIMBaHUe 06pas-
LIOB B YCIOBHSIX, IIPHUOIHKeH-
HBIX K YCJIOBHSIM 3KCIUTyaTal[UH
OpPraHoOB I104BO0OPabATHIBAIOIIHX
MaIINH, YCTAaHOBJIEHO CJIeMIyIOIIee.

Puc. 3. ®opma 30Hbl ynpo4UHEHH020 CA0S 06pA3L,08 NPU PA3AUYHbIX PEXXUMAX:
a - AuHelHbIl; b - Kpy2080U; ¢ — Kpy2noe NIMHO

Fig. 3. Shape of the hardened sample layer zone under various conditions:
a-linear; b-circular; ¢ - round spot

IIpu /a3epHOM 3aKajlKe CTA/IH
65I MuKkpoTBepaocTs (HV) ympou-
HeHHBIX C/I0eB 3Ha4YMTe/bHO BO3pacTaeT II0 CpaBHe-
HUIO C 00BeMHOI 3aKaJKOK M CTalbl0 B HCXOAHOM
COCTOSIHMHU. Pa3paboTaHHas TeXHOJIOTHS JIa3epHOTrO
YIIPOYHEHHUS C IPHUMeHeHHeM JIMHeMHBIX IoIleped-
HBIX KOlebaHMI Jyda I10 OTHOIIEHHI0 K CKOPOCTH
0bpaboTku HMeeT 60JBIIYI0 ITPOU3BOSUTETBHOCTD,
yeM IIPU 3aKaJike PacGOKyCHMPOBAHHBIM J1ydyoM. Tex-

The highest resistance to abrasive wear was dem-
onstrated by the samples laser-hardened in the linear
mode, followed by the samples treated in the circular
mode and with a round spot in terms of decreasing
wear resistance. The samples hardened in water had
the higher wear resistance than those hardened in oil.
The lowest wear resistance was demonstrated by the

Tabnuua 2. MNokasaTenm ynpoYHEHMS 1 3KCNIyaTaLMOHHbLIX CBOMCTB 06pasLoB
Table 2. Hardening indicators and performance properties of the samples

Pe>Xxmbl 06paboTKm
Treatment modes

rokasaTenu ynpoyHeHus, TBepAoCTb, abpa3nBHas CTOMKOCTb, pecypc
Hardening indicators, hardness, abrasion resistance, service life

HV CpegHss H, Alcm [MporHo3npoBaHume pecypca
noteps N, A/cm Service life forecasting
Macchbl, © _
Average co g, MMa OCTaToOYHbIN
weight 0, MPa pecypc, %
loss, g Residual life, %
McxogHoe cocTosiHme | Initial condition 230-270 0,04755 7,0 - - -
O6bemHasd 3akanka (mMacno) | Bulk hardening (oil) 440-470  0,03365 6,872 9,8 560 35,7
O6bemHasd 3akanka (Boga) | Bulk hardening (water) 510-550 @ 0,03715 10,5 650 20,4
Kpyrnoe naTtHo | Round spot 603-850 @ 0,02380 8,6 360 71
Kpyrosow | Circular 650-714  0,02145 8,8 380 67,3
JInHenHbIM | Linear 875-904 | 0,01745 9,0 420 63,7

llpumedanue: H, -~ NCXONHOe 3HaUeHHe; H, ~ I0C/Ie yIIPOIHeHHU (3aKA/IKH)

Note: H, - initial value; H,, - after hardening (quenching)
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HOJIOTHS JIa3ePHOTO YIPOYHEHMs C IpHMeHeHHeM
KOJIe6/IIoIerocst J1a3epHOro jyuya MOXKeT OBITb PeKo-
MeH/IOBaHa [Isl YCIIeIIHOIO MCIIONb30BAaHUS IIpHU
06paboTke peskyNIIMX KPOMOK CeIbCKOXO03SIHCTBEHHBIX
OpPYAMM, TaKHUX Kak Jalbl KyJIbTHUBATOPOB, jeMexa
IUIyroB, 3ybuaTele HOXKM M JIp. M3feNuM, obecreun-
BaloIllasi, [TOBbIIIEHHe HAIeKHOCTH K JOJITOBEUHOCTH
UX paboTHL.

M3 mIpe/iCTaBlIeHHBIX MeTal710orpadruyecKux JaHHbBIX
M3MepeHHsl 30H 3aKaJKM Ha MHKpounuindax obpas-
LIOB CTalM 65 IONy4eHHBIX NP 0bpaboTke ITHHEM-
HOHM TpaeKkTopuheH jay4a (puc. 3a), U KPYroBOH Tpa-
exkTopuen ny4a (puc. 3b), cremyer, 4To 3Ha4YeHHUS
[7yOHMHBl U IIUPHHBI 30H YIPOUHEHMS, COCTaBIISIH
0,694 19,523, 1 0,34 1 9,897 MM, COOTBETCTBEHHO. DTH
obpasupl obnamany 6osnpineil CTOMKOCTBIO K abpasuB-
HOMY HM3HOCYy, 4eM IIpH 00BbeMHOMN 3aKaike. CiemyeT
OTMEeTHUTb, UTO IIPU KPyTOBOM JIa3ePHOM PeXHUMe, IIpo-
HCXOOUT IIporpeB Ha 6onbllyio InybuHy, a IIybHHA
30HBI JIa3epPHOM 3aKa/IKU 3HAUUTE/NbHO MeHbIe, YeM
IIPU IMHEHHOM peXXHUMe 06paboTku. IIpy TepMOyIIpoy-
HeHUU KPYIJIBIM MSTHOM PacOKyCHPOBAaHHOTIO Jla3ep-
HOro ay4a (puc. 3c) B 30He KacaHHUS IOPOKeK 3HAUeHHsI
TBEPAOCTH HIDKe, YeM Ha CaMHUX JOPOskKax. HecMmoTps
Ha 3TO0, CTOMKOCTb K a6pasvBHOMY HU3HOCY JOCTUTHYTA
BBbIIIIe, YeM IIPH 06beMHOI 3aKaJIKe B IIeUH.

[ ompefesieHHsI HAIpsIKeHHOTO COCTOSIHHUS
HCCleflyeMbIX 06pa3lioB BBIIIONHSIIN M3MePeHHUs 3Ha-
YeHUHM KO3PLUUTHUBHOM cribl (H,) mo u mocie nasep-
HOM TepMooOpaboTKH. H3mepeHHBle 3HaueHHsS H.
IpefCcTaBaeHbl B Tabnuie 2. TepMuueckue Hamps-
>KeHHs B HCCIefyeMbIXx obpasliax B HMCXOJHOM COCTO-
SHUM, IPaKTH4YecKH OTCYTCTBOBATH. MaKCHMalb-
HBIe OCTATOYHBIe HAIIPSPKeHMsI Ha ypoBHe 650 MIla
vMenu ob6paslpl Ioclae IeYHOM TepmoobpaboTku
C 3aKaJIKOM B Bofe. YPOBeHb OCTAaTOYHBIX TepMHUe-
CKUX HAIpPsDKeHHUH IIoc/e MeYHOH TepMoobpaboTKU
C 3aKaJIKOM B Macie 6bUT HHKe K cOoCTaBHII 560 MIIa.
MakcyuManbHble 3HayeHHs] TepMHUYeCKHX Hallpsike-
HUH II0C/Ie J1a3epHOM 3aKaJIKHM 3HAYHUTeJIbHO HIDKE
HaIpsDKEeHUU I0C/le MeYHOM 3aKaJaKku U OsUIM Ha
ypoBHe 360-420 MIla. Ilony4eHHble B JaHHOM HCCIIe-
INOBAaHHUM Pe3yabTaThl MCIIONb30BAHBL [JISI OPHUeEH-
THPOBOYHOIO pacyeTa OCTAaTOYHOIO pecypca H3fe-
nup. C y4yeTOM HAIIMX JAaHHBIX, a TaKKe JPYTHUX
uccinenoBateneit [13,14], 6pUIM OPUHSTH 3HAUYEHHUS
H,=12,5 A/cM 3a KpUTH4YecKHe, YTO COOTBETCTBYyeT
HaIIpsDKeHUsIM Ha ypoBHe 700 MIIa. A6conoTHOe 3Ha-
genue H =H p,,~H, =12,5-7,0=55 A/cm. OTHOCH-
TeJIbHOe 3HaueHHe paBHO AH,/H,,.=0,785 uTo 6bLI0
IIPUHSATO HaMU 3a 100% (ITpoeKTHBIN) pecypc 0bpasiioB
u3 cranu 65C. Torma, mocsie obbeMHOM Tepmoobpa-
OOTKH C 3aKaJIKOHM B BOJE ITPOTHO3HPYEeMBIH pecypc

