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Onepauunsa nasepHoro ynpoyHeHus npegHasHayeHa
ANS 3aMeHbl TEXHOJIOTU a30TUPOBaHUS C FNy6MHON
0,3-0,4 MM 1 LeMeHTaLuu C rny6uHoOm cnos

1,0-1,1 mMm. OnpepeneHo BansHUe AedoKyCUpoBKU
Jly4a BOJIOKOHHOIO /1asepa Ha rMy6uHY U WWUPUHY
30H s1a3epHOro ynpovyHeHus. lNo ypaBHeHnUaMm
perpeccuun nposefeHbl pacyeTbl U CONOCTaB/IEHbI

C pe3y/sbTaTaMu 3KCNepuMeHTa.
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a reoMeTpHUYecKHe [TapaMeTphl 30H J1a3epHOH
H 3aKa/IKK OKa3bIBAIOT BIMSHHE THII JIa3epHOM

YCTaHOBKHM, ITapaMeTpbl BHEIIHEH OITHYe-
CKOHM CHCTeMBbI, OedOKyCHpOBKa JIa3epHOTO JIyya,
pPesKUMBL 00paboTKH U TersiodHU3UYecKHe CBOKCTBA
YyIPOUHSieMBIX CTanei. OO6pasubl HU3KOIETHPO-
BaHHOM cTanu 4130 ¢ pasmepamu 40x40x120 MM
YIIPOYHSIM JIYYOM BOJIOKOHHOIO j1a3epa KOMIIAHHH
IPG [1]. Jlyumire pe3y/abTaThl II0Jy4eHbl IIPH MOIIHO-
CcTH HU3nydeHusa 600 BT, mepoxycHpoBKe j1a3epHOrO
nayda 50 MM KM CKOPOCTH IlepeMemieHHs 8 1 10 mm/cC.
IInomanpr 30H 3aKajJKU cocTaBiasiaa 50% oT 1110-
IagM ITOBepXHOCTH obpaslia. MUKPOTBEPAOCTb 30H
3aKajaKu coctaBmia 390 HV 1o cpaBHeHHIO C TBep-
OOCThI0 OCHOBHEI 220 HV. McrobplTaHMA Ha TpeHHe
M U3HOC IIPOBOAUIN Ha MalrHe TpeHHs TRB161129
II0 CXeMe IIap-AMCK IpH Harpyske 5H, BpemMeHU
20 MHUHYT K 4YacToTe BpameHus 500 mMuH'. Mate-
puan mapa Kapbuz Bonbdpama WC c paiiycoM 5 MM.
KospdunmeHTrl TpeHHS cocTaBuaM: 0,35 m1sg MaTe-
puana ocHoBel, 0,21 mans obpasiia, 3aKaJeHHOro Ha
ckopoctu 8 MM/ c u 0,18 gyis obpasua, 3aKaJeHHOTO
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The laser hardening operation is intended to
replace nitriding technologies with a depth of
0.3-0.4 mm and cementation with a layer depth
of 1.0-1.1 mm. The objectives of the work were

to determine the influence of the defocusing of

a fibre laser beam on the depth and width of the
laser hardening zones. According to the regression
equations, calculations are performed and
compared with the results of the experiment.
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he geometric parameters of laser harden-

I ing zones are influenced by the type of laser
installation, the parameters of the external
optical system, the defocusing of the laser beam,
the processing conditions, and the thermophysi-
cal properties of hardened steels. The samples of
low-alloy steel 4130 with dimensions of 40 x40 x120
mm were reinforced with a fibre laser beam (IPG)
[1]. The best results were obtained with a radiation
power of 600 W, a defocus of the laser beam of 50
mm and a movement speed of 8 and 10 mm/s. The
area of hardening zones was 50% of the sample
surface area. The microhardness of the hardening
zones was 390 HV compared to the hardness of the
substrate - 220 HV. Tests on friction and wear were
carried out on a TRB161129 friction machine accord-
ing to a ball-disk scheme with a load of 5H, time
of 20 min and rotation frequency of 500 min™'. Ball
material was tungsten carbide WC with a radius of
5 mm. The friction coefficients were: for the base
material - 0.35, for the samples hardened at speeds
of 8 and 10 mm/s - 0.21 and 0.18, respectively.
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Ha cKopocTH 10 MM/c. M3HOoC 06pasLioB: MaTepHall
OCHOBBI 3,69-107> MM3/HM, 06pa3110B I10C/Ie 1a3ePHOMU
3aKa/IKH, MPOBOAHMMOM Ha CKOpoCTsX 8 u 10 Mm/c,
COOTBeTCTBeHHO 1,04 1 0,96-1075 mm3/HmMm.

