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B pa6oTe npeacTaB/ieHbl pe3y/bTaTthbl
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CKOpOCTU 06paboTKku U ero fepoKycupoBKe.
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JlazepHasi IOBEPXHOCTHAS 3aKaJIKa CTaJIed obramaeT
PALOM IpPeHMyILecTB 10 CPAaBHEHHIO C TPaJAHIHOH-
HOM IIJIAMEHHOH M MHAYKLIHOHHOH ITOBEPXHOCTHOM
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Determination

of Parameters of
Laser Impact Zones
and Tribotechnical
Properties of Steel
Surfaces
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The article presents the results of
metallographic and tribotechnical studies of
40Kh steel samples with laser hardening from
liquid and solid states. On the basis of the
regression analysis carried out, regularities
were obtained for changing the depth and
width of the heat-affected zones with varying
frequencies of transverse oscillations of the
beam, processing speed, and its defocusing.
The possibilities of using scanning devices of
the resonant type for laser heat treatment
and alloying of steels have been expanded.
An analysis of the results of tribotechnical
tests showed a significant decrease in friction
coefficients, an increase in wear resistance and
load capacity of the contact compared to the
original steel.
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INTRODUCTION

Laser surface hardening of steels has a number
of advantages compared to traditional flame and
induction surface hardening, including the absence
of a hardening medium, low residual deformations,
high hardness, local processing, and environmen-
tal friendliness of the process [1]. The heating of
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3aKa/IKOM, BKJIIOYAsi OTCYTCTBHE 3aKAJIOUHOM Cpefibl,
1 HHU3KHe OCTaTOuHble JepopMallkui, BBICOKYIO TBEP-
D0CTb, JIOKQJIBHOCTh 0OpabOTKH M 3KOJOTHYECKYIO
YUCTOTY Ipolecca [1]. HarpeB TOHKOIO IIOBEPXHOCT-
HOTI'O CJI0SI IPOMCXOAMT B TeUeHHe MaJloro BpeMeHU
JIa3epHOro BO3/eHCTBUS Ha 06pabaThiBaeMyIo JeTalb
1 OBICTPOro OXJaXKAEHHUS 110 MeXaHU3MY TeIlIONpo-
BOOHOCTH B I1y6p MaTepuasna [2]. TonmuHA ynpod-
HEHHOTO CJ105 3aBHCHUT OT TeMIlepaTyphl I1OBepX-
HOCTH M CKOPOCTH JIa3epHOTr0 CKaHHUPOBaHUS (3, 4].
OCHOBHBIMH MPEeNSITCTBUSIMHU [/ LIIUPOKOTO BHe-
OpeHUs J1a3epHOM 3aKaJKH, BMECTO YCTOSBIIMXCS
TeXHOJIOTUH, SIBSIOTCS 30HBI OTIIYCKAa, BO3HHKAIO-
IIMe IIPU HaJ0XKeHUH JIa3epHBIX JOPOKEK, IIpU obpa-
6oTke 6onpmux IIomaner. CokpalleHHe KoIHYe-
CTBA 30H OTIIyCKAa BO3MOKHO IIPH JIa3ePHOM 3aKaJKe
C IIOMOINBI0 IIPSIMOYTOJBHOIO Ja3epHOIo IATHA,
KOTOpOe I103BOJISIeT YIIPOUHSTD 33 OLUH IIPOXOJ, 30HY
B HECKOJIBKO pa3 ILIKpe, 4yeM pacGoKyCHpOBaHHOe
KpyIJoe ja3epHoe MSITHO [5], Wiu myTeM IIoIepeuy-
HBIX KoJlebaHUI Ty4a 10 MHUpUHe 06pabaTeiBaeMon
30HBI [6]. HampsikeHHOe COCTOSIHHE SIBJISIETCS pe3yilb-
TAaTOM TeMIIEPAaTypHBIX TPAJHEHTOB M MHKPOCTPYK-
TYPHBIX M3MEHEHHH BO BpeMs HarpeBa U OXJIaKIe-
HUS [7], mpUYeM CTelleHb 3THX 3PPeKTOB CHUIBHO
3aBHCHUT OT reoMeTpuu ob6pabaTbiBaeMoM JeTalu
M T1ojoxkeHHs obpabaTeiBaeMor obnactu. s
OLleHKH TeMIIepaTyphl MpPeACTaBaeH Psfi aHaJIUTH-
YeCcKUX W YHCIEeHHBIX MOJeeH IIpPU JIa3epHOH Tep-
Mu4eckorl obpaboTke moBepxHocTH [8, 9]. B psme
paboT mpenioskeHbl KPUTEPUU OLIEHKH [JIsI IPOrHO-
31upoBaHUS Ga30BbIX II€PEXOJ0B Ha OCHOBE pacdeTa
TeMIlepaTypHBIX Ionen [10, 11] M KHUHETHUYeCKHX
Mofenel W3MeHeHHs Qasbl [12-14]. IIporHosupoBa-
HHe OCTAaTOYHBIX HAIIpPSDKEHUM OBUIO BBHIIIOTHEHO
IO eJUHHUYHOM J1a3epHOM NOPOXKH [15-17]. 3xc-
IlepUMeHTA/bHasl OIleHKa TaKke Obla IpoBemeHa
IJIs. KOHKPeTHBIX ciydaes [18, 19], BriIovas OLIEHKY
MeXaHHYeCKOHM M YCTaJIOCTHOM HOJAroBedHOCTH [20].
HecMmoTpsi Ha 3HauMTe/lbHOe KOJHYECTBO pabor,
IIPOBeJJleHHBIX I10 HCCAeLOBAHUIO BIHSHUS PeXKHU-
MOB Ha IapaMeTphl YIIPOYHEHHHIX 30H, [0 CHUX IIOp
OCTAIOTCSI HepellleHHBIMH BOIIPOCHI IT0 OIITHMHU3ALIUU
PeKHUMOB J1a3€PHOr0 TePMOYIIPOUHEHMUS U JIerHpoBa-
HUS CTaJlen.

