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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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Puc. 2. 3agucumocmb 2ay6uHbi (a, b) u wupuHsl (¢, d) 30H AazepHoli 3akanku om depoKycuposKU Ayud, CKOPOCMU U MOLUHOCMU

Fig. 2. Dependence of the depth (a, b) and width (c, d) of the laser hardening zones on the beam defocusing, speed and processing

/73200 p

5 36 L -
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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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Puc. 4. Mukpomasepdocmb ynpovHeHHbIX 30H: a) Z=100 mm, /=30 mm/ c, P=3000 Bm, b) Z=100 mm, V=40 mm/c, P=4000 B
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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