JlazepHOe yHpo4YHeHHe MapTeHCUTHOM HepXKa-
Beromer ctaau AISI 416 ¢ comepkaHHeM yIriepopa
0,167% mnpoBomuaM Ha obpa3Lax C pa3MepaMH
55x10x7,5 MM ¢ HCXOOHOM TBephocThio 155 HV[2].
Hcnons3oBanu nasep Nd:YAG ¢upmbl «PoduH-
CuHap» ¢ MaKCMMaJIbHOU MOIIHOCTBIO H3y4deHHUS
2,2 kBT. JlazepHBIH 1y4 (OKYCHPOBAIHU [0 AHa-
MeTpa 2 MM Ha IOBepxHOCTH obpasua. OTpaboTky
PeKMMOB JIa3epDHOM 3aKaJKH OCYLLeCTBJIS/IM Ha
MOIIHOCTH u31ydeHHs 0,7 U 1 KBT IIpU CKOPOCTH
nepememeHusa ayda 0,5; 1; 2; ©u 3 m/MuUH. Mak-
cuManpHasg raybuHa 3akankud 0,9 MM C MHKpO-
TBepaocThio 400-700 HV monyyeHa IIpPU MOLIHOCTHU
u3ayyeHus 1 KBT M CKOPOCTH IIepeMelleHHs y4a
0,5 M/MuH. HcOobsiTaHHS HAa M3HOC BBIMOJIHSIU
I10 CXeMe JUCK (LLI/IaMETp 73 MM, TBepmocTh 63 HRC) -
nanen (7x7,5x10 mMM). JIMHeHMHass CKOPOCTh Ilepe-
MeIleHHUs AuCKa 8,4 M/MuH. Harpyska Ha obpaserj
npu ucoeiTaHuM 50 H. YcTaHoOB/IeHO, YTO MHHU-
MajbHasd MHTEHCHBHOCTb H3HANIMBAHUA COCTA-
Buna 0,001 r/MHUH A5 o6pasuoB, o6paboTaHHBIX
CO CKOPOCTBIO IlepeMeleHHs ayda 0,5-1 M/MUH
M MOIINHOCTBIO HM3ay4deHHsa 0,7-1 kBT. YTo cooTBeT-
CTBYeT MHTEHCHUBHOCTH M3HAIIMBAHMUS 3TaJTOHHBIX
06pa3loB 3TOM CTanu mocie 0o6beMHOM 3aKajKH.
O6pasusl, obpaboTaHHBIe C H0IBIIMMU CKOPOCTSMU
IepeMellleHUs Jyda, UMeIOT B 3-5 pa3 6osbllyio
MHTEHCUBHOCTb M3HAIIHUBaAHUA.

JlazepHasi Tepmoo6paboTKa ITOBEPXHOCTH CTalH
Ck45 co3maeT MUKPOCTPYKTYpy C 91,65% wurompua-
TOIO0 MapTeHCHUTa U 8,35% OCTAaTOYHOIO ayCTeHHTa
[3]. TBepmocTh MapTeHCHTa fgocturaer mo 850 HV,
a ocraTtoyHoro aycreHura 400-600 HV. HcrnplTaHUS
Ha H3HOC BBIIIOJHSIM II0 CXeMe AMCK - Ilajiel] Ipu
Harpyske 30 H u ckopoctu mepemMeieHus 0,7, 0,99
u 1,49 cm/c. TBepmocTh AucKa cocrasisiia 385 HV.
[IpOIO/IKUTENBHOCTh KaKAOTO HCIIBITAHHUS Oblia
10 MUHYT. M3HOCOCTOMKOCTh 06Pa3LI0B 3aKaJeHHBIX
71a3epoM B [IBa pasa BhIIIe, 4yeM UCXOJHOU CTa/IH.

IKCIIepUMEeHTBl IO JIa3epHOH 3aKajlKe IIPOBO-
JUIK Ha BOJIOKOHHOM Jia3epe YLR-5000-S ¢ makcu-
MaJbHOM MOILIHOCTBIO HM31y4deHHs 5000 BT, TpaHc-
IIOPTHBIM BOJIOKHOM B OIITHUYeCKOM ronoBKe 200 MKM
U GoKycoM KOUIMMHUpYOOLIeH JHH3BL 150 MM [4].
O6pasipl YIPOUHSIM IPH MOIIHOCTH H3/TyYeHUS
1875 BT, mepoxycupoBKe ayda 80 MM IIPHU IJIOTHOCTH
MOIIHOCTH 7a3epa 12735 BT/cm?. CKOpOCTh IlepeMe-
IeHHs Jyda cocTaBasaa 8 mMm/c. Obpasupl cTanu
C pasJIHM4YHBIM COZep>KaHHeM yriaepona,% or 0,203

Syl 4

Sample wear: base material 3.69:10° mm?/Nm,
samples after laser hardening at a speed of 8 and 10
mm/s -1.04 and 0.96-10° mm?3/Nm.