LlensiMu Haller paboTel 6bUIO OlpeseneHHe BIH-
SIHUSI Y9aCTOTHI IIONE€PeYHBIX KONebaHUM J1a3epHOro
7yd4a, IoI0osKeHUsT GOKAIBHO IIJIOCKOCTH K CKOPOCTH
06paboTKkM Ha IapaMeTphl 30H JIa3epHOr0 BO3JeH-
CTBUSI, BKJIIOYAsl PEKUMEBI C OIlJIaBJIeHHeM II0OBepXHO-
CTH /I BO3MOKHOTO KCII0/Ib30BaHUS IIPH JTa3e€pPHOM
TePMOYIIPOYHEHHUHU U JIeTUPOBAHUU CTasllel U Tprbo-
TeXHHUYeCKHX CBOMCTB YIIPOUHEHHBIX 00Pas3IioB.

il 4

a thin surface layer occurs during a short time of
laser action on the workpiece and rapid cooling by
the mechanism of heat conduction deep into the
material [2]. The thickness of the hardened layer
depends on the surface temperature and the laser
scanning speed [3, 4]. The main obstacles to the
widespread introduction of laser hardening instead
of established technologies are the tempering zones
that occur when applying laser tracks when process-
ing large areas. Reducing the number of temper-
ing zones is possible with laser hardening using a
rectangular laser spot, which makes it possible to
harden in one pass a zone several times wider than
a defocused round laser spot [5], or by transverse
beam oscillations along the width of the treated
zone [6]. The stress state is the result of temperature
gradients and microstructural changes during heat-
ing and cooling [7], the extent of these effects being
highly dependent on the geometry of the workpiece
and the position of the workpiece. To estimate the
temperature, a number of analytical and numerical
models are presented at laser heat treatment of the
surface [8, 9]. In a number of works, evaluation cri-
teria have been proposed for predicting phase transi-
tions based on the calculation of temperature fields
[10, 11] and kinetic models of phase change [12-14].
Residual stresses were predicted for a single laser
track [15-17]. Experimental evaluation has also been
carried out for specific cases [18,19], including evalu-
ation of mechanical and fatigue life [20]. Despite
a significant number of works carried out on the
study of the influence of regimes on the parameters
of hardened zones, there are still unresolved ques-
tions on optimizing the regimes of laser thermal
hardening and alloying of steels.

The aims of our work were to determine the influ-
ence of the frequency of transverse oscillations of
the laser beam , the position of the focal plane and
the processing speed on the parameters of the laser
impact zones, including modes with surface melt-
ing for possible use in laser thermal hardening and
alloying of steels and the tribotechnical properties
of hardened samples.

EQUIPMENT AND STUDY METHODS

For laser thermal hardening, samples of steel 40Kh
with dimensions of 12x20x70 mm were used. The
experiments were carried out on an automated
laser technological complex [21]. The frequency
of transverse oscillations of the laser beam, beam
defocusing, and processing speed were chosen as
variable parameters. The density of the supplied
energy was changed within 39.2-84.9 W-s/mm?.

PHoTONICs vOL. 16 N2 2022 157



m TEXHOJ/IOTUU U TEXHOJIOTMYECKOE OBOPYOBAHUE |
NRRRREEN o LECEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

OBOPYAOBAHMUE

U METOJbl UCCNEAOBAHUN

Hns 7a3sepHOro TEePMOYIIPOYHEHMS MCII0Ib30Balu
ob6pa3siel ctanu 40X ¢ pasmepamu 12x20x70 MM. IKC-
[IepYMEeHTBl IIPOBOJH/IM Ha aBTOMATH3HUPOBAHHOM
J1a3epHOM TeXHOJIOTMUeCKOM KoMILeKce [21]. B Kaue-
CTBe BapbHUPyeMBbIX IapaMeTpoB ObLIM BbIOPaHEI
YJacToTa IIOIlepeuHBIX KojJebaHHUM Ja3epHOro Jyua,
pachOKyCHpPOBKa ITy4Ka, CKOPOCTb 06paboTku. II0T-
HOCTb IIOABOJMMOU 3HEPIHM U3MEHSIU B Ipefiesax
39,2-84,9 Bt-c/MMm?. IlepBylo mapTHio 0bpasuos obpa-
OaTeIBaJIM Ha TPex PEe30HAHCHBIX 4acTOTAX TOPCH-
OHa CKaHUPYIOIIEro yCTPOMCTBa, obecreurBaroIero
rornepeuHsle Konebanus nyda 78, 116 u 230 I'. Bro-
Py HapTHIO - Ha ONTHMH3HPOBAHHBIX PeKHMMax.
MOIIHOCTh H3/y4eHHSA BO BCeX D3KCIIePHUMEHTaX
0CTaBalach IIOCTOSSHHOM 1 KBT. Metaytorpadpude-
CKHe HCCTeJO0BAaHUS ObUIN BBIIIONHEHBI C UCII0/Ib30Ba~
HHeM LHUPPOBBIX MHUKPOCKOIIOB, MHBEPTUPOBAHHOIO
MeTa/UIorpapuyeckoro MHKPOCKOIIA, MHUKPOTBEpPI0-
mepa IIMT-3.

HcrnplTaHMsS Ha TpPeHHe U M3HOC IIPOBOLMIIK
[0 CxeMe: «IJIOCKHUM obpaser (ctamp 40X o6pabo- DLo
TaHHBIM JIa3epHBIM JIyuOM) — TOpel] Bpallalollercs >
BTYJIKK (ROHTpobpaser cranb 40X, 49-53 HRC)». Cko-
POCTb CKOJIbKEHMUSI U [laB/IeHHe Ha obpasel] U3MeHSIIH
CTyIeH4aTo B mpefenax 0,15-4,0 m/c u 1-6 MIla coot-
BETCTBEHHO. B 30HY TpeHHSsI IIOAABATTH Mac/I0 TypOUH-
Hoe TI122C 110 1 Karie B CeKYHAY.

MaTteMaTtuueckyo 06paboTKy IONydeHHBIX Pe3yJib
TaTOB I10 INTyOHHe 3aKa/IEHHOTO U3 SKHUIKOT0, TBEPAOr0
cocTostHUs (H) M IIMPUHE 30HBI JIA3€PHOTO BO3MEH-
cTBUS (B) MPOBOAMIM C IIOMOIIBIO ITOTHOIO $aKTOp-
HOTo0 3KcIlepuMeHTa (1) C UCIIO/Ib30BAHHEM JIMHeH-
HOTO ypaBHeHHUs perpeccuu (1):

DL3
L=6.153 mm

y=bo+byx; +byXy + byxs + byyxyXy + bisX xs + DysXoxs + bpysxiXoxs, (1) Dz o=

IZie: Y — OTKJIMK CHCTeMBI;
X; = YPOBHH HaKTOPOB;
b - K03pUIHEeHTEI ypaBHEHUS PerPecCcHH.

PE3YJIbTATbl SKCNEPUMEHTAJIbHbIX

UCCNEAOBAHUN

Ilo mony4eHHBIM AAHHBIM MeTa/lsIorpadHu IIepBOU Puc. 1. Mukpownau@bl 30H ynpo4HeHus cmanu 40X pac-
napTuy 06pasiioB OBIIO YCTAHOBJIEHO, YTO IybHHa ¢okycuposarHbim (a) u Konebaowumcs aydom (6, 8) npu
M IIMPHHA HA YaCTOTaX CKaHUpPOBaHUA 78 u 230 ckopocmu 06pabomku 3 mm/c:a)f=0Tru, d=5,0 Mmm;
npu gedpoxkycupoBke 40 MM M CKOPOCTH IlepeMe- b)f=230Tu, d=5,0mm;c)f=214Tu, d=6,5mm

IleHUs 5 MM/C CYIIeCTBeHHO Pa3/iM4a/iMch. 3aKa- Fig. 1. Microsections of hardening zones of steel 40Kh with
JIeHHBIe JOPOKKHU Ha 4YacToTax /8 I'll uMenu dopmy defocused (a) and oscillating beam (b, c) at a process-
AyHKHU. IIpu 4acToTe cKaHMpoBaHMA 230 I'll B IleH- ing speed of 3 mm/s: a) f=0 Hz, d=5.0 mm; b) f=230 Hz,
Tpe LOPOSKKH ITyOHHA 30HBI cocTaBnsa 0,22-0,25MM, d=5.0mm;c)f=214Hz, d=6.5 mm

d II0 KpasM, B 30HAX OCTAHOBKH Jiy4d, YBe/IHYHBa-
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jmace go 0,5-0,6 MM mpu mHpHHE 30HBL 10,457 MM.
Ha puc. 1 npencTaBieHbl MHUKPOILIHQEL 30H jIas3ep-
HOTO yIIPOYHeHMsl pacPoKyCHUPOBAaHHBIM (a) U Koje-
6rromuMcs ydom ¢ gacrorton 230 I'ry (b) mpu cxkopo-
CTH 3 MM/C H JepoKycrupoBKe 40 mMm. IIpu yasepHOM
3aKaJIKe € KolebaHUSIMU JIyda 4acToTox 116 I'11 Ha Bcex
PeKHMax II0Jy4YeHBbl YAOBIeTBOPHTE/IbHbIE pe3ysib-
TaTbl, U OHH Bbllle II0 IIHPHHe, YeM 30HBI, IOJy-
yeHHBIe IpU obpaboTke Ha wactoTe 78 I'1y. Bropyio
nmapTHo o6pasioB ob6pabaTeiBasK IIPU YaCTOTe KOJIe-
baHum nay4a 214 T1, YTO HPHUBENO K 0OPa30BaHHUIO
3aKaJIEHHOTO CJI051 C MAKCHMAaJIBHON ITyOHMHOM B LieH-
Tpe yIPOUHEHHOK 30HBI, U CO3JAHHIO 30HBI OIlIaB-
JeHUs B LIEHTpe 3aKaJleHHOM MOPOXKKHU (puc. 1, ).
ITosy4yeHHEIe PeSKUMBI C OILIaB/IeHHEeM I10BePXHOCTH

i

The first batch of samples was processed at three
resonant frequencies of the torsion of the scanning
device providing transverse vibrations of the beam
at 78, 116 and 230 Hz. The second batch on opti-
mized modes. The radiation power in all experi-
ments remained constant at 1 kW. Metallographic
studies were performed using digital microscopes,
an inverted metallographic microscope, and a
PMT-3 microhardness tester.

Friction and wear tests were carried out accord-
ing to the scheme: “a flat sample (steel 40Kh treated
with a laser beam) - the end of a rotating sleeve
(counter-sample steel 40Kh, 49-53 HRC)”. The slid-
ing speed and pressure on the sample were changed
stepwise within 0.15-4.0 m/s and 1-6 MPa, respec-

4 f, Hz

V, mM/c |V, mm/s
a)

4

V, mM/c |V, mm/s 5

c)

4
V, mM/c |V, mm/s

b)

d)

Puc. 2. 3asucumocmb 2ny6uHsl (a, b) u wupusl (c, d) 3akaneHHbIX Ad3epHbIM AYHOM 30H 0M CKOPOCMU U YdCMOombl KOAe6AHUL
npu duamempe ay4a 5 mm (a, c) u 6,5 mm (b, d)

Fig. 2. Dependence of the depth (a, b) and width (c, d) of the zones hardened by the laser beam on the speed and frequency of
oscillations at a beam diameter of 5 mm (a, c) and 6.5 mm (b, d)
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6yoyT HCIIONB30BaHBI, KaK AJIS 3aKaJIKH, TaK KU TS
JIETHPOBAHUSI CTalell C IIPHMeHeHHeM II0IIepPeYHBIX
KonebaHUM ayda. [JIsl ompefe/ieH sl BIUSHUS PeXKH-
MOB 06paboTKH Ha INTyOUHY U HIMPHHY 30H JIa3epHOTO
BO3/IEMCTBUSI I10 YPAaBHEHHUSIM PerpecCHH IOCTPOeHBI
IIOBEPXHOCTHU (pHUC. 2).

[ny6rHa 30HBI 3aKaJIKH [IPH JUAMETPAX JIa3ePHOT0o
ISTHA 5 ¥ 6,5 MM BO3pacTaeT C yBeJTUYeHHEeM YacTOThI
KonebaHUM nyda. LIMpHUHA 30H 3aKaJIKU C yBeIHYe-
HHUeM YacTOThl KoaebaHHM Jyuya 3aMeTHO CHHKA-
eTcsi IIpU AHaMeTpe Jay4a 5 MM, a IIpHU JUaMeTpe
6,5 MM MeHee 3HAa4YMTeJbHO. [IJIs OLleHKH BIHUSHUS
YaCTOThl CKAHMPOBAHMUSI Ha IIapaMeTphl 30H OIlIaBJIe-
HUS I10 Pe3yJIbTaTaM PacueToB YPaBHEHUH perpeccUu
IIOCTPOEHBI [I0OBEPXHOCTH (pHC. 3)

tively. Turbine oil TP22S was supplied to the friction
zone at a rate of 1 drop per second.

Mathematical processing of the results obtained
in terms of the depth of the quenched from the lig-
uid, solid state (H) and the width of the laser impact
zone (B) was carried out using a full factorial experi-
ment (FFE) using a linear regression equation (1):

y=bo+byX; +boXy + byXy + byoX Xy + bisx X + bysXoXs + byysXiXoxs , (1)

where: y is the system response;
x; is the level of factors;
b is the coefficient of the regression
equation.

4 116

V, MM/c |V, mm/s
a)

4

V, mM/c |V, mm/s 5
)

npu duamempe ay4a 5 mm (a, c) u 6,5 mm (b, d)

lations at a beam diameter of 5 mm (a, ¢) and 6.5 mm (b, d)

Puc. 3. 3asucumocmb 2ay6uHsl (a, b) u wupuHsbi (¢, d) onaasaeHHbIX Ad3epHBIM AYYOM 30H OM CKOPOCMU U YaCMOMbl KOA6AHUL

Fig. 3. Dependence of the depth (a, b) and width (c, d) of the zones melted by the laser beam on the speed and frequency of oscil-

4

V, MM/c |V, mm/s 5
d)
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T nyGHHa 30H OIlJIaB/JIeHHs cocTaBisuia 0,4-0,6 MM
IIpU UX LIHMpHHe 3,6-4,7 MM Ipu obpaboTke nasep-
HBIM IATHOM 5 MM, 3HAa4YMTEJIbHO IIPEBOCXOLMIIU
IapaMeTphbl 30H OIUIaBJIeHMs PacHOKyCHPOBaHHBIM
ayyom. Harpes sy4yoM guamMeTpoM 6,5 MM IIpHU
MaJIBIX CKOPOCTSIX obecrieduBan IIyOHHY IPOIIaB-
nenus 0,55-0,62 MM, OFZHAKO Ha OOJBIIHX CKOPO-
CTSIX U 4YacToTe KonebaHum 116 [1] oHA He IIpeBBI-
mana 0,3 MM, a IIMPHUHA 30HBI OIJIaBleHHUs OblIa
6osee ctabuabHa U cocTaBagna 4,2-4,8 mm. C pocTtom

10
9,
8,
1
72 1 I
s O
=
5 st
=
T gL
3L I
—3
2,
1,
0 L L L L L L L L L L L L L L

0 02 04 06 08 1,0 12 14

a) H, Mm

T
=)
= g5l
>
o4l
3+ "
. o .
2,
1,
0 | | | | | | | | | | | | |

L
0 02 0,4 0,6 0,8 1,0 1,2 1,4
b) H, Mmm

Puc. 4. Vi3meHeHue mukpomeaepdocmu no 2ayb6uHe 30H
YNPOYHEHUS 8 3a8UCUMOCMU OM YACMOMbl CKAHUPOBAHUS]
Ayyad u ckopocmu ezo nepemeueHus 3 ma/c (1) u's mm/c (2):
a)f=16Tu; b)f=230Ty

Fig. 4. Change in microhardness with respect to the depth
of hardening zones depending on the frequency of beam
scanning and the speed of its movement 3 mm/s (1) and
5mm/s (2): a) f=116 Hz; b) f=230 Hz

il 4

RESULTS OF EXPERIMENTAL STUDIES
According to the metallographic data obtained from
the first batch of samples, it was found that the
depth and width at scanning frequencies of 78 and
230 at a defocus of 40 mm, and a displacement speed
of 5 mm/s, differed significantly. Hardened tracks
at frequencies of 78 Hz had the shape of a hole. At
a scanning frequency of 230 Hz in the center of the
track, the zone depth was 0.22-0.25 mm, and at the
edges, in the beam stopping zones, it increased to
0.5-0.6 mm with a zone width of 10.457 mm. Fig. 1
shows microsections of laser hardening zones with
a defocused (a) and an oscillating beam with a fre-
quency of 230 Hz (b) at a speed of 3 mm/s and a defo-
cusing of 40 mm. Satisfactory results were obtained
during laser hardening with beam oscillations at a
frequency of 114 Hz in all modes, and they are wider
in width than the zones obtained when processing
at a frequency of 78 Hz. The second batch of samples
was processed at a beam oscillation frequency of 214
Hz, which led to the formation of a hardened layer
with a maximum depth in the center of the hardened
zone, and the creation of a melting zone in the center
of the hardened track (Fig. 1c). The obtained regimes
with surface melting will be used both for hardening
and for alloying steels using transverse beam vibra-
tions. To determine the effect of processing modes
on the depth and width of the laser exposure zones,
surfaces were constructed using regression equations
(Fig. 2).