=

original steel samples. Table 2 provides the hardening
indices, the loss of sample weight, the measurement
results of the stress condition and the coercive field
strength obtained by the KRM-Ts-K2M device. The
stresses in the 65G steel samples, as well as calculation
of the projected service life after laser hardening, were
determined using an experimental calibration curve
according to the method provided by the authors of
paper [13].

DISCUSSION OF RESULTS

As a result of abrasive wear tests of the samples under
the conditions close to the operating conditions of till-
ing machinery, the following was established.

During the laser hardening of 65G steel, the micro-
hardness value (HV) of the hardened layers is increased
significantly compared to the bulk hardening and steel
in the initial condition. The developed laser hardening
technology using the linear transverse beam oscilla-
tions in relation to the treatment speed has a higher
productivity than in the case of hardening with a defo-
cused beam. The laser hardening technology using
an oscillating laser beam can be recommended for
successful application to process the cutting edges
of agricultural implements, such as the cultivator
blades, plough shares, serrated blades, etc., while
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Puc. 4. [Momeps maccel 06paszuoe cmanu 65 npu
UCNbIMAaHuUu c80600HbIM abpa3ugHbIM 3epPHOM

1= ucxo0Has cmanb 230-270 HV, 2 - 3aKanka ¢ oxna)<-
OeHuem 6 80de 510-550 HV; 3 —3akanka ¢ oxna>xoeHuem

8 macne 440-470 HV; 4 - kpyznoe namHo 693-805 HV;

5 - kpyzo80li 650-714 HV; 6 — AuHeliHbIli 875-904 HV

Fig. 4. Weight loss of 65G steel samples when tested with
the free abrasive grain: 1- original steel, 230-270 HV;

2 - hardening with water cooling, 510-550 HV; 3 - hardening
with oil cooling, 440-470 HV; 4 - round spot, 693-805 HV;
5—circular, 650-714 HV: 6 - linear, 875-904 HV
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06pas1oB II0 yPOBHIO TepMHUYECKHUX HaIlpsDKeHUM
coctaBua 20,4%, a mocie 3aKajJKH B Macie - 35,7%.
I[Ipu 3TOM TBepAOCTh 06Pa3IOB IOC/Ie 3aKa/IKH B BOZIe
(530 HV) BBIIIIE, YeM IIOC/Ie 3aKaJIKU B Macie (460 HV)
B 1,15 pasa. U, cnenoBaTenbHO, CTOMKOCTh K a6pa3HB-
HOMY HM3HOCY 06pasLioB, 3aKaJIeHHBIX B BOfle JO/IKHA
OpITH IpUMepHO B 1,15 pasa Bblllle, YTO U ITOKA3IH
3KCIIEPUMEHTHI Ha abpa3svBHYIO CTOMKOCTb.