Laser hardening of AISI 416 martensitic stain-
less steel with a carbon content of 0.167% was car-
ried out on samples with dimensions of 55x10x7.5
mm with an initial hardness of 155 HV [2]. Nd : YAG
laser (Rofin-Sinar) was used with a maximum
radiation power of 2.2 kW. The laser beam was
focused to a diameter of 2 mm on the sample sur-
face. Testing of laser hardening modes was carried
out at a radiation power of 0.7 and 1 kW at a beam
moving speed of 0.5; 1; 2; and 3 m/min. The maxi-
mum hardening depth of 0.9 mm with a micro-
hardness of 400-700 HV was obtained with a radia-
tion power of 1 kW and a beam moving speed of 0.5
m/min. Testing for wear was performed according
to the scheme «disk (diameter 73 mm, hardness 63
HRC) - stud (7x7.5x10 mm)». Disk linear speed was
8.4 m/min. The load on the sample when tested
was 50N. It was established that the minimum
wear rate was 0.001 g/min for samples processed
with a beam moving speed of 0.5-1 m/min and a
radiation power of 0.7-1 kW. This corresponds to
the wear rate of the reference samples of this steel
after the bulk hardening. The samples treated
with high speeds of beam movement have 3-5
times more wear intensity.

Laser heat treatment of the surface of Ck45 steel
creates a microstructure with 91.65% of acicular
martensite and 8.35% of residual austenite [3]. The
hardness of martensite reaches up to 850 HV, and
that of residual austenite - 400-600 HV. Tests for
wear were carried out according to the «disk -stud»
scheme at a load of 30N and moving speeds of 0.7,
0.99, and 1.49 cm/s. The hardness of the disk was
385HV. The duration of each test was 10 minutes.
The wear resistance of laser hardened samples is
twice as high as that of the original steel.

The laser hardening experiments were carried
out on a YLR-5000-S fibre laser with a maximum
radiation power of 5000 W, a transport fibre in a
200 pm optical head and a focus of a 150 mm colli-
mating lens [4]. The samples were strengthened at
a radiation power of 1875 W, a beam defocusing of
80 mm and a laser power density of 12,735 W/cm?.
The speed of movement of the beam was 8 mm/s.
Samples of steel with different carbon content,%,
from 0.203 (AISI 4820) to 0.951 (AISI 5210). The
microhardness of the samples corresponded to a
carbon content of 505 and 812 HVS.

Laser hardening of 40XH2MA steel samples at
the LS-4 unit using an IPG 2D scanner was car-
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(AISI 4820) mo 0,951 (AISI 5210). MakpoTBepAOCThb
06pasLoB COOTBETCTBOBAJIA COLEPSKAHHIO YIIepona
505 u 812 HVS.

JlazepHoe yripouHeHHe 06pa3noB ctanu 40XH2MA
Ha ycraHoBke JIC - 4 C HCIIO/b30BaHHEM CKa-
Hepa IPG 2D mOpoBOAMIIOCH C LIEJIBI0 YBETHYEHHUS
INMPHUHBL M TAYyOHMHBI 30HBI 3aKaaku [5]. B mpo-
Llecce JIa3epHOM 3aKajAKKU H3MeHSIIM PacCTOSHUe
0T GOKANBHOH IIOCKOCTU B npepenax 50-200 mM,
mar ckaHupoBaHus 50-1500 MKM, MOIIHOCTb H3Jy-
yeHus 1000-4000 Br. [TosyueHBI JOPOKKU 3aKaJKH
¢ muHOM 50 U rnybuHoM 0,2-2,0 MM IIPU MOIIHOCTH
usnydernus 2000 BT. MHKpPOTBEpPOOCTh YIIPOYHEH-
HBIX 30H cocTaBuaa 6410-7340 MIla unu 56-60 HRC.
VBe/ln4YeHHe MOIIHOCTH Jiasepa go 4000 BT mosso-
JTUJIO IIONYYUTh 3aKaJleHHBle CIOM C TIyOHMHOU
oo 2,5 MM IpU TOH >Ke HIMpHUHe 06paboTaHHOM
30HBI.

LensMu paboTel O6BUIK oOIlpemeneHHe BIHSHUS
IedOKyCHPOBKH Jlyya BOJIOKOHHOTO ja3epa Ha IJIy-
OMHY ¥ IIHPHUHY 30H JIa3ePHOIO YIIPOYHEHHUS U IIPO-
BeZleHHe II0JTHOro (GaKTOPHOIO 3KCIIepUMeEHTa Ha
JTMHEHHBIX Y4aCTKax.

METOAUKA NMPOBEAEHUA
NCC/IEAOBAHNN

JlazepHOe TepMoynpo4dHeHHe 06pa3roB ctanu 40X
C pasMepaMu 12x20x70 MM BBIIIOJHSAIH C IIOMO-
IIBIO JIA3€PHOI0 KOMIIIEKCA Ha OCHOBE BOJIOKOHHOTO
nasepa JIC10, oCHAIeHHOIO ONTHYeCKOM IOJI0BKOM
FLWDS50L, 3akpeIlleHHOM Ha IOABMXKHOM ¢raHIie
pyku pobora KRI20HA. [luameTp TPaHCIOPTHOTO
BOJIOKHA 200 MKM, QOKYC KOJJIMMUPYIOLIEHN JTHH3BI
160 MM, ¢okycupymomer aUH3B 500 MM. Ob6pa-
OOTKY BBIIIOJHS/IM IIPH MOIIHOCTH H3TyUYeHHUS
naszepa 3000 u 4000 BT, CKOpOCTH IepeMelleHUs
nyda 30 1 40 mMm/ ¢, nedOoKyCHPOBKe Jiyda B IIpefesiax
25-200 mm. Metatorpadpuyeckre HCCIeN0BaHHUSA
IIPOBOAM/IM C HCIIO/Ib30BaHHEM MHUKPOTBEpAOMepa
IIMT-3 npu Harpy3ske 0,98 H, nudpoBor MHKPOCKOI
AMA413ML. MeTa/utorpaduyecKUil MHKPOCKONI AJlb-
tamu MET 1C.

Bo BTOpOH CepHH OIBITOB C IIOMOILBIO MeTOHA
oJHOro GpakTOpHOro 3KcrepuMeHTa (I1PJ) ompene-
JNSUTK BIHSHHeE PesKHMOB 06paboTKM Ha MapaMeTpsl
YIIPOYHEHHBIX HOPOXKEK. B KauecTBe HaKTOPOB 3KC-
nepuMeHTa ObIIM BBIOPAHBI MOLIHOCTh H3Ty4YeHHS
P [Bt], ckopocTe ob6paboTku V [MM/c] u medokycu-
poBKa syda Z [MM]. /1l IIOCTpoeHHUS MaTeMaTH4e-
CKHX MOZe/lerl B KayecTBe OTK/IMKOB CHCTeMBI pac-
CMaTpHUBAJIMCh INy6rHa H 1 muprHa B 30H 1a3epHOU
3aKaJKH. B Tabnulle mpencTaBaeHbl YPOBHHU $aKTO-
POB 3KCIIEPHMEHTA.
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ried out with the aim of increasing the width and
depth of the hardening zone [5]. In the process of
laser hardening, the distance from the focal plane
was changed from 50 to 200 mm, the scanning
step was 50-1500 pm, and the radiation power was
1000-4000 W.The hardening tracks with a width
of 50 and a depth of 0.2-2.0 mm were obtained
with a radiation power of 2000 W. The microhard-
ness of the hardened zones was 6410-7340 MPa
or 56-60 HRC. Increasing the laser power up to
4000 W made it possible to obtain hardened layers
with a depth of 2.5 mm with the same width of the
treated zone.

The objectives of the work were to determine
the influence of the defocusing of a fibre laser
beam on the depth and width of the laser harden-
ing zones, and to conduct a full factorial experi-
ment on linear sections.

STUDY METHODOLOGY

Laser thermal hardening of steel samples 40X with
dimensions 12x20x70 mm was performed using a
laser complex based on a fibre laser LS10, equipped
with an FLWD50L optical head mounted on a mov-
ing arm flange of the KR120HA robot. The diameter
of the transport fibre is 200 pm, the focus of the
collimating lens is 160 mm, the focusing lens is
500 mm. The processing was performed with a
laser radiation power of 3000 and 4000 W, beam
speeds of 30 and 40 mm/s, and beam defocusing
within 25-200 mm. Metallographic studies were
performed using a PMT-3 microhardness meter
with a load of 0.98 N, an AM413ML digital micro-
scope. metallographic microscope Altami MET
1C.

In the second series of experiments, the effect
of the treatment modes on the parameters of
the hardened tracks was determined using the
full factorial experiment method. The radiation
power P, W, processing speed V, mm/s, and
defocusing of the beam Z, mm, were chosen as
the experiment factors. To construct mathemati-
cal models, the depth H and the width B of laser
hardening zones were considered as responses of
the system. Table 1 presents the levels of experi-
ment factors.

At the end of the experiments, thin sections
were made by the standard method and three-
fold measurements of the depth and width of the
hardened zones were made. In the calculation, all
possible interactions of factors were determined.
Since the PFE2?® was performed, the number of
experiments was 8 for each series.
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MpeanpuaTMe NOAHOro UMKAA.

MpepocTaBnAeT BeCb KOMMIEKC yCaYr OT AM3aliHa A0 ONbITHOTO U3AENNA U NOCTAaHOBKM
Ha cepwuio, Ha OCHOBE Nla3epPHbIX TexHoNOrM No: 3D peske, CBapKe, TEPMOYMNPOUYHEHMIO,
nepd)opau,mw MEXaHO0BPabOTKe, M3rOTOBNEHMIO BbICOKOTOUHBIX KPYMHOrabapUTHbIX
KOHCTPYKLMI U3 TUTAHOBbIX CMAaBOB C NPeAoCTaB/NEHNEM 3aKa3UMKY.

YCNYTU:
3D nasepHas pe3ka —(TUTaHOBblE U aIlOMUHUEBbIE CNAaBbl,
KOHCTPYKUMOHHAA U Hep)KaBewan cTanb ToAwmHon Ao 20 @M o
Eon

Pmax 820 mm); F.
3D na3sepHasn cBapKa (rnybuHa cBapHoro wsa - 4o 10 mm. ),

NpPoKaTa,
3D nasepHoe NOBEepPXHOCTHOE TepMOYNpPOYHEHUEe

nasepHas HaniaBKa (B T.4. BoccTaHoBneHUe GOPM U LITaMMOB);
M3roToB/IeHUEe HeCTaHAaPTHbIX MeTaMOKOHcﬂ( qvlﬁ no qeprem \
u obpasuam 3aKasumka (B T.4. no qepTemaM 3apy6eKHbIX dmpM), sy
- BbICOKOTO4HasA rubka, mexaHoobpaboTtKa; '
+  pa3paboTKa KOHCTPYKTOPCKOM U TEXHONOTMYECKOM AOKYMeHTaL,

Usrotasnnsaemasn npoayKuua:

KOpnycCHble AeTanu, usaenua ana npegnpmatui ONK,
MeTaNNypPruyecKux U MallMHOCTPOUTENbHbIX NpeanpuaTtuii, PXA,
CTPOUTENbHbBIX U MOHTAXHbIX OpraHU3aumii;

nspenua AnA aBMauMoOHHOW NpombiluieHHocTH; PocAtoma v IMM;
KpynHora6apuTHble BbICOKOTOUHbIE META//IOKOHCTPYKLUN BECOM
TOHH; U3Je/IMA X03ANCTBEHHO-6bITOBOrO Ha3HauYeHUs, CyBEHUPH
NpoAYKLUUA U MHOTO€e Apyroe. K 4
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[lo OKOHYAHMHK 3KCIEPHUMEHTOB H3rOTaBIMBa-
JUCh KB 10 CTAHAAPTHOM MeTOAHKE H IIPOo-
M3BOJMIMCh TpexXKpaTHble H3MepeHHs TITyOHHEI
Y NIMPHUHBI 3aKAJIEHHBIX 30H. B pacueTe ompepess-
JIMCh BCe BO3MOJKHBIE B3aMMOJEHUCTBUSA (HaKTOPOB.
[TockonbKYy BBIIONHSACA [1P3I 23, KOMHUYECTBO 3KCIIe-
PHMEHTOB COCTABHIIO 8 /Il K&KA0M CePHH.

PE3Y/IbTATbl UCCNEAOBAHUN
N UX ObCYXXAEHUE
ITo pesynbpraTaM MeTaj/uIOTPadUUECKUMX HCCIeL0Ba~
HUN YIPOUYHEHHBIX 30H B II€PBOH CEPHUU 3KCIIepU-
MEeHTOB II0CTPOeHbI I'PadUKH 3aBUCHMOCTH ITyOHHBI
Y IIMPUHBL 30H 3aKa/IKK OT U3MeHEeHMs PACCTOSHHUS
10 GoKanIpHOM IJIOCKOCTH Z IIPH IIOTOHHOM SHepruu
nyda 100 Jx/Mm Ha puc. 1 (a, b). IIpu medokycu-
poBKe Jiyuya MeHee 50 MM HabnomaeTcss KHMHXKaIb-
Hoe IIpOIUIaBJIeHHe MaTepHasia OCHOBBI. [ybuHa
M IIMPHHA 30HBl 3aKaJKU H3MeHseTCd JIMHEHHO
B HHTepBase 100-150 MM, U IIO3TOMY 3TOT y4aCTOK
MOKHO OIMCAaTh YyPaBHEHUSIMH PerpecCHH IIepBOro
nopsigka [6].

Bo BTOpOM CepHUH 3KCIEPHMEHTOB II0Jy4YeHbl
yPaBHEHUs Pperpeccuu IpU OedOoKyCHPOBKe Jiydya
100-150 MM. ['1ybrHa 30H yIIPOUHEHHUS

H=-3,046+0,001553X,+0,0783X,+
+0,02672X;-0,0000328X,X,-0,00068X, X;-
-0,00000972X,X5+0,000000236 X, X, X;, (1)
rae X; - MOIIHOCTb U3aydeHHUs P (BT);
X, - ckopocTh V (MM / C);
X5 - paccTtosiHre 10 POKAIBHON IVIOCKOCTH Z
(Mm);
[IyuprHa 30HBI yITPOYHEHHUS

B=21,663-0,005169X,-0,4794X,-0,0289X; +
+0,0001346X,X,+0,000618 X, X, +
+0,00001736 X; X;- 0,000000242 X, X, X;. )
Ta6nuua. YpoBHUM GaKTOPOB IKCMEPUMEHTA
Table. Experiment factor levels

H, MM/ H, mm

0 1 1 1 1 1 1
25 50 75 100 125 150 175

a) Z, MM/ Z, mm

200

B, MM /B, mm

0 1 1 1 1 1 1
25 50 75 100 125 150 175

b) Z, MM / Z, mm

200

Puc. 1. Tay6uHa (a) u wupuHa (b) 30H nazepHoli 3aKanku
cmanu 40X (kpugas 1: V=30 mm/c, P=3000 Bm; kpugas 2:
V=40 mm/c, P=4000 Bm)

Fig. 1. Depth (a) and width (b) of laser-hardened steel 40X
zones (curvel: V=30 mm/s, P=3000W; curve2:VV=40 mm/s,
P=4000W)

dakTop X; BepxHuin ypoBeHb pakTopaxi  HWXHWIA ypoBeHb dakTopaxy  LleHTp nnaHa x? MHTepBan BapbnpoBaHus A;
Factor x; Factor upper level xi* Factor lower level x;- Plan center x? Variation interval A;

P (BT) 4000 3000 3500 500

P (W)

V(Mm/c) 40 30 35 5

V(mm/s)

Z (Mm) 150 100 125 50

Z (mm)
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BT
V,MM/c/V, mm/c 38 39 40 P, W
a)
B, MM
B, mm
6,0 T
|
5,81
5,6 ¢
5,4 -‘
52
5,0 4000
e /3800
481 3600
4,6 1% 3400
30 31 35 ‘33‘;;# a 3200 p pr
35 36 35 38 39 3000 PW
) V,MMm/c/V, mm/c 4
C

obpabomku: a) uc) Z=100 mm; b) u d) Z=150 mm
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Fig. 2. Dependence of the depth (a, b) and width (c, d) of the laser hardening zones on the beam defocusing, speed and processing
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[To ypaBHEHHSIM perpecCHU IIPOBeleHbl PacyeThl
M COMOCTaBleHbl C pe3yabTaTaMH 3KCIIePHUMEHTa.
PacyeTHble 3HAYeHMs] OTIIMYAIOTCS OT GaKTHYeCKUX
3HAYeHUM ITyOUHBI M IIHPHUHBL 30H 3aKaJIKH He
bonee yem Ha 5%. PerpecCHOHHBIE MOAETH 3aBUCH-
mocrted tiuna H(P, V), B(P,V) BBegeHbl B TaOIHUYHBIH
penakTop MsExcel M mocTpoeHBI CpaBHHUTeIbHBIE
ITOBePXHOCTH JJIs STUX QYHKUMH (PHC. 2).

[IpeBanupyollee BAHUSIHHE Ha TeoMeTpUYecKHe
IapaMeTpbl 30H 3aKaJK{d HMeeT MOLIHOCTb H3Jy-
yeHHs (puc. 2 a u 6). C yBelHMUYeHHEM MOIIHOCTH
PacTyT IMHUPHUHA U I71y6HHa 30HbI 3aKaJIKK. C pocTOM
CKOPOCTH IlepeMellleHMsl INy6HMHa U IIMPHHA 3aKa-
JTeHHBIX 30H yMeHbIIaeTcss npu Z=150 (puc 2 r).
OpHako mpu Z=100 MM OpU MEHBIIMX 3HAUYeHHAX
CKOPOCTH IIHMPHUHA IajgaeT (puc 2 B), YTO CBSI3aHO

STUDY RESULTS AND DISCUSSION
According to the results of metallographic studies of
the hardened zones in the first series of experiments,
graphs of the depth and width of the hardening
zones are plotted against the change in distance to
the focal plane Z with the heat input of the beam 100
J/mm in Fig. 1 (a, b). When the defocusing of the
beam is less than 50 mm, a dagger penetration of the
base material is observed. The depth and width of the
hardening zone varies linearly in the range of 100-150
mm, and therefore this section can be described by
first-order regression equations [6].

In the second series of experiments, regression
equations were obtained with a beam defocusing
between 100 and 150 mm.

Hardening zone depth:
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C pacxofoM 3HEpruu Ha IUIaBleHHe 60/blIero obb-
eMa IOBepPXHOCTH MaTepusa obpasua. C yBennde-
HUeM epOKYCHPOBKH (IHaMeTpa) 1y4a IybrHa 30H
3aKaJIKH YMEeHBIIAeTCs, a IHPHUHA Bo3pacTaerT.

Ha puc. 3 mokasaH MHUKPOIIIKUQ 30HBEI yIIPOY-
HeHHMd CTanu 40X, IONy4eHHBIH HpU AedOKyCH-
poBke nay4da Z=100 MM, CKOpPOCTH IIepemelie-
HUA Jydya V=40 MM/C U MOLIHOCTH H3/1y4eHHUs
P=4000 Br.30Ha 3aKa/IKM COCTOMUT: M3 30HBI OIlJIAB-
JeHus IIUPHUHOHN 3476 MKM M TnybuHOHM 140 MKM
Y PACIOJIOKeHHOM HIMJKe 30HOM 3aKaJKH M3 TBep-
JOT0 COCTOSIHUSI IIMPHUHOM 6089 MKM M I1ybHHOM
842 MKM.

MHUKpPOTBEPIOCTh 30H JIa3epHOM 3aKaJKU H3Me-
HsIack B mpepdenax 7180-8300 MIla. Ha puc. 4
a u 6 mpexncraBieHbl IPadUKU MHKPOTBEPIOCTHU
obpasmoB, 06paboTaHHBIX IpU [ePOKYCHPOBKE
Z=100 mm, P=3000 BT, V=30 mm/c u P=4000 Br,
V=40 MM/c cooTBeTcTBeHHO. Ob6paboTka HpHU paB-
HOM IIOTOHHOM 3Hepruu usnydeHus 100 [X/MMm
naeT 61M3KHe 110 MHKPOTBEPAOCTH M reoMeTpHue-
CKHM IapaMeTpaM 30HBI JIa3epPHOM 3aKAJIKH.

MeToAMKa oIpefeseHUs IapaMeTpOB YIIPOYHEeH-
HBIX 30H [6] MO’XeT OBITb MCIIOJIb30BaHA IS BCeEX
TUIIOB JIa3epOB: Ta30BbIX, MHOTOJY4YeBbIX. IHOZ-
HBIX, JHUCKOBBIX M BOJIOKOHHBIX. [l ee peaJiM3aluu
OOCTAaTOUHO 06paboTaTh Bcero 7 06pasLioB IIpH HaLU-
YUK MeTa/Torpaduueckoro o6opymsoBaHUs U Iepco-
HaJIPHOTO KOMIIbIOTepa. Pe3yIbTaThl 3KCIIEPUMEHTOB
U PacyeToB JAIOT BO3MOKHOCTb OIlpefeleHHs Mapa-
METPOB 30H 3aKajK{ IIPaKTH4YeCKH BO BCeM HCCIIe-
NOBAaHHOM JHamasoHe. IIpyuyeM IpaduKH I1OBepx-
HOCTH HAaIJIAJAHO IIOKa3blBAIOT 3aKOHOMEPHOCTH
HM3MeHeHHUs ITyOUHBl U MHUPUHBI 30H YIPOUHEHHUS
OT PeKHUMOB 00pabOTKHM, YTO 3HAYHUTENIBHO COKPa-
IIaeT BpeMsl Ha ITOATOTOBKY TeXHOJIOTMYECKHUX IIPO-
LIeCCOB JIa3epHOM 3aKa/IKK IPOMBIIIEHHBIX JeTajleH.
Omepanys /1a3epHOro yIpoYHeHMs IIpeJHa3sHayeHa
IJ1sl 3aMeHBl TeXHOJOTHUM a30THPOBaHMS C I1ybu-

H=-3.046+0.001553X,+0.0783X, +
+0.02672X;-0.0000328 X,X,-0.00068 X, X; -
~0.00000972X,X;+0.000000236 X, X,X;, (1)

where X; is the radiation power P (W);
X, is the speed V (mm/s);
X, is the distance to the focal plane Z
(mm);
Hardening zone width:

B=21.663-0.005169X,-0.4794X,-0.0289X, +
+0.0001346 X, X,+0.000618 X, X; +
+0.00001736 X,X;-0.000000242X, X, X;.  (2)

According to the regression equations, calcula-
tions are performed and compared with the results
of the experiment. The calculated values differ
from the actual values of the depth and width of
the hardening zones by no more than 5%. Regres-
sion models of dependencies of type H(P, V), B(P, V)
are introduced into the MsExcel spreadsheet editor
and comparative surfaces for these functions are
built (Fig. 2).

The radiation power has a predominant influ-
ence on the geometric parameters of the hard-
ening zones (Fig. 2 a and b). With increasing
power, the width and depth of the hardening zone
increase. With an increase in the velocity of dis-
placement, the depth and width of the quenched
zones decrease at Z=150 (Fig. 2 d). However, at
Z=100 mm, with smaller values of the velocity,
the width drops (Fig. 2c), which is associated
with the energy consumption for melting a larger
volume of the sample material surface. With
increasing defocusing (diameter) of the beam,
the depth of hardening zones decreases, and the
width increases.

Fig. 3 shows the microsection of the 40X steel
hardening zone obtained by defocusing the beam

Z=100 mm, the beam mov-

L=6089 MKM / pm

Puc. 3. Mukpouwug 30Hbl ra3epHol 3akaaku cmanu 40X
Fig. 3. Micro-section of laser-hardened steel 40X zones

ing speed V=40 mm/s and the
radiation power P=4000 W.The
hardening zone consists of: a
flashing zone with a width of
3476 pm and a depth of 140 pm
and a lower hardening zone
from a solid state with a width
of 6089 pm and a depth of
842 pm.

The microhardness of the
laser hardening zones varied
within 7180-8300 MPa. Fig. 4
a and b show the microhard-
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Fig. 4. Microhardness of the hardened zones: a) Z=100 mm, V=30 mm/s, P=3000 W, b) Z=100 mm, V=40 mm/s, P=4000 W

Hoi 0,3-0,4 MM M LleMeHTAalHH C [JyOHHOM CJI0s
1,0-1,1 mM. [IpuMeHeHHe Ja3epHBIX TEeXHOJOTHH
II03BOJISIeT IIOBBICHUTH MIPOM3BOOUTENIBHOCTh TPYIa,
3KOJIOTHYECKYI0 YMCTOTY IPOM3BOACTBA. COBpeMeH-
HbIe JIa3epHble KOMIIIEKCH OCHAIlleHbl CHCTeMaMH
[IPpOTPaMMHOTO yIIpPaB/JIeHHUs U JIerKO IIepecTpauBa-

ness graphs of samples processed at defocus-
ing Z=100 mm, P=3000 W, V=30 mm/s and
P=4000 W, V=40 mm/s, respectively. Treatment
with an equal radon energy of 100 J/ mm gives laser
hardening zones with similar microhardness and
geometric parameters.
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I0TCSL Ha pas3iHuHBle 0 rabapurtam M KoHQUrypa-
MU JeTaIu U U3IeIus.

BbIBO/bl

1. TlonmydeHBl THMHEHHBIe YpaBHeHHS perpeccHu
npu gepokycuposke jiy4da 100-150 MM, I103BO-
JSIIOIIME PaCCYMTATh IyOUHY U IIHUPUHY 30H
3aKa/IKU C IIOTPeIIHOCThIO He bosee 5%.

2. TloCcTpoeHBl IOBEPXHOCTH, HAIJIAAHO JEMOH-
CTpUpYIOLIHE 3aKOHOMEPHOCTU M3MEHeHUS
XapaKTePHUCTHK 3aKaJe€HHBIX 30H OT I1apame-
TPOB PEKUMOB 06paboTKH.
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The method of determining the parameters
of hardened zones [6] can be used for all types of
lasers: gas, multi-beam, diode, disk and fibre.
To implement it, it is enough to process only 7
samples, the presence of metallographic equip-
ment and a personal computer. The results of
experiments and calculations make it possible to
determine the parameters of the hardening zones
in almost the entire investigated range. Moreover,
the surface graphics vividly show the patterns of
change in the depth and width of the hardening
zones from the processing modes, which signifi-
cantly reduces the time to prepare the techno-
logical processes of laser hardening of industrial
parts. The laser hardening operation is intended
to replace nitriding technologies with a depth of
0.3-0.4 mm and cementation with a layer depth
of 1.0-1.1 mm. The use of laser technology allows
you to increase productivity, environmental clean-
liness of production. Modern laser systems are
equipped with software control systems and are
easily rebuilt for parts and products of various
sizes and configurations.

CONCLUSIONS:

1. Obtained linear regression equations for
defocusing a beam of 100-150 mm, allowing
to calculate the depth and width of harden-
ing zones with an error of no more than 5%.

2. Constructed surfaces showing the pattern
of changes in the parameters of hardened
zones from processing modes.

ITOJIEMA npeacTaBH/Ia MaTePHAIbI AJiA 3D-mevyaTH H34e/THH,

HCII0/Ib3yeMBbIX B HedTera3zoBoH OTpaciIH

®oHp Paseutus
npOMbILIJ.ﬂEHHDCTVI

» dp

B xoze meponpustus «Digital StandUp Tpek «Agaun-
TUBHbIE TexHomorM» (opranusatop MAO «Tasnpom
HedTb, . CaHkT-TeTep6ypr) «MONEMA» npencTa-
BUNA TPAANLIMOHHBIE MaTepuanbl 41s HedTerasosoi
0Tpac, a Takoke HOBellLMe pa3paboTku — cyne-
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PUHBAPHbIE W BbICOKO3HTPONMIAHbIE CMNIaBLI, MOPO-
wok Mmapkv CompoNiAl-M5-3 1 oTeyeCTBeHHbIN
MOpOLLKOBLI MaTepuan Super Duplex 25Cr, 1me-
fOLLMA MOBLILIEHHYIO YCTONYMBOCTL K KOpPO3M
B YC/IOBMSX MOHWXEHHbIX Temnepatyp (Heobxoam-

-
-

e

Mbli CMNIaB B MPOW3BOACTBE AeTaneil Ang paspa-
60TKY LLENbHOBLIX MECTOPOXKEHMI).

Haua/bHuK  McolenoBaTenbckoi — naboparopun
AO «TONEMA» Muxamn TlaHuH nogpobHO pacckasan
0 pe3yrbTaTax UCMbiTaHUi 3D-V3HeNuiA, HaneyaraHHbIX
113 MET/IMYECKOrO MOpOLLIKA Mpou3BOACTBA «[TOJTEMAY,
1 0 BAVX@NALLMX MNAHAX MPEaNpUSTAA Mo paspaboTke
VIMMOPTO3aMELLIAOLLIX NPOZAYKTOB. PyKoBOAMTENDL LieH-
TPpa LMPPOBLIX TEXHONOMMA [peKumu no LGpoBOM
TpaHchopmaLyn «fasnpom Hedtb» Muxaun Kopornbkos
MOATBEPAWA, YTO, HECMOTPA Ha TO, 4TO 3D-Mevarb He
TaK LUMPOKO MCTIONb3YETCs), Kak poBOTOTEXHMKA, 3aMpoC
HA 3HaHWe TEXHOMOTWM, CLiEHapWN ee MpvMeHeHus
B repuMeTpe «[asmpoM HedTu» OuyeHb BbICOK.
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