The depth of the hardening zone at laser spot
diameters of 5 and 6.5 mm increases with increas-
ing beam oscillation frequency. The width of the
hardening zones decreases markedly with an
increase in the beam oscillation frequency at a
beam diameter of 5 mm, and less significantly at a
beam diameter of 6.5 mm. To assess the influence
of the scanning frequency on the parameters of the
melting zones, the surfaces were constructed based
on the results of calculations of the regression equa-
tions (Fig. 3)

The depth of the melting zones was 0.4-0.6 mm
with a width of 3.6-4.7 mm when treated with a
5 mm laser spot, significantly exceeding the param-
eters of the melting zones with a defocused beam.
Heating by a beam with a diameter of 6.5 mm at
low speeds provided a penetration depth of 0.55-
0.62 mm, however, at high speeds and an oscillation
frequency of 116 Hz, it did not exceed 0.3 mm, and
the width of the melting zone was more stable and
amounted to 4.2-4.8 mm. With an increase in the
beam scanning frequency, the depth of the melting
zones increased.
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YaCTOTbl CKAHUPOBAHHSA JIyda FHY6I/IH8. 30H OIl/IaBJie-

HUS YBeJIMYHMBAIACh. 0,15
MHUKpPOTBEPAOCTh YIPOUYHEHHBIX 30H H3MeHS/I1ach 8’1‘3‘:
B IIMPOKUX Ipefienax 6230-8620 MIla. Ha puc. 4 012
IIpe/iCTaB/IeHbl 3aKOHOMEPHOCTH HM3MEeHeHHSI MHUKPO- | F 0,11 5
TBEPAOCTH OT INIyOUHBI C/I0S IPU YaCTOTe CKAHHPO- ‘2 0,103
BaHus 116 (a) u 230 T'yy (b), ckopocTH IepeMenieHUs 3 E 8’82 |
U 5 MM/c U 1eQOKyCHPOBKe 1y4da 60 MM. ¥ 0070
Hambonee momxonsmihe PpeXXHUMBL /s Jia3ep- g 0,06
HOTO YIPOYHEHHS II0BePXHOCTeH JeTajed MamuH | € 0,05-
IIOTydYeHbl TIPH CKOPOCTH 06paboTkM 5 U 3 MM/c, | g’g[;:
YacTOTOM IIONepeuHBIX KoynebaHuu nyda 116 I 0:02,
M MOLIHOCTbIO M3/1y4eHHs 1 KBT C IIHMPHUHON 30H 0,01 |-
TEePMUYECKOT0 BO3LeHCTBUS 8,9-9,9 MM U IyOUHON 00 0"5 1"0 1"5 2"0 215 3"0 5

0,77-1,2 MM COOTBeTCTBeHHO. IIpu 3ToM riybuHa
30H 3aKQJIKM OCTaBajacCh MIPAKTHYECKH ITOCTOSIHHOU
[0 HMIMPHHE JIa3epHOH AOPOKKH. 3HauyeHHS MHKPO-
TBepPAOCTH, 6570-8200 MIla, CBULETEIBCTBYIOT O BO3- Puc. 5. i3meHeHue Ko3¢duuueHmos mpeHus om cKopo-
MOKHOCTH IIPUMEHEeHU S TeXHOJIOTHUH KaK [ JIeTKO CMu ckoAbXKeHust: 1= cmanb 40X (265-300 HV), 2 - /1Y,
Harpys>keHHBIX, IIPHU IIyOHHe c10si MeHee 1 MM, Tak V=3mwm/c,3-11Y,V=5mm/c
M BBICOKO HarpyskeHHBIX 3yO4aThIX Ilepefad, C IJIy- Fig. 5. Change of friction coefficients from sliding speed:
OGMHOM 3aKaJleHHoro ciaosf bomee 1 mm. OmHAKO 1- steel 40Kh (265-300 HV), 2 - LH,VV=3 mm/s, 3 - LH,
HY>KHO Y4YMTBIBaTh, 4YTo obpaborka 3yba momkHa | V=5mm/s
BBITIOTHSATBCS 32 OAUH ITpoxof, 6e3 HalmoXXeHHUs [10Po-
JKeK 3aKaJIKHU.

HcnplTaHMs Ha TpeHHe W H3HOC IIPOBOJMIIU

CKOpOCTB CKONIBbKEHHUS V, M/C

Ha obpasliax, YIPOYHEHHBIX IIPU 4acToTe Koseba- 5,0
HUM nyd4a 214 T, c mepeKkpbITHEM Ja3epHBIX JOPO-
>keK 10%. Ha pmc. 5. mpencTtaBieHBl 3aBUCHMOCTH 4,5
M3MeHeHUs KO3QPUIIMEeHTOB TPeHHUS OT CKOPOCTU a0l
CKOJIb>)KeHUS .

ITpu yBeJIM4eHUU CKOPOCTH CKOIbXKeHUs 1o 1 M/c, 3,50
KO3QOULIMEHTH TPEHHS CHUKAWTCA. [lanpHed- | &
[Iee IIOBBIIIEHHE CKOPOCTHU CKOJIBKeHHS 0 3 M/C = 3,0
IIPUBOJMJIO K HE3HAYHTENTbHOMY HMX IIOBBIIIEHUIO, E’z,s L ) 3
a 3aTeM - K pe3romy pocTy. KospPuiireH T TpeHU z 2
0,065-0,08, mmonyueHsl Ha obpasiax, 06paboTaHHBIX E 2,0 -
JIa3epHBIM JIY4YOM, IIPH YaCTOTe IIOIIePEeYHBIX KOoJjIe- = 15l
6aHM ny4a 214 Tl U CKOPOCTH €ero IepeMelleHH s '
5 MM/C IpHU CKOPOCTH CKOJBXEHHS KOHTpobpasia 1,0
0,5-2 M/C 3HAYUTENIBHO HUXe, UeM 00pasIioB CTalIu
40X. BaskHeH e XapaKTePHUCTHUKOM COIMPSIKeHHBIX 0,51
JleTajel MalllMH SIBISEeTCS MpefenbHO NOIMyCTHMas 0 : : : : : :
Harpyska, IpU KOTOPOMU HACTYIIaeT pe3Koe IIOBBI- 0 0,5 1,0 15 2,0 2,5 3,0 3,5
ImeHHe Ko3pPHUIIMeHTa TPeHHUs U, KaK CIe[CTBHUe, CKOPOCTb CKONBKeHUS V, M/C
3aelaHHe MM 3aK/IMHKUBAHHEe MeXaHH3Ma B I1eJI0M.
Ha puc. 6. mpencraB/ieHbl KpUBble U3MEHEHMS aB- |  Puc. 6. 3asucumocms dasieHus 3aeddaHus om ckopocmu
JIeHHs 3aeJaHUs OT CKOPOCTHU CKOJBXKEHHS KOH- CKOAb)KeHUs KoHmpobpasua: 1 - cmanb 40X(265-300 HV),
Tpobpasua. Bce 3Ha4YeHUs LABJIEHUHM U CKOPOCTEH 2-71Y,V=3mm/c,3-71Y,V=5mm/c
CKOJIb)K€HHSI, HaXOJsIIHecs BbIIIe 3THX KPUBBIX, Fig. 6. Dependence of the jamming pressure on the sliding
SBJIAIOTCS HEeOOMYCTHMBIMH [JII HCCIeIyeMBIX speed of the counter sample: 1 - steel 40Kh (265-300 HV),
06pasioB. M3 mpeacTaBleHHBIX I'PaQUKOB ClIenyeT, 2-LH,V=3mm/s,3-LH,V=5mm/s

YUTO CKOPOCTb CKOJIB>KeHMS MO0 HACTYILIEHHS 3ae[a-
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HUs 00pa3noB, o6paboTaHHBIX IIPU 4YACTOTE KOJe-
6aHMU ny4a 214 Tl U CKOPOCTH €ro IepeMelleHH s
5 MM/, ODpakTH4YeCKHd B [Ba pasa BhHIIIE BO BCEM
KCC/IeIOBAHHOM JHAalla30He.

HMHTeHCHBHOCTh M3HAIIMBAHUS 00PA3LIOB yIIPOY-
HeHHBIX JIa3€pHBIM JIy4YOM IIPH YacTOTe Iolleped-
HBIX KosebaHuH 214 ['1] B CpaBHEHUH CO CTanblo 40X
npefcTaBaeHa B Tabnuie. M3 NpuBeJeHHBIX JaH-
HBIX CJIefyeT, YTO WHTeHCHUBHOCTh HW3HAIIMBAHUS
obpasioB, 06paboTaHHBIX Ha ONTHMATbHBIX PEXKH-
Max, 6omee yeM B 4 pasa HIKe, YeM HCXOJHOM
cranu 40X.

OBCY>XAEHWE PE3YJ/IbTATOB

OcHOBHOe BHHMaHHe B paboTe y/eleHO BIHSHHIO
YaCTOTHl IIOIIEpPeYHbIX KoMebaHMUM Jlydya Ha IIUPUHY
U I1y6HHY 30H yIPOYHEHMS B 3aBUCHMOCTH OT CKO-
POCTH IepeMelleHHs Jiyda U ero OeGOoKyCHPOBKH.
C moBbllIeHHeM pPe30HaHCHOK YacCTOThl TOPCHOHA,
Ha KOTOPOM KPeIIMTCSl OTpaskarolllee GpOKyCHpyoLlee
3epKaJio, pacTeT aMIUIMTYyAa KonebaHUM /yda, a BMe-
CTe C HeM W IIMPHHA 30HBI YIIPOYHEHH. Pe3oHaHC-
HyI0 4acToTy 230 '] MOKHO CYHUTaTh KPHUTHYECKOM,
[IOCKOJIBKY 30Ha 3aKajIKd B LIEHTpPe JOPOKKH CTaHO-
BUTCS MeHblIe, 4eM II0 ee KpasiM. BEIXoz B 4acToTy

i g

The microhardness of the hardened zones varied
over a wide range of 6230-8620 MPa. Fig. 4 shows the
patterns of changes in microhardness depending on
the layer depth at a scanning frequency of (a) 116 and
(b) 230 Hz, a displacement speed of 3 and 5 mm/s, and
a beam defocusing of 60 mm.

The most suitable modes for laser hardening
of the surfaces of machine parts were obtained at
a processing speed of 5 and 3 mm/s, a frequency
of transverse beam oscillations of 116 Hz and a
radiation power of 1 kW with a width of thermal
impact zones of 8.9-9.9 mm and a depth of 0.77-1.2
mm, respectively. In this case, the depth of the
hardening zones remained almost constant along
the width of the laser track. The microhardness
values, 6570-8200 MPa, indicate the possibility of
using the technology for both lightly loaded, with
a layer depth of less than 1 mm, and highly loaded
gears, with a hardened layer depth of more than 1
mm. However, it must be taken into account that
the processing of the tooth must be carried out in
one pass, without the imposition of hardening
paths.

Friction and wear tests were carried out on speci-
mens hardened at a beam oscillation frequency of
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KonebaHuM 214 T'1 II03BOJIMII MOYYUTh 30HBI T€PMHU-
YeCcKOro BO3[EeHCTBUS II0 HIMPHHE HeCKOIbKO MeHb-
mye, yeM IIpu 4acrore 116 I'u. OgHaKo IOdy4YeHHBIe
pe3y/nIbTaThl 06pabOTKH Ha 3TOM YacTOTe I03BOJISIIOT
HCIIONIb30BaTh MX KaK IIPH JIa3epPHOM 3aKaJIke, TakK
U TP JIETHPOBAHUM II0BEPXHOCTeN C OolblLIeN Iy-
6rHOI. Ha Bcex MCC/IeIOBAaHHBIX pesKUMaX I10JTydeHbl
JOCTAaTOYHO BBHICOKME 3HAa4YeHHs MMKPOTBEPHOCTH.
Pe3ynbpTaThl paboThl IOKA3bIBAIOT BO3MOXKHOCTH Ppac-
IIMPeHHs] pesKMMOB J1a3epHON 06paboTKM Ha pas3auu-
HBIX Pe30HAHCHBIX YaCTOTaX TOPCHOHA, YTO He 6bLI0
OIMCAHO PaHee JIg CKAHUPYIOIIMUX YCTPOMCTB JaH-
HOTO THIIA.

3AKJ/TIOMEHUE

PaszpaboTaHbl peXXHMBI 00paboTKH ITOBEPXHOCTH
0bpa3noB ctanu 40X ¢ M3MeHsSeMON YacTOTOH Iolle-
PeYHBIX KolebaHUM JIyda, CKOPOCThIO 06paboTKHU U ero
nedOKyCHPOBKH, II03BOJISIIONIME CHHU3UTh KOIHYe-
CTBO 30H OTITyCKa Ipy 06paboTke OOIBIIKX IIOMALEE
C HaJIO)KeHHEeM JIOPOsKeK.

KospdunmeHTh TpeHHs 3aKa/leHHBIX J1a3epoM
06pa3IoB 3HAYMUTENBHO HHKe HCXOJHOH CTaJH,
a U3HOCOCOCTOMKOCTS BhIIIIe MaTepHaa OCHOBHI boriee,
yeM B 4 pasa. JIazepHoe yIIpOUHeHUe [103BOJIsIeT IIOBBI-
CUTbH Ipefe/bHble CKOPOCTH CKONBXKEHHUS [0 HACTy-
IUIeHMSI 3aeIaHUS B 2 pasa.

LECEEEEEEEErr e e e e e e e e e e e e e e e et e e e e e e e e e e e e ey
| m TEXHOJ/IOTUU U TEXHOJIOTMYECKOE OBOPYOBAHUE |
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214 Hz with 10% overlap of laser paths. Fig. 5 shows
the dependences of the change in friction coeffi-
cients on the sliding speed.

As the sliding speed increases to 1 m/s, the fric-
tion coefficients decrease. A further increase in the
sliding speed to 3 m/s led to their slight increase,
and then to a sharp increase. Friction coefficients
of 0.065-0.08 were obtained on samples treated
with a laser beam, at a frequency of transverse
oscillations of the beam of 214 Hz, and a speed of
its movement of 5 mm/s at a counter sample sliding
speed of 0.5 - 2 m/s, significantly lower than steel
samples 40Kh. The most important characteris-
tic of the mating machine parts is the maximum
allowable load, at which there is a sharp increase
in the coefficient of friction, and as a result, jam-
ming or jamming of the mechanism as a whole.
Fig. 6 shows the curves of change of pressure of
seizing from speed of sliding of a counter sample.
All values of pressure and sliding speeds above
these covered values are unacceptable for the sam-
ples under study. From the presented graphs it fol-
lows that the sliding speed before the onset of jam-
ming of the samples processed at a beam oscillation
frequency of 214 Hz and a beam movement speed of
5 mm/s is almost twice as high in the entire stud-
ied range.

VMIHTE@HCMBHOCTb M3HALUMBAHMS 06pa3LL0B M KOHTPOOpPa3LLoB 13 cTanm 40X
Wear intensity of samples and counter samples made of steel 40Kh

Bna 06paboTku

cTtanm 40X n KOHTpobpasual,

MHTEHCMBHOCTb M3HalLMBaHMs obpasua

MHTEHCMBHOCTb M3HalIMBaHMs obpasua I
v koHTpobpasual, ,

cp.1

Type of steel Wear intensity sample I; and counter sample I, Wear intensity sampleI,, ; and counter sample I, ,
processing 40Kh

L1072 L,-107° I, 17107 I, 57107
3akasnka, 1,296 0,689 1,275 0,671
oTnyck 265-300
Hardening

) ' 1,272 0,672

drawing 265-300

1,258 0,654
Ny, 3mm/ ¢ 0,343 0,712 0,334 0,724
LH, 3 mm/s

0,326 0,725

0,335 0,737
Ny, 5mm/c 0,327 0,757 0,315 0,753
LH, 5mm/s

0,304 0,739

0,315 0,764

164 ®OTOHMKA TOM 16 N22 2022




TechnoPark

ExaTtepunHbypr
MBL| «EkaTepuHbypr-9KCI10»

BbicTaBKa 060pyi0BaHUSA U TEXHONOI U
AN KOMMJIEKCHOr0 OCHaLLeHUs
NMPOMbILLJIEHHbIX NPeanpUATUIA

McnbiTatenbHoe
“ M3MepuTenbHoe
obopyzoBaHue,

TeXHn4yecKas gunarHocTtmka

O6opynoBaHue

u matepuanbl ans
06paboTKM NOBEpPXHOCTEN
W HaHeCeHUA MNOKpPbITUIA

Hepa3spyLLIaoLUMin KOHTPOb,

lNpomblilineHHoe
WHXXeHepHoe
o6opyaoBaHue

O6opyaoBaHue

0151 BOJLOCHa6XeHuns,
BOAONO/IrOTOBKMU U OYUCTKU
CTOYHbIX Bofl. CUcTEMBI
OYUCTKM BOXAyxa

Ob6opynoBaHue

W MaTepuarnbi

Ansi NPOV3BOACTBA
3N1EKTPOHUKM

technopark-ural.com

Monyuynte 6uner,
yKa3aB NPOMOKOJ;:
tehnosfera22




m TEXHOJ/IOTUU U TEXHOJIOTMYECKOE OBOPYOBAHUE |

i g

REFERENCES
1. SkvareninaS., ShinYY. Predictive modeling and experimental results for laser
hardening of AISI 1536 steel with complex geometric features by a high power diode

laser. Surf. Coat. Technol. 2006; 201 (6); 2256-2269. DOI: 10.1016/j.surfcoat.2006.03.039.

2. YénezA.,Alvarez)., Lopez A., Nicolis G., Pérez )., Ramil A. et al. Modelling of
temperature evolution onmetals during laser hardening process. Appl. Surf. Sci. 2002;
186(1-4); 611-616. DOI: 10.1016/50169-4332(01)00696-1.

3. Inoue K., Ohmura E., Haruta K. Computer simulation on structural changes
of hypoeutectoid steel in laser transformation hardening process. JSME Int. J. Ser.
1989;132 (1);45-53. DOI: 10.1299/jsmea1988.32.1_45.

4. Grum ., Sturm R. Laser surfacemelt-hardening of gray and nodular irons. Appl. Surf.
Sci. 1997;109-110; 128-132. DOI: 10.1016/50169-4332(96)00648-4.

5. Komanduri R., Hou Z. Thermal analysis of laser surface transformation
hardeningoptimization of process parameters. Int. J. Mach. Tools Manuf. 2004; 44(9);
991-1008. DOI: 10.1016/j.ijmachtools.2004.01.011.

6. MartinezS., Lamikiz A., Tabernero I., Ukar E. Laser hardening process with 2D
scanning optics. Phys. Procedia. 2012; 39; 309-317. DOI: 10.1016/j.phpro.2012.10.043.

7. Denis S., Archambault P., Aubry C., Mey A., Louin J., Simon A. Modelling of
phase transformation kinetics in steels and coupling with heat treatment residual
stress predictions. J. Phys. 1999; IV 9; 323-332. DOI: 10.1051/jp4:1999933

8. LakhkarR., ShinY., Krane M. Predictive modeling of multi-track laser hardening
of AISI 4140 steel. Mater. Sci. Eng. 2008; 480 (1-2); 209-217. DOI: 10.1016/j.
msea.2007.07.054

9. Miokovic'T., Schulze V., Vohringer 0., Lohe D. Prediction of phase
transformations during laser surface hardening of AlSI 4140 including the effects
of inhomogeneous austenite formation. Mater. Sci. Eng. 2006; 435-436; 547-555.
DOI:10.1016/j.msea.2006.07.037.

10. Ashby M., Easterling K. The transformation hardening of steel surfaces by laser
beams - 1. hypo-eutectoid steels. Acta Metall. 1984; 32 (11); 1935-1937; 1939-1948.
DOI:10.1016/0001-6160(84)90175-5.

1. Yaakoubi M., Kchaou M., Dammak F. Simulation of the thermomechanical and
metallurgical behavior of steels by using ABAQUS software. Comput. Mater. Sci. 2013;
68;297-306. DOI: 10.1016/j.commatsci.2012.10.001.

12. Denis S., Farias D., Simon A. Mathematical model coupling phase transformations
and temperature evolutions in steels. ISIJ Int. 1992; 32 (3); 316-325. DOI: 10.2355/
isijinternational.32.316.

13. Jacot A., Rappaz M. A combined model for the description of austenitization,
homogenization and grain growth in hypoeutectoid Fe-C steels during heating, Acta
Mater. 1999; 47 (5); 1645-1651. DOI: 10.1016/S1359-6454(99)00005-1.

14. RetiT., Fried Z., Felde I. Computer simulation of steel quenching process using
a multi-phase transformation model. Comput. Mater. Sci. 2001; 22 (3-4); 261-278.
DOI: 10.1016/50927-0256(01)00240-3.

15. Yangy.S.,NaS.). Astudy on residual stresses in laser surface hardening of
amedium carbon steel, Surf. Coat. Technol. 1989; 38 (3); 311-324. DOI: 10.1016/0257-
8972(89)90093-5.

16. Bailey N., Tan W., Shin Y. Predictive modeling and experimental results for residual
stresses in laser hardening of AISI 4140 steel by a high power diode laser. Surf. Coat.
Technol. 2009; 203 (14); 2003-2012. DOI: 10.1016/j.surfcoat.2009.01.039.

17. ZhanH.X.,Wang., Li C.W., HanT., Han B., Zhao W. M. Computational
and experimental study of a melt-hardened zone on a roller modified
by wide-band laser Treatment. Opt. Laser Technol. 2009; 41 (3); 251-257.

DOI: 10.1016/j.optlastec.2008.06.011.

18. RoyA., Manna I. Laser surface engineering to improve wear resistance
of austempered ductile iron. Mater. Sci. Eng. A. 2001; 297 (1-2); 85-93.

DOI: 10.1016/50921-5093(00)01253-3.

19. Soriano C., Leunda )., Lambarri )., Navas V., Sanz C. Effect of laser
surface hardening on the microstructure, hardness and residual stresses
of austempered ductile iron grades. Appl. Surf. Sci. 2011; 257 (16); 7101-7106.
DOI:10.1016/j.apsusc.2011.03.059.

20. Cerny l., Fiirbacher 1., Linhart V. Influence of laser hardening and resulting
microstructure on fatigue properties of carbon steels. J. Mater. Eng. Perform. 1998; 7
(3); 361-366. DOI: 10.1361 /105994998770347800.

21. Biryukov V.P., Dozorov A.V. Laser systems for hardening and surfacing of parts
and for precise sheet layout. Journal of Machinery Manufacture and Reliability. 2006; 35
(1); 46-52.

ABTOP

buptokos Bnagumup Masnosuy, K. 1. H., B. H. C., UHCTUTYT MALIMHOBeeHNS
um. A.A. bnaroHpasosa PAH, laser-52@yandex.ru, Mocksa, Poccus
ORCID: 0000-0001-9278-6925

166 ®OTOHUKA TOM 16 N22 2022

The wear intensity of samples hardened by a laser
beam at a frequency of transverse vibrations of 214 Hz
in comparison with 40Kh steel is presented in the
table. It follows from the given data that the wear
intensity of samples processed under optimal condi-
tions is more than 4 times lower than that of the
original 40Kh steel.

DISCUSSION OF THE RESULTS

The main attention in the work is paid to the
influence of the frequency of transverse oscillations
of the beam on the width and depth of the hardening
zones, depending on the speed of the beam and
its defocusing. With an increase in the resonant
frequency of the torsion, on which the reflecting
focusing mirror is mounted, the amplitude of the
beam oscillations increases, and with it the width
of the hardening zone. The resonant frequency of
230 Hz can be considered critical, since the hardening
zone in the center of the track becomes smaller
than at its edges. The output of the oscillation
frequency 214 Hz made it possible to obtain the
heat-affected zones somewhat smaller in width
than at a frequency of 116 Hz. However, the results
of processing at this frequency make it possible to
use them both for laser hardening and for alloying
surfaces with a greater depth. Sufficiently high
values of microhardness were obtained in all
investigated regimes. The results of the work show
the possibility of expanding the laser processing
modes at different resonant frequencies of the
torsion bar, which was not previously described for
scanning devices of this type.

CONCLUSION

The modes of processing the surface of samples
of steel 40Kh with a variable frequency of
transverse oscillations of the beam, the speed of
processing and its defocusing have been developed,
which make it possible to reduce the number of
tempering zones when processing large areas with
overlapping tracks.

The coefficients of friction of the laser-hardened
samples are significantly lower than the original
steel, and the wear resistance is more than 4 times
higher than the base material. Laser hardening
makes it possible to increase the limiting sliding
speeds by a factor of 2 before the onset of seizing.
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