YIpoyHeHHe JIa3ePHBIM JIyYOM BBITOJHO OT/IHYa-
eTcst 0T 06BbeMHOM TepM0o0bpaboTKH, 110 IIOKA3aATeNsIM,
XapaKTepU3YIOIIUM 3KCIIIyaTallMOHHbBIe XapaKTepH-
CTUKH. YPOBeHb TEPMHYECKHX OCTATOYHBIX HaIlpsDKe-
HUH B 06pasliax I10c/Ie JIa3epHOro YIIPOUHEeHH s HIKe
B 1,6-1,8 pa3 ypoBHS HaIpsKeHHUH I10CIe 00BbeMHOMN
IeYHOH 3aKaJKu. Habosbllee compoTHBIeHHe abpa-
3MBHOMY H3HOCY IIOKa3aJau 00pasipl IIOCIe JIMHEeH-
HOro pekuMa. IIpOMIPBIBAIOT [0 3TOMY IIOKA3aTelio
C BeCbMa He3HAYHTe/IbHBIM OTIMYHEM MeXIy cobom
obpasLpl II0C/TIe JIa3epPHOro YIPOYHEHHS KPYLOBBIM
PEKMMOM U KPYIJIBIM IISATHOM [BYMS JOPOKKAMM.

OpHako, IO CpaBHeHHIO C obpasliaMu, yIpod-
HeHHBIMH KpYyroBeIM (67,3%) W nHHeHHBIM (63,7%)
PeKMMaMU JIa3ePHOTO YIIPOYHEeHHsI, 0bpa3Lbl I10cIe
JIa3epHOr0 YIIPOYHEHUs KPYIIBIM IISITHOM 067alaloT
bonee BBICOKMMM 3HAYeHHUSMH PACUeTHOIO IIPoO-
THO3KPYeMOIo pecypca 3KCITyaTalluu (71% oT mpo-
eKTHOro pecypca). OIHaKoO, 3Ha4yeHHS OCTATOYHOIO
pecypca HMeNH OAMH IOPSIIOK M ObUTH 6TH3KHUMU
10 BeJIMYHHE [I03TOMY pelllaloluM 3HadeHHeM IIpH
BbIOOpe TeXHOJIOTHHU Obl/Ia CTOMKOCTB K abpasuBHOMY
M3HAIIHMBAHUIO.

3AKJ/TIOYEHUE

Pa3paboTaHa M amnpobHpoBaHA B YCIOBHSX OIBITHO-
IIPOMBILIJIEHHOIO IIPOM3BOACTBA TEeXHOJIOTHS Jlasep-
HOM 3aKaJIKU CTa/IM 65[ C HCIIOb30BaHHEM JIHHEMH-
HBIX I[IOIlepeYHBIX KonebaHUM Jia3epHOTO JIyd4a,
KOTOpasi IIO3BOJIMJ/IA IIOJIyYUTh 30HY 3aKaJK{ IIHPHU-
HoM 10 10 MM. A6pa3I/IBHa$[ M3HOCOCTOMKOCTh IIOBBI-
CuIach B 2,5 U 1,7 pasa 110 CpaBHEHUIO CO CTaiblo 65
B MCXOJHOM COCTOSSHHH M IIOC/Ie 00BeMHOM 3aKaIKU
COOTBETCTBEHHO.

[To pesynbTaTaM 3KCIEPHUMEHTAIBHOM OLIeHKU
YPOBHSI TEPMHUYECKUX OCTATOYHBIX HAIIPSDKEHUH I10CIIe
0b6beMHOM IIeYHOM 3aK/IKU U JIA3ePHOI0 YIIPOYHEeHHUS
00pa3LoB U3 CTaTH 650 BHIIIOTHEH pacyeT IIPOrHO3HUPY-
eMOro pecypca IOoC/IefyIoller dKCIIyaTalluK JeTalek
I104B006PAbATHIBAIOIINX MEXAaHH3MOB 1 MAIIKH.
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ensuring increased reliability and durability of their
operation.

It is shown by the provided metallographic data on
the hardening zone measurement in the microsections
of 65C steel samples obtained during the treatment
with a linear beam trajectory (Fig. 3a) and a circular
beam trajectory (Fig. 3b) that the depth and width
values of the hardening zone were 0.694 and 9.523,
and 0.34 and 9.897 mm, respectively. These samples
had greater resistance to the abrasive wear than in
the case of bulk hardening. It should be noted that in
the circular laser mode, the heating is performed to
a greater depth, and the depth of the laser hardening
zone is significantly less than in the linear processing
mode. When performing heat hardening with a round
spot of a defocused laser beam (Fig. 3c), the hardness
values in the contact area of runs are lower than on the
runs. Despite this, the achieved abrasive wear resis-
tance is higher than in the case of bulk hardening in
a furnace.

To determine the stress condition of the samples
under study, the coercive field strength (H,) values
were measured before and after the laser heat treat-
ment. The measured Hc values are given in Table 2.
The thermal stresses in the samples under study in
the initial conditions were almost absent. The maxi-
mum residual stresses at the level of 650 MPa were
available in the samples after the furnace heat treat-
ment with water quenching. The level of residual
thermal stresses after the furnace heat treatment
with oil quenching was lower and amounted to 560
MPa. The maximum values of thermal stresses after
the laser hardening process were significantly lower
than the stresses after the furnace hardening, namely
at the level of 360-420 MPa. The results obtained in
this study were used for the approximate calcula-
tion of the residual life of the products. With due
regard to our data, as well as the results of other
researchers [13, 14], the values of H,=12.5 A/cm were
taken as the critical ones while corresponding to the
stresses at the level of 700 MPa. The absolute value is
AH, =H,;,-H, =12.5-7.0=5.5 A/ cm. The relative value
is AH./H,,;, =0.785 that was taken as 100% (design)
service life of the samples made of 65G steel. Then,
after the bulk heat treatment with water quenching,
the predicted service life of the samples in terms of
thermal stress level was 20.4%, and after oil quench-
ing - 35.7%. Moreover, the hardness of samples after
water quenching (530 HV) was 1.15 times higher than
after oil quenching (460 HV). Therefore, the abrasive
wear resistance of the samples quenched in water
should be approximately 1.15 times higher that was
shown by the abrasive resistance tests.
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The laser beam hardening is compared favorably
with the bulk heat treatment in terms of the indicators
determining the operational specifications. The level
of thermal residual stresses in the samples after laser
hardening was 1.6-1.8 times lower than the stress level
after the bulk furnace hardening. The samples after
the linear mode application demonstrated the highest
abrasive wear resistance. The samples after laser hard-
ening with a circular mode and a round spot with two
runs were behind on this indicator with a very insig-
nificant difference between them.

However, when compared to the samples hardened
in the circular (67.3%) and linear (63.7%) laser hardening
modes, the samples after laser hardening with a round
spot have higher values of the calculated projected ser-
vice life (71% of the design life). However, the residual
life values were of the same order and were close in val-
ues, so the decisive factor for the technology selection
was the abrasive wear resistance.

CONCLUSION

The laser hardening technology for 65G steel using the
linear transverse oscillations of a laser beam has been
developed and tested in the pilot production condi-
tions that has made it possible to obtain a hardening
zone with the width of up to 10 mm. The abrasive
wear resistance has been increased by 2.5 and 1.7
times compared to 65G steel in the initial condition
and after bulk hardening, respectively.

Based on the experimental assessment results of
the thermal residual stress level after the bulk furnace
hardening and laser hardening of the samples made
of 65G steel, a calculation has been made in relation
to the predicted subsequent service life of the parts of
tilling mechanisms and machines.
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POCCMACKUA ™
MPOMBDILUNEHHUK

MEXXOYHAPOOHbIA ®OPYM-BbICTABKA

MPOMbBIWNEHHAA NONATUKA:
TEXHONOM4YECKOE PASBUTUE
M KAOPOBbIW NOTEHUWARN,
MEXAOYHAPOOHOE COTPYAHWYECTBO

1]

LOEMOHCTPALLUA NEPEAOBbDIX
TEXHONOMMW U PELLEHUIA

KOMMYHUKALIMOHHASA NNOLWAAOKA
PA3BUTWA OENOBbIX CBA3EWN,
NPAMOIro KOHTAKTA
C NOTEHLUWANBbHbBIMM
NAPTHEPAMM
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