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MNpepcTaBneHbl pe3ynbTaThl pacyeToB
napamMmeTpoB ONTUYECKOWN CXeMbl
NPOHUKHOBEHUS U3JTy4EHUS MOLLHbIX
BOJIOKOHHbIX Jla3epoB B MaTepuaJsibl 60abluomn
ToNWwMmHbI. MMokasaHo, 4To peanmsauus
ONTUYECKOM CXeMbl U3 KOJZIMMUPpYIOLLE
JINH3bI C GOKYCHbIM paccTossHUEM

160 mm (C160) u dokycupyouen

NNH3bI, KopoTKodoKycHoi (F250) unun
annHodokycHom (F400), naet Haunyywune
onTUYyeckmne xapakTepucTukm, Heobxoanmoie
ANg nnasieHns matepmanos 60/bLIOK
ToNWMHbI. B cucteme pokycuposku IPG FLW
D50 peanunsoBaHbl ONTUMaJbHble NapaMeTpbl
ONTUYECKOW CXeMbl. DKCMepUMeHTaIbHO
nokasaHo, 4To Bbi6paHHble NapamMeTpbl
ONTUYECKOW CXeMbl MO3BOJISAIKOT MOJIYYUTb
Ka4yecTBEeHHbI CKBO3HOM NPOMNJIAB Ha CTansax
TONWMHOMK A0 12 MM. MpeanoyTUTENIbHOMN
onTUYeCKOoW CXxeMomn Ans CBAapKU MaTepuasos
60/1blLION TONLWUHBI C/ieayeT cHUTATh
cooTHoweHue C 160/ F400.

KntoueBble c/I0Ba: BOJIOKOHHbIN f1a3ep,
CTabunbHOCTL MpoLLecca 1a3epHoOM CBapKu,
pachoKyCMpoBKa 1a3epHOro Ny4Kka, MoLLHas
nasepHas cBapka C rny60kMM NPOHUKHOBEHWEM
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The parameters of the optical scheme for the
penetration of materials of large thicknesses
by the radiation of high-power fiber lasers

are calculated. It is shown that the ratio of

the collimating lens C160 with the focusing
lenses F250 and F400 gives the best optical
characteristics necessary for melting materials
of large thicknesses. The optimal parameters
of the optical circuit are imple-mented in the
focusing system IPG FLW D50. It has been
experimentally shown that the selected
parameters of the optical scheme make it
possible to obtain high-quality through-melting
on steels up to 12 mm thick. The preferred
optical scheme for welding materials of large
thicknesses should be considered the ratio with
C160/F400.

Keywords: Faber Laser, stability of the laser
welding process, defocusing of the laser beam,
high-power deep-penetration laser welding

Received on: 03.02.2022
Accepted on:18.04.2022

INTRODUCTION

The interaction of high-power laser radiation of more
than 1.0 kW with metals is accompanied by a number
of physical phenomena that ensure deep weld penetra-
tion and their connection during welding (1, 2]. In this
case, a distinctive feature is the formation of a deep
keyhole filled with metal vapors [3]. The phenomena



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
| TECHNOLOGIES & TECHNOLOGY EQUIPMENT
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

BBEAEHUE
B3anMoOJeNCTBHe MOIIHOIO JIa3epPHOr0 K3/y4YeHHs
bonee 1,0 KBT ¢ MeT/ZIAMH COIIPOBOSKIAETCS LIeTIBIM
psiioM QU3NYeCKUX SIBIeHHI, 06eCIIeYnBaIONIUX II1y-
HoKoe MpOIJIABIEHHE U UX COeIHUHEHHe B IIpoLiecce
CBapKu [1, 2]. B 3TOM ci1y4ae OTIUYUTENIBbHOMN 0CObeH-
HOCTBIO SIB/IsIeTCsI GOpMUPOBaHHeE ITyOOKOro KaHaa,
3aII0THEHHOr0 IIapaMH MeTauia [3]. SIBneHHs, Ipo-
HCXOIAINKe B KaHaJIle BeCbMa CJIOXKHBL U MHOT000-
PasHbI, [I03TOMY IIOHHMaHHe U HUX KOHTPOJIb UMEIOT
BorbIIOe TEOpeTHYECKOe U IIPAKTHYECKOe 3HAYeHUe,
CyIiecTBeHHOe BIUSIHHE Ha GOPMUPOBaHKE KaHAJIA
OKa3bIBAIOT IHAPOJMHAMHUYECKHE ITPOLecChl IIepeMe-
IIeHUsI SKUAKOCTH [5], rasonmHaMHuYecKoe BO3JeH-
CTBHe I1apoB [4], Ia3MeHHBIe IIPOLECCHl B KaHale
U HaJ ero II0BePXHOCTHIO [6, 7] U ONTHYeCKUe sBie-
Hus [8]. 3a cueT MX B3aMMOIENCTBHS U IIepeMelle-
HUS B [IPOLlecce CBAPKU MeTa/Ul B KaHaJle HaXOOUTCS
B HeCTabH/IPHOM COCTOSIHHH, CBSI3AHHOM B OCHOBHOM
¢ KosebaTenbHBIMHU ABHKEHUSIMH SKHUAKOCTH Ha €ro
CTeHKax [9].

st GopMHPOBAaHHS TAaKOro KaHana Tpebyercs
BJIOKEHHSI KOHLIEHTPUPOBAHHOM JIa3ePHOU 3Hep-
rud He MeHee 1-10° Br/cm?. ITa 3Heprus Iepena-
eTcs BIIybb MaTepHasