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B cTaTbe npeAcTaB/ieH MO6UJIbHbIN
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TepMOynpoYHeHUs N HaNJ1aBKU LUIMPOKOro
nepeYHs usgennun, CHabXXeHHbIA AUOAHbIM
nasepom. Po60T co3pgaH KomnaHuen
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O6CyXpatoTCs BO3MOXHOCTU MO6UIbHOIO
po60TU3NPOBAHHOIO /1a3€PHOr0 MHCTPYMEHTA
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DKHeHIIasl 3a/Java, CTOsINasi Iiepel, COBPeMeH-
HBIMH XO3SIMICTBYIOIIMMU CyOBEKTaMH, — IIOBBI-
IIeHHe IPOM3BOAUTEIBHOCTH TPyAa Ha IIPOM3-
BOJZICTBe ITyTeM ero LHHGPOBM3ALKUU U aBTOMAaTH3alUHU
IIPOM3BOACTBEHHBIX IIPOLIECCOB, B TOM YHCJIE C IIOMO-
IIPI0 IIMPOKOTO BHEAPEeHHS POOOTOTEXHUYECKUX
cucteM. Jlazep B oOIepalHsiX TepMOYIIPOYHEHHUS
Y HaIlIaBKH 3apeKOMEHZOBANI cebsl OTIMYHBIM HHCTPY-
MeHTOM. ONHAKO MOHABIsIONiee HOIBUTHHCTBO OIepa-
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The article presents a mobile laser robot
MEL-3.0 for laser thermohardening and build-up
of a wide range of products, equipped with

a diode laser. The robot was developed by
TermolLazer LLC. The examples of stamping

die thermohardening and their restoration at
some enterprises are given. The capabilities of

a mobile robotic laser tool and some issues of its
application in relation to the large-sized items,
including directly at the operating site, are
discussed.
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business entities is increasing labor productivity

through digitalization and automation of
production processes, including by the widespread
introduction of robotic systems. The laser has proven
itself to be an excellent tool in the thermohardening
and building-up operations. However, the vast
majority of operations during the production,
dismantling or repair and restoration works in relation
to the large-sized items are performed manually using
the small-scale mechanical appliances.

Automation of the laser process operations and
development of mobile laser robots that combine
the mobile robots with the robotized multi-stage
manipulators providing the laser radiation energy to
the processed item and implementing the software-
specified motion patterns of the laser spot along its

The most important issue facing the modern
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LIUI IIPU K3TOTOBJIIEHUH, JeMOHTaKe UK PeMOHTHO-
BOCCTAaHOBUTEbHBIX PaboTax KpyMHOTrabapHUTHBIX
00BEKTOB OCYILECTB/ISIETCS. BPyUHYIO C IIPUMeHeHHeM
CPeZiCTB MaJIOM MeXaHH3aLllH.

ABTOMaTH3aIIs JIa3epHBIX TEXHOTOTHYECKUX OIlepa-
LIUI U CO3AHMe MOOMIBHBIX J1a3ep-pob0ToB, B KOTOPBIX
OCYIIeCTB/IsIeTCs oObefUHeHHe MOOMIBHBIX POOOTOB
C pobOTH3UPOBAHHBIMU MHOIOCTEIIEHHBIMU MaHH-
Iy/IITOPaMH, [JOCTaB/ISIIOUIMMU SHEPrUIo JIa3epHOro
M3Ty4eHHs: K 00beKTy 00paboTKM M peajH3yHOIIHMU
IIPOrPpaMMHO 33JlaHHBle TPAeKTOPHU IlepeMelleHHs
JIa3epHOro IISITHA II0 ero IIOBEPXHOCTH, CTA/IM HOBBIM
3TaIloM Pa3BUTHS JTa3epPHBIX HHCTPYMEHTOB. braromaps
Pa3sHOOOPa3sHBIM CIIOCOOHOCTSIM MaHHUIIYJIHPOBAHUS
[IOJIO’KeHHeM J1a3epHOro IsiTHa, MOOH/IBHBIE Ja3ep-
PO6OTBI OTKPHIBAIOT YPE3BBIUYAMHO LIMPOKHE TEeXHOJIO-
THYecKre BO3MOKHOCTH

* BO3MOSKHOCTH JIa3epPHOM 00paboTKU OOBEKTOB CO
C/IOSKHOM KPHUBOJIMHEHMHOM GOPMOK [10BEPXHOCTH
Y MaJIBIMU PafIlyCaMU ee KPHUBHU3HBI;

+ rubpunHas obpaboTka 06BEKTOB CMEeHHBIMH pabo-
YKMMH UHCTPyMeHTaMU;

* BO3MOXKHOCTb JIa3epHOM 06paboTKM KpyITHOra-
6apUTHBIX OOBEKTOB C PasMepPaMH, IIPEBBILIAIO-
IIMMHK pa3sMepbl pabouerl 30HBI MaHHITYISITOPA
B €ro CTalIMOHAPHOM I10JIOKEHUH

* BO3MOXKHOCTH JIa3epHOM 06paboTKu 06BeKTOB
B MHOTOMECTHBIX ITPHCIIOCOO/IEHHUSIX WM pa3Me-
IIeHHBIX Ha HEeCKOJIBKMX IO3HLHMSX B Ipefienax
OJTHOTO ITPOM3BOAICTBEHHOTO [TOMeIIeHHS;

* BO3MOSKHOCTb BBIIIOJIHEHHS JIa3epHBIX OIEepaIlHil
B Pa3/IHUYHBIX CTPYKTYpPHBIX IIOJpa3e/eHUsIX
IIpeIPUATUS C IepeMellleHHeM MeXKIy I1oApas-
TelleHUSIMH 32 C4eT MOOM/IBHOCTH J1a3ep-poboTa;

* BO3MOKHOCTb BBIIIOJIHEHHSI BHEIIHHX 3aKa30B Ha
na3epHy0 06paboTKy Ha IPENIIPUSTHSIX Pa3THY-
HBIX PETMOHOB POCCHU C Ma/JbIMH 3aTpaTaMH 3a
C4yeT IIPOCTOTHl TPAHCIIOPTUPOBKHU JIa3ep-poboTa,
00yC/IOB/IEHHOM BBICOKOM CTeIleHbI0 aBTOHOMHO-
CTH €T0 CHCTEM.

Komianus «TepmoJlasep», ABAAIOLIASACA OSHUM H3
IIepefoBbIX Pa3pabOTUMKOB U IIPOM3BOLUTENIEN Ja3ep-
HBIX TeXHOJIOTHYEeCKHUX CHCTeM B Poccuu, co3fana
M YCIIeNIHO SKCIUIYaTHpPyeT MOOMJIBHBIN JIa3ep-poboT
MD3JI-3.0, obmagaroIui yKa3aHHBIMHU BBIIlIe TEXHOJIO-
TMYeCKHIMH BO3MOXKHOCTAMHU. Jlasep - pobor M3JI-3.0
IIpefiHa3HayeH, IJIaBHBIM 00pa3oMm, /sl J1a3epHOro
TePMOYIIPOYHEHMS] ¥ HAIUIAaBKK PA3THYHBIX HU3JETHE.
OH OCHaIlleH CIeLHaJbHON IIOABKIKHOH yIIPAB/IseMOM
TeJIeKKOH C BO3MOXKHOCTBIO aBTOMATHYeCKOI0 TOPHU30H-
THUPOBAHMUSI, Ha KOTOPOK Pa3MeIlaeTcsi TeXHOJIOTHde-
CKUM MaHHUIIYJISITOp, UMEIOMUN 6 cTelleHeH I10JBIK-
HOCTH C HCIOJHUTENIbHON KHHEMAaTHYeCcKOH LIeIbIo

surface, have become a new stage in the development
of laser tools. Due to their various capabilities to
manipulate the laser spot position, the mobile
laser robots offer extremely wide technological
opportunities:

« possible laser treatment of items with
a comprehensive curved surface shape and small
radii of curvature;

« hybrid treatment of items with the replaceable
operating tools;

« possible laser treatment of large items with
the dimensions exceeding the operating area
dimensions of the manipulator in its stationary
position;

« possible laser treatment of items in the
multipiece arrangements or items placed in
several positions within one production floor;

« ability to perform laser operations in various
structural subdivisions of the enterprise with
transfer between the subdivisions due to the
laser robot mobility;

« ability to fulfill external orders for laser
treatment at the enterprises in various regions of
Russia at low costs due to the ease of laser robot
transportation due to the high degree of system
autonomy.

TermoLaser that is one of the leading developers
and manufacturers of laser process systems in Russia,
has developed and successfully operated a mobile
laser robot MEL-3.0 having the above technological
capabilities. The laser robot MEL-3.0 is intended
mainly for laser thermohardening and building-up
of various products. It is equipped with a special
movable controlled trolley with the automatic
levelling ability on which a process manipulator is
placed that has 6 mobility degrees with an actuator
kinematic scheme with the length of 2.6 meters.
The main operating tool of the laser robot is a small-
sized, highly efficient diode laser with a rated output
power of 3.0 kW. The main technical specifications
of the laser robot MEL-3.0 and the diode laser robot
used are given in [1]. The operational sequence when
processing a large-scale item by the developed mobile
laser robot is shown in the form of an algorithm in
Fig. 1[2].

More than half of the steel blanks and blanks
made of non-ferrous metals and alloys in the modern
machinery production are manufactured using
the pressure treatment procedures, such as rolling,
pressing, drawing, stamping and forging. Forging,
hot forging and bulk forming are used to produce the
blanks and parts with the weight from ten grams (for
example, the parts of sewing machines) to hundreds
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OJIMHON 2,6 MeTpa. OCHOBHBIM pabourM HHCTpyMeH-
TOM J1a3ep-poboTa SIB/ISIeTCSI MaIOrabapUTHBIM BBICO-
K03bPeKTUBHBIN [OUOAHBIN JIa3ep C HOMHHAJIBHOM
BBIXOJHOM MOIIIHOCTBIO U31y4eHHd 3,0 KBT. OCHOBHBIE
TeXHUYECKHEe XapaKTePUCTHKU j1a3ep - pobota MIJI-3.0
M MCIIONB3yeMOro MHOAHOIO jasepa poboTa IIpHBe-
IeHsl B pabore [1]. ITocenoBaTeIbHOCTD IEHCTBUH IIPU
obpaboTke KpyrHOrabapUTHOro 06BEKTA CO3MAHHBIM
MOOMJIBHBIM J1a3ep-poboTOM IIpHBeleHa B BHIE aJro-
pUTMa Ha puc. 1[2].

Bosiee M0JIOBUHBI CTAa/IBHBIX 3aIOTOBOK M 3arOTOBOK
M3 LIBETHBIX METAJUIOB U CIUIABOB COBPEMEHHOI'0 MalllH-
HOCTPOUTE/IBHOIO ITPOM3BOACTBA H3TOTABINBAETCS
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of tons (for example, forgings of turbine rotors), with
the dimensions ranging from a few millimeters to tens
of meters using various metals and alloys available in
the industry.

The analysis of the issue related to the increased
reliability and durability of the die operating parts
shows that at present it is not possible to increase the
service life of products only by using the expensive
high-alloy materials for their production, since in
most cases it is not economically viable. Therefore, it
is extremely relevant and important to increase the
durability of die tools made of carbon and efficiently
alloyed steels due to thermohardening and alloying of

C HCIIO/IB30BaHHEM O6pa6OTKI/I OaB-
JIeHHeM: IIPpOKAaTKH, IIpecCoBaHUS,

BOJIOYEHUSI, IITAMIIOBKU U KOBKH.
KoBKoH, Tropsiuell U O0OBEMHOMU
IITAMIIOBKOM HM3TOTABIHBAIOT 3aro-
TOBKH U JeTaJIK MacCOU OT JeCSTH
rpaMMoB  (HampuMep HAeTalH
IIBEMHBIX MAIIMH) O COTeH TOHH
(HampyMep IIOKOBKH POTOPOB TYp-
6vH), pasMepaMH OT eIUHUIL] MU
JTUMETPOB [I0 [IECSTKOB METPOB M3
MHOTHUX HMEIOIIUXCS B ITPOMBIII-
JIEHHOCTH METAJI/IOB U CIIIABOB.
AHaTH3 IPO6IeMBI ITOBBIIIEHHUS
HaZIeSKHOCTH U JI0JITOBEUHOCTH
paboumrx dYacTer IUTAMIIOB ITOKa-
3bIBaeT, UTO B HACTOSIIIEe BpEMS
He IIPEeICTaB/IsIeTCs] BO3MOKHBIM
PEIINTD BOIIPOC YBEJIMYEHHS CPOKa
CTY>KOBl H3[ETUH TOJNBKO IIyTeM
IIPUMEHEHHUS] U1 HX H3TOTOBIIE-
HUSI JOPOTOCTOSIIIIUX BBICOKOJIETH-
POBAaHHBIX MAaTE€PHAJIOB, ITOCKOIBKY
B GOJIBLIMHCTBE C/Iy4YaeB 3TO 3KO-
HOMHUYECKH He OIPaBAbIBAETCS.
[103TOMY Ype3BBIYAHHO aKTyaJIb-
HBIM M B&KHBIM SIBJISIETCSI ITOBBIIIIE-
HUe JOJNITOBEYHOCTU IITAMIIOBOTO
MHCTPYMeHTa U3 YIJIEPOLUCTHIX
Y1 5KOHOMHO JIETHPOBAHHBIX CTaJIEH
3a CYeT TepMOYIIPOYHEHMUSI U JIETH-
poBaHUs PabovyMX YacTer LITaM-
IIOBOM OCHACTKU. [Ipu 3TOM pe3Ko
YMEHBIIAeTCH Pacxof AebUIIMTHBIX
U IOPOrMX MaTepHaoB, a 3ddexT
IIOBBILIEHUSI paboTocriocobHOCTH
OKa3bIBAeTCSl 3HAUMTETbHBIM, TaK
Kak B TOHKHUX IIOBEPXHOCTHBIX
CJI0SIX LITAMIIOBBIX CTaJIeHl MOXKHO
rony4ats 6Gosee BBICOKKE GH3HUe-
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Puc. 1. Anzopumm 0b6pabomku KpynHozabapumHbix 06eKmos na3ep-pobomom
Fig. 1. Algorithm for the large-scale item processing by a laser robot
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CKHe M MexaHH4YecKHe CBOMCTBA, YeM B MOHOTHUTHBIX
H3Je/IHSX.

Hapsizy ¢ IIMpPOKO MNpHMeHsIeMBIMH CIIOocobaMH
[IOBEPXHOCTHOTO YIIPOYHEHHUS [eTajlel IITaMIIOB
(HamaBKa, HaIlbUIeHHWe, Pa3lId4Hble BHbl XHMHKO-
TepMHUUECKOK 06paboTKM, 3aKajKka TOKAMH BBICOKOH
YacTOThl U [JPYTHMH) BecbMa IIepCIIeKTHBHOM SIBJIS-
eTcsl J1a3epHOe TepMOoyIpodHeHHe. OOBSCHSIETCS 3TO
CelylOIIMMH [PUYHHAMH. Bo-TlepBBIX, JIa3epHBIN
criocob YIIpoYHEeHHS SIB/ISIETCS! JIOKAIBHBIM, YTO IAeT
BO3MOKHOCTb 00pabaThIBaTh TOJIBKO IIOBPEXKAAeMble
B ITpOLiecce 3KCIUTYaTallMK YYacTKU paboumx IIOBEpPXHO-
CTel, yMeHbIlIas AepopMalitIo U KopobleHHe JeTajiei
IITamMIa KU obecrieyrBasi SKOHOMHUIO 371eKTPOSHEPrUH
I10 CPAaBHEHHMIO C YaCTO MCIIOJIB3YIOIIMMHUCS a30THPOBa-
HHEM M HUTpOLleMeHTallheHt. Bo-BTOpEIX, B OTIHUHE
OT aJIbTepPHATHBHBLIX BUMIOB I10BEPXHOCTHOIO YIIPOYHe-
HUSl (MOHHO-IUIa3MeHHOe HaIlbl/IeHHe, 3/1eKTPOHHO-
nydyeBas 06paboTka M [p.) JlasepHasi 3aKaJka He Tpe-
OyeT TPyZ0eMKOIr0 BaKyyMHPOBaHHUsI. OTPOMHBIE ILIIOC
7a3epHOM 3aKaJIKH ~ IIPOCTOTA TEXHOJIOTHHU yIIPOYeHHs
M BBICOKHE 3KCIUIyaTallMOHHBIe CBOMCTBA 3aKaJIEHHOIO
[IOBEPXHOCTHOIO C/IOSL.

OCHOBHBIMHM IapaMeTpaMH, BAHUSIOMHUMH Ha
3KCIUIYaTallMOHHble  XapaKTePUCTHUKH  JIa3epHO-
YIIPOYHEHHBIX IITAMIIOBBIX CTajled, TakKux Kak 5XHM,
4XM®C, 5X2CP, 4XCHMOIIP, 5X2HMOC SB/ISIOTCS MOII-
HOCTb JIa3epHOI0 U3/Iy4eHHUs B IISTHe, JHAaMeTP Jia3ep-
HOI'O IISITHA, CKOPOCTh IepeMelleHHs JIa3ePHOro Jiyda
110 o6pabaTeIBaeMO IIOBEPXHOCTH, B3aHMHO€ PacIIono-
JKeHHe U CXeMa HaHeCeHHU JIa3epPHBIX JOPOXKeK.

B pabore [3] oTMeuaroTCsi OCHOBHbIe OCOOEHHOCTU
JIa3epPHOI0 TEePMOYIIPOYHEHHMS IITAMIIOBBIX M HHCTpY-
MEHTaJIbHBIX CTJIeH /1Sl Fopsuert 06paboTKY MeTaslIoB
JaBIeHHeM:

* I yBeJIHM4YeHMS CTOMKOCTH IITAaMIIOBOIO MHCTPY-

MeHTa IIyTeM IIOBBIIIEHHUS €ro pPa3rapocTOHKO-
CTH TepMHUeCKyI0 06paboTKy c/leflyeT BBIIIOTHSTD
B 3 3Tana: obbeMHast 3aKajIka ~ OTIIYCK — Jla3epHast
3aKaJika,

* JIa3epHYIO 3aKaJIKy C/IeflyeT BBIIOJHATEH C OIJIAB-
JIleHHeM, IPH KOTOPOM [0/l OCTATOYHOIO aycTe-
HHTa B [IOBEPXHOCTHOM CJIO€ COCTaBIIsIeT He bostee
10-11%;

» Haubornee >PPeKTHUBHBIM IIyTeM YBeJIHYeHUs
CpoKa CIy>kObl MHCTPYMeHTa JJIsl TOpsiYer INTaM-
IIOBKH SIBJISIETCS CO3JaHMe Kak MOXKHO 6oJee ofHO-
POIHOM MeJIKO3ePHHCTON CTPYKTYPbI II0BEPXHOCT-
HOIO CJI0sl IyTeM HeIIpephlBHOIO BO3JEeLCTBUS
JIa3epHBIM JIYy4OM MOIIHOCTBIO O0 2,5 KBT Iipu
IIOTHOCTH MOILIHOCTH A0 q=3-5 KBT/ cM2;

* Ha IVIaJIKOM IOBEPXHOCTH JIa3€pHBEIM IISITHOM CJIe-
[yeT HAaHOCHUTD KOJIbLIEBbIEe JOPOKKH YIIPOUHEHHUS

the operating parts of the die equipment. Moreover,
the consumption of scarce and expensive materials is
sharply reduced, and the effect of increased efficiency
turns out to be significant, since it is possible to
obtain higher physical and mechanical properties
in the thin surface layers of die steels than in the
monolithic products.

Along with the widely applied methods for surface
hardening of the die parts (building-up, spraying,
various types of chemical and thermal treatment,
hardening with the high-frequency currents, etc.), the
laser thermohardening is a rather promising option.
This is explained by the following reasons. Firstly, the
laser hardening method is local that makes it possible
to process only areas of the operating surfaces that
are damaged during the exploitation, while reducing
deformation and warping of the die parts and
providing energy savings compared to the commonly
used nitriding and nitrocarburizing. Secondly, in
contrast to the alternative types of surface hardening
(ion-plasma sputtering, electron beam treatment,
etc.), the laser hardening process does not require any
labor-intensive vacuuming. A huge advantage of laser
hardening is the hardening technology simplicity and
high performance properties of the hardened surface
layer.

The main parameters influencing the performance
of laser-hardened die steels, such as SHNM, 4HMFES,
SH2SF, 4HSNMFTsR, 5H2NMFS include the power of
laser radiation in the spot, the laser spot diameter,
the displacement velocity of the laser beam along
the surface being processed, the relative position and
pattern of laser run application.

The paper [3] indicates the main features of laser
thermohardening of die and chisel steels for hot metal
forming:

« to increase durability of the die tools by
increasing its thermal fatigue resistance, the
heat treatment shall be performed in 3 stages:
bulk hardening - tempering - laser hardening;

« the laser hardening process shall be performed
with flashing-off, during which the proportion
of retained austenite in the surface layer is no
more than 10-11%;

 the most efficient way to increase the service life
of a hot die tool is to develop as uniform fine-
grained texture of the surface layer as possible
by continuous exposure to the laser beam with
a power of up to 2.5 kW at a power density of up
to q=3-5 kW/cm?;

« on a smooth surface, the laser spot shall be used
to make the ring-shaped hardening tracks in the
concentric circumferential direction with a step
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10 KOHLIEHTPUYECKUM OKPY3K-
HOCTSIM C IIAroM, He IIpeBhbI-
IIAONIUM AHaMeTp 71a3epHOro
IATHa Ha obpabaThiBaeMOI
IIOBEPXHOCTH.

s HUHCTPYMEHTOB IITaMIIOB
XOJIOIHOTO AepOPMHUPOBAHUS IIpef-
naraetcst [3] TeXHOJIOTHSI JIa3epPHOTO
YIPOYHEHMS], KOTOpasi COCTOHT
VX IpeJBapUTeNbHON (TpafHILIU-
OHHOM) TepMHYecKor 06paboTkH,
BKJIIOUAIONIe 06BeMHYIO 3aKaJIKy
M IIOC/Iefy0IUH HHU3KOTeMIlepa-
TYPHBIH OTITyCK, JTa3€PHOM 3aKaJIKU
M OKOHYAaTeJbHOIO OTIyCKa HJIU
OTKMTA [I/ISl CHSTHSI OCTATOUHBIX

Puc. 2. /lazepHas 3axanka mampuupl WMAamnd XxoA00HOU WMAamnoeku U3 Yy2yHa
Ha npednpusimuu AO «ABTOBA3»: a) Mampuya Wwmamna Xon00HoU Wmamnosku;
b) npouecc Hanadxu nasep-poboma MIJ1-3.0 Ha 8bINOAHEHUE Onepauuu 3aKaaku
Fig. 2. Laser hardening of a cold-forming cast-iron die at AVTOVAZ JSC: a) cold-
forming die; b) setting-up process for the MEL-3.0 laser robot to perform the
hardening operation

HAIPSKeHWH W yMeHbIIeHHs 0CTa-
TOYHOIO ayCTeHHUTa. JI1 OKOHYa-
TeJIbHOI'0 OTIIyCKa MOKHO IIpHMe-
HUTb [IOBTOPHBIN JIa3epHBIN Harpe 0 6onee HU3KOM
TeMIIepaTyphI.

Kommanus «TepmoJladep» HMeeT 3HAauMTEIbHBIN
OITBIT JIa3epHOM 3aKJIKK pabodert IT0BePXHOCTH MaTpPHIL
IITAMIIOB XOJIOGHOM IITAMIIOBKU JeTajlel C HCIIONb30-
BaHHeM j1a3ep-pobora MIJI-3.0 c AUOTHBIM JIA3€POM.

Ha npou3sBoncTBeHHOM Iulomagke AO «ABTOBA3»
YCIIEIIHO BBIIIOTHEHB PaboThl I10 J1a3epHOM 3aKajIKe
MaTpHLBI MITaMIla XOJOJHOM IUTaMIIOBKM M3 YyIyHa
C mapoBUIHBIM IpapurtoM FGS600-3 meTasu aBTOMO-
6unpHOro Kys3oma. Ha puc. 2 a, b mpencraeneH Bun
MaTpHLbI MITAaMIIA M IIPOLIECC HATAAKU J1a3ep-poboTa
M?3JI-3.0 Ha BBHIIIOIHEHIE OII€PALIHH ee 3aKaJIKH,

B pesynpTaTe 3aKaJIKU I10JIy4YeHa TBEPAOCTh IIOBEPX-
HoCTH MaTpuubl 55-60 HRC mpu UCXOIHOU TBepHo-

not exceeding the laser spot diameter on the
surface being treated.

For the tools of cold deformation dies, the laser
hardening technology is proposed [3] that consists of
preliminary (conventional) heat treatment, including
the bulk hardening and subsequent low-temperature
tempering, laser hardening and final tempering or
annealing to remove residual stresses and reduce the
volume of retained austenite. For final tempering, the
repeated laser heating to a lower temperature can be
used.

TermoLaser has significant experience in the field of
laser hardening for the operating surface of stamping
dies and cold stamping of parts using a MEL-3.0 laser
robot with a diode laser.

The laser hardening works in
relation to the cold forming dies

Puc. 3. JlasepHas 3aKkanka Mampuubl WMamna Ha 3a600e WmMamnos

u npeccopm OOO «3LUMM»: a) Mampuua Wmamnd XxoA00HOL WmMamnosku;
b) npouecc 8binonHeHuUs onepayuu 3akaaku aazep-pobomom M3J1-3.0

Fig. 3. Laser hardening of the stamping die at the die and mold plant of
ZShP LLC: a) cold-forming die; b) the hardening operation performed by
the MEL-3.0 laser robot

made of spheroidal graphite cast
iron FGS600-3 for the automobile
body part have been successfully
completed at the production
site of AVTOVAZ JSC. Fig. 2 (a,
b) shows a view of the stamping
die and setting up process for the
MEL-3.0 laser robot to perform its
hardening operations.

As a result of hardening, the
die surface hardness of 55-60
HRC has been obtained with an
initial hardness of 30-40 HRC. The
hardened layer depth has become
0.4 mm.

A similar operation has been
performed at the plant of dies and
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cth 30-40 HRC, a rnaybuHa YHIPOYHEHHOIO CJI0S
coctaBuia 0,4 MM.

AHaJIOTMYHas OIlepaliMsl BBIIOJHSAIACH Ha 3aBOe
ITaMIIOB U mpeccdopm myist OO0 «31II» rpymmel KOM-
nanuil «['A3» B HwkHem Hosropome. Ha puc. 3 a, b
[Ipe[CTaBjieH BHJ MaTpUIbl LITAMIIA K IIpoLiecca
BBIIIOJTHEHHS OIEpallMK ee 3aKa/IK{ Jia3ep-poboTom
MD3JI-3.0.

B pesynbTaTe 3aKajIk{ IIOJIy4yeHa TBepPAOCTh IIOBepX-
HOCTH MaTpuLpl 55-57 HRC mIpu HCXOOHOM TBep-
moctu 30-40 HRC, a raybmHa YHIPOYHEHHOIO CJI0s
cocTaBuia 2,2 MM.

B0O3MOKHOCTH HCITIONIb30BAHUSI MOOMJIBHOTO JIa3ep-
poboTa, OCHAIEHHOTO AUOAHBIM JIa3epOM, LOCTATOUHO
LIMPOKH U [IaJIeKO He OTPAaHHMYUBAIOTCS IIPHBEeHHBIMHU
IIpYMepaMH. B YaCTHOCTH, YKa3aHHBIM J1a3ep-poboTom
BBIIIOJIHEHA 3aKa/IKA YYTYHHBIX HAIIPaB/ISIOIIMX CTa-
HUHBl KPYITHOrabapUTHOIO CTaHKA B PeMOHTHO-
MexaHHU4ecKoM Iiexe OAO «BEJIA3» (puc. 4).

B mpoliecce sKCITTyaTallK, BCleICTBHeE HU3HOCa pabo-
YMX II0BEPXHOCTeH, 6obllas 4acTb MITAMIIOB BBIXO-
IOUT U3 CTposi U TpebyeT BOCCTAHOBJIEHMSI H3HOIIEH-
HBIX ITOBepxXHocTel. IIIMpPOKO NpPHMeHSIeMBIH METOf
BOCCTAHOBJIEHHS IITAMIIOBOM OCHACTKU CpPe3Ko pabo-
Yell YacTU MITaMIla U Ilepedpe3epoBKOL C 3aHHKeHHEM
[7y6UHBI IITaMIIa MMeeT CYIeCTBeHHBIN HeOCTAaTOK,
00yC/I0B/IeHHBIN yMeHbIIeHHeM BBICOTHI MITaMIIa. [Ipu
HaIl/IaBKe BBICOTA IITAMIIa BCET/IA OCTAETCS [IOCTOSTHHOH.
ITopoIiKkoBasi MM IIPOBOJIOYHAS JIa3epHAsl HaIUIaBKa
CerofHs SAB/IIeTCs OOHUM M3 CaMbIX IIPHBJIeKaTe/IbHbIX
MeTOJ,0B BOCCTAHOBJIEHHSI M3HOLIEHHBIX [10BePXHOCTEH
IITAMIIOB.

TexHOJIOIHSI BOCCTAaHOB/IEHHSI IITAMIIOBOKM OCHACTKH
MeTOZIOM JIa3epHOM HaIlJIaBKU COCTOUT M3 HeCKOJbKHX
OCHOBHBIX OIIepaLTHE

*  yAaJieHHe M3HOIIeHHOIo MeTajlla;

* oLKdpOBKA [10TyYeHHOH [TI0BEPXHOCTH

3D-craHepoMm;

* HaIMCaHHUe yIPaB/IsOIlel IIPOrpaMMBl;

* IIpe/BapHTebHbIN HarpeB MITAMIIA;

* IpoQuIbHAA HAIUIaBKa [IOBEPXHOCTH IITaMIIa

C IIPUITYCKOM Ha MeXaHHYecKyIo 06paboTky;

+ OKOHYaTeJIbHasi TepMoo6paboTKa ITaMIIa.

BHenmpeHre pOOOTHM3MPOBAHHOM HAIUIABKU C IIpU-
MeHeHHeM 3D-CKaHepoB I103BOJISeT HMCK/IIOUMThL 4Yesio-
BedeCKHI (QaKTOp, B HECKOJIBKO pa3 COKPAaTHTb CPOKH
BOCCTAaHOBJ/IEHHS ILITAMIIOB, YMEHbBUIMUTh 3aTpaThl Ha
MaTepHasbl, CAe/NaThb BaKHble MIard Ha MYyTH LHUG-
POBH3allMK IIPOM3BOACTBA M IIOBBICUTb KYJIBTYPY
[IPOM3BOACTBA.

BoNBIIMHCTBO Ollepaliuil IO Ja3epHOMY BOCCTAHOB-
JIEHHIO IITaMIIOBOIK OCHACTKU MOTYT OBITh BBIIIOTTHEHBI
CO3IaHHBIM J1a3ep-pobOTOM, OCHAIeHHBIM CMEHHBIM

i g

Puc. 4.
Mpouecc nazep-
HOU 3aKanKu
Yy2yHHbIX
HANpasAsioLUX
CMAHUHbI Ha
OAO «BEJIA3»
Fig. 4. Laser
hardening pro-
cess of the cast
iron bed guides
at BELAZ OJSC

molds for ZShP LLC (GAZ Group) in Nizhny Novgorod.
Fig. 3 (a, b) provides a view of the stamping die and its
hardening operation using the MEL-3.0 laser robot.

As a result of hardening, the die surface hardness
of 55-57 HRC has been obtained with an initial
hardness of 30-40 HRC. The hardened layer depth has
become 2.2 mm.

The possible applications of the mobile laser robot
equipped with a diode laser are quite wide and are
far from being limited to the examples given. In
particular, the specified laser robot has been used to
harden the cast iron guides of a large-sized machine
bed in the mechanical repair shop of BELAZ OJSC
(Fig. 4).

During operation, due to wear and tear of the
operating surfaces, most of the dies fail and require
restoration of the worn surfaces. The widely applied
restoration method for the die tooling by cutting off
the die operating part, re-milling and lowering the die
depth has a significant drawback due to the decreased
die height. During the building-up process, the die
height always remains constant. The powder or wire
laser cladding is one of the most attractive methods
for restoring the worn die surfaces.

« The restoration technology for die tooling using
the laser cladding process consists of several
basic operations:

« removal of worn metal;

- digitization of the resulting surface by a 3D
scanner;

 preparation of a control program;

 die preheating;

« profile building-up of the die surface with the
machining allowance;

+ final heat treatment of the die.
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HWHCTPYMEHTOM Ha OfHOM pabouem MecTe. B 3TOM
c1ydae, Hapsiiy C AMOGHBIM JIA3epOM, CMEHHBIMU
HUHCTPYMEHTAMH SIBISIOTCS dpesepHast rOOBKA st
MeXaHHUYeCKOH 00paboTKY M3HOIIEHHON I10BEPXHO-
cTH (HarpuMep roloBKa C KOHLIEBOM GpPe30il U BBICOKO-
CKOPOCTHBIM MeTO[oM ¢pe3epoBaHKs), a TakoKke MIIH-
doBanpHas TOMOBKA A/ 06pabOTKM HAIUIABIEHHON
IIOBEPXHOCTH.

YrpaBieHHe MeXxaHUYeCcKON o6paboTKOM B 3TOM
Cly4dae CTPOMTBCS B IPOCTPAHCTBe 6A30BBIX KOOPAH-
HaT C peryJupoBaHHEeM KOHTYPHOM CKOPOCTH B QyHK-
I CHJIOBOTO B3aI/IMO,ELEI:ICTBI/IH ME)K,E[y I/IHCTPYMEH‘
ToM U obpabaTeiBaeMOil IOBEPXHOCTBIO. BosbIuas
BeJIMYMHA CKOPOCTH Pe3aHHUst IIPU BBICOKOCKOPOCT-
HOI 06paboTKe MPaKTHYECKHU CITIASKHUBAET MY/IbCALIUU
CHJI Pe3aHUsI OT OTAENBHOM PesKylieil KPOMKU ¢pe3sl
U HU3MEHEeHHUsI CUI pe3aH1/151 MOFyT 6BITI: JINIIb HPI/I
M3MeHeHHHU IIPUITycKa Ha 06paboTKky Kak MeAeHHO
MeHsIIoleecs: BO3IeNCTBUE. Bolee TOro, mpu CUHTe3e
[IPOTPAMMHOIN TPAEKTOPHUM BBIOUPAOTCS TJIafKHE
TPaeKTOPHUH, a TaKKe CTPEMSTCS K IIOCTOSIHCTBY TJIy-
OMHBI pe3aHMs U IIoiaye Ha 3y6. YUHUTHIBAs CKa3aHHOe
BBIIIE, & TAKKE KMCXOMs M3 BO3MOKHOCTU GOPMHPOBA-
HUSI ABYXKAHAJIBHOTO YIIPABISIONIEr0 BO3IEHCTBHS,
yHPaBHEHI/Ie TPaEKTOPHbIM JABH>KEeHHeM HpennaraeTc;{
OCYILECTB/ISITh MMO3ULIMOHHO-CHUIOBBIM criocobom [4],
IIPY KOTOPOM CO3[IaeTCsl JO3UPOBAHHOE CHUJIOBOE B3a-
HMMOJIEHCTBHE MEXKIY HHCTPYMEHTOM H 06pabaThiBa-
eMBIM H3fenHeM. IIpoliecc IepeMelieHHUs HHCTPY-
MeHTa II0 00pabaThIBaeMOMY H3JeNHUI0 C TOYKHU
3PEHI/IH ux B33HMOﬂeﬁCTBHH COCTOUT K3 HECKOJIBKHUX
3TAIlOB: 3Tall “CBOOOAHOr0”» ABHKEHMS, 3aK/II0YAI0-
I[UFCS B OTHOCHUTEIBPHOM IIepeMelieHUU HHCTPY-
MEHTa 10 MOMEHTa KacaHHs H3ZeNHsi; 3Tall Bpesa-
HUSI, IIPU KOTOPOM HeobX0mUMO 06eCIIeuUTh IIABHOe
HapacTaHUe CHJI Pe3aHHsi BO u3bekaHHe ITOTIOMKHU
I/IHCprMEHTa, U 3TaIl pe3aHI/I${ C yHPaBJ’[HeMbIM I10J10-
>KeHHEeM HHCTPYMeHTa OTHOCHUTEIbHO H3JeNHUs, LpU
KOTOpOM (HAIIpUMep IPH TPOXOULAIBHOM pe3epo-
BaHUMU) IIPOUCXONUT LUKIHNYECKOe YepefoBaHHe 3Ta-
II0B CBOOOMHOTO ABIM’KEHHS M pe3aHHUs. Mcxons u3
CKa3aHHOTIO, YIIpaBleHHe [BHMKEHHEM JMO/KHO OBITh
I’I/I6PI/I,{IHBIM ITO3BUIIMOHHO-CHUJIOBBIM C HGPEKHIOLIE‘
HHEeM CTPYKTYPHL.

Ha puc. 5 mprBeeHbI CUCTEeMbI KOOPAHHAT IIPU pea-
JIU3AIMH TI03ULIOHHO-CHJIOBOTO YIIPaBIeHHS.

BrIOpaHHbIe CHCTEMbI KOOPAHMHAT MOXKHO CBSI3aTh
MaTPI/I‘—IHBIM COOTHOILIeHHEeM :

T390 =T5(g) T§ T (H) T4 @

3mecs TH(gy) - MaTpHLia KOOPAWHATHBIX IIpeod-
Pa30OBaHUM TOUYEK TPAEKTOPUH 06paboTKu meTanu
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Xo Y,

Puc. 5. Cucmembl KoopouHam
Fig.5. Coordinate systems

The introduction of robotized building-up using the
3D scanners makes it possible to eliminate the human
factor, reduce the die recovery time by several times,
decrease the cost of materials, take important steps
towards the production digitalization and improve the
production standards.

Most laser restoration operations in relation to
the die equipment can be performed at a single
workplace by the developed laser robot equipped with
an interchangeable tool. In this case, along with the
diode laser, the interchangeable tools include a cutter
head for the worn surface machining (for example,
a head with an end mill and high-speed milling
method), as well as a grinding head for the deposited
surface machining.

In this case, the machining process is controlled in
the basic coordinate space with regulation of the path
velocity as a function of force interaction between the
tool and the surface being machined. The high cutting
speed during the high-speed machining almost
smooths out the pulsations of cutting forces due to an
individual cutting edge of the cutter. Any changes in
the cutting forces can only occur when the machining
allowance is changed as a slowly changing effect.
Moreover, when synthesizing a program trajectory,
the smooth trajectories are selected, and they also
strive for a constant cutting depth and feed per tooth.
Having considered the above, as well as based on the
possible generation of a two-channel control action, it
is proposed to control the trajectory movement using
a positional/force method [4], according to which
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B 6a3oByro cuctemy KooppuHat; TB(g,) - marpuma
KOOPAMHATHBIX IIpeobpa3oBaHUM XapaKTepHUCTH-
YeCcKOM TOYKH MaHHIIYIsTopa B 6a30Byl0 CHCTeMY;
T§ - MaTpuLa YIPYTrHUX IIepeMelleHUI HHCTPYMEeHTa;
T#(H) - maTpulLla KOOPAMHATHBIX ITpeobpa3oBaHUM
pekyller KPOMKH HHCTPYMEHTAa OTHOCUTEIbHO
TOUKHU B; T4 - MaTpHUIla COCTAB/ISIONKX 10T PELTHOCTH
06paboTku.

[l pemreHHss o6paTHOM 3afadyd OTHOCHTEIBHO
JTUHENHBIX CKOPOCTeH Heobxomumo mporuddepeH-
LIMPOBaTh COOTHOILIEHM (1) 10 BpeMeHU U 3aIIHCaTh
BBIpaKEHHe:

WVAT=J@[Q,I", 2

rae V, - BeKTOp JIHMHENHOM CKOPOCTH IlepeMelleHHsI
KOHEYHOM TOUYKH BBIXOJHOI'O MaHHUIIYISITOpa H3fe-
nus, J(q) - MaTpuua SIKobu [1s mpeobpa3oBaHUs CKO-
pocTeti, Q 4~ BEKTOP 06001ieHHBIX CKOpOcTel. [Tonaras
BeJTUYIHHY V), 3aJAHHOM, Q,OIIpesie/IieTCsl C [IOMOLIBIO
obpaTHOro mpeobpa3oBaHUS:

[Q,)T=](@) [V, 3)

[Ipu «cBobOomHOM» ABHKEHHM 3a/lauell yIIpaBie-
HUSI GOPMa/IbHO SIB/ISIeTCSl CBelleHHe K eJMHHUYHOM
Matpuusl T4 B BbIpaskeHUH (3) IIPH OTCYTCTBUU CHIIO-
BOI'O B3aHMMOMEHNCTBUS (HYJIeBOrO CHUTHalA C CHIOMO-
MEHTHOIrO JaT4HKa). Torja corjacoBaHHOe [BHKe-
HHe MaHHUIY/ISTOPOB MOKHO OIMCAaTh MAaTPUUYHBIMU
COOTHOILIEHHSIMU:

T(0)=T,, T(g,0); Tft) =T,y TAgy); TE =E.

3ajava yrpaB/ieHHS

ON

0 1" )

TA’:T{JA'(QV’ t)_T(I)A(gd’ t), Hpu t:tk; Tz/ﬁ\’_)‘

YIpaBiasoonie MOMEHTHl OIIPemesioTCs CIenylo-
UM obpazom:

M,=W,(g,); M=W,(gy);
W, =DYp?g,+D3(pg,,9,5,) + D¥(g,);
W,y=Dfp?9,+D§(pgy,9454) + D5(gy).
HPI/I ITO3UIIMMOHHO-CHUJIOBOM praBHEHI/Ie 11ey1ecoo-
6pa3H0 OpraHI/I?:OBa.TB KOMIIeHCalJUK ITO3HMIITHUOHHOTIO
BO3MyH.[eHI/IH. praBHHIOH_[I/Ie MOMEHTBI HPH 3TOM

HUMET CJ'IEILYIOI]_II/II;I BH/I:

y=Wy+]1(q9) Fy;

=

a dosed force interaction is developed between the
tool and the workpiece. The tool movement along
a workpiece with regard to their interaction consists
of several stages: the “free” movement stage that
consists in the relative tool movement until it touches
the product; the penetration stage during which it is
necessary to ensure a smooth increase in the cutting
forces in order to avoid tool breakage; and the cutting
stage with a controlled tool position relative to the
workpiece, during which (for example, during the
trochoidal milling) a cyclic alternation of the free
movement and cutting stages occurs. Based on the
above, the movement control shall represent the
hybrid positional-force control with the structural
switching.

Figure 5 shows the coordinate systems for
implementing the position/force control.

The selected coordinate systems can be bound by the
matrix relation:

T gy =TE(g,) T T (H) T4.. 1)

where T4(g,) is the coordinate transformation matrix
for the points of the part processing trajectory into
the base coordinate system; TE(g,) is the coordinate
transformation matrix for the typical manipulator
point into the base system; T§' is the matrix of the tool
elastic movements; is the coordinate transformation
matrix of the tool cutting edge relative to the point B;
T4 is the matrix of processing contributing errors.

To solve the inverse problem in relation to the
linear velocities, it is necessary to differentiate the
relations (1) by times and draw up the expression as
follows:

VAT=J@)[Q,I", ®)

where V, is a vector of linear movement velocity of
the end point of the product output manipulator,
J(g) is the Jacobian matrix for velocity conversion, Q g is
a vector of generalized velocities. Having assumed
as a given value, it is determined using the inverse
transformation:

[Q,JT=J(@ [V,]T. (3)

In the case of “free” movement, the control task
is officially to reduce the matrix TQ, in expression (3)
to a single one in the absence of force interaction
(zero signal from the force-torque sensor). Therefore,
the coordinated movement of manipulators can be
described by the following matrix relations:
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i

=Wy +I7 () () + s we=[T4-TA(E]Cp);  (6)

TE(Y)= Y=®xF, T4 =TA(q,) T8 (g,)- T4 (H)- TE (V).

3AKJ/TIOMEHUE

Co3maHHBIM KoMIIaHHeH «TepmoJlasep» yazep-pobot
M3JI-3.0 ¥ MOTeHLHAJIbHble €ero MOAHUPUKAILIUU
MMEIOT IIHPOKKHEe BO3MOXKHOCTH [/ 3$PEKTHBHOIO
BHeJpPeHHS B TeXHOJOTHMYecKHe IIPOLIecChl Ia3epHOM
06paboTKM Kak Ky3HEYHO-LIITAMIIOBOrO 060pymoBa-
HMSI, TaK U IIKPOKOro [lepedHs U3MelHH. B aTOT mepe-
YeHb BKJIIOYEHBbI PasHble BADUaHThI H3[eNIHH KakK II0
HOMeHK/IaType, Tak M MaccorabapUTHBIM IIOKa3aTe-
aaM. HampuMep, O4HCTKA ITIOBEPXHOCTH W HAIlIaBKa
M3HONIEHHBIX KOBIIOB M Pa3HOOOpa3HBEIX [eTanel
KapbepHOro 00OpyHOBaHMSI TOPHOAOOBIBAIOLIEH IIPO-
MBIIJIEHHOCTH; OYMCTKA, HallJlaBKa M CBapKa IIpU
PEeMOHTHO-BOCCTAHOBUTE/IbHBIX paboTax KpynHoraba-
PUTHBIX JeTajled U y3/I0B II0AbeMHO-TPAaHCIIOPTHOTO
000pyIOBaHMSI Ha MeCTe ero SKCIUTyaTallhH.
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T, (t)=T, T4 (g,t); T,(t)=T, ;T g,t); TE =E

ov=o

The control task:

[ON

0 1" @

T4=T4(g,, 1) -TA(gy, ), OpH t=1;; TQ,»‘
The control moments shall be determined as
follows:

M,=W,(g,); My=W,(g,);
Wv=D¥ngv+D¥(pgv’gv€v) +D¥(gv);

W,=D{p?g,+D4(pg,s,9,62) +D§(ga).

In the case of position/force control, it is advisable
to arrange compensation for positional disturbance.
The control moments shall be as follows:

Hg=Wy+]i(q0) Fyg;
Hy= Wv+ng(qv) '<Fd) +His = [Tg’_TQ’(FH)] G(p); (6)

TB(Y) > Y=0OxE; T4 =TA(g) T3 (q,) - TA(H) - TE (V).

CONCLUSION

The MEL-3.0 laser robot developed by ThermoLaser and
its potential modifications have wide opportunities
for efficient implementation into the laser treatment
process for both forging equipment and a wide range
of other products. This list includes various product
options, both in terms of nomenclature, as well as
the weight and size indicators, for example, surface
cleaning and building-up of worn buckets and various
parts of quarry equipment for the mining industry;
cleaning, building-up and welding during the
repair and restoration work of large-scale parts and
components of lifting and transport equipment at the
operating site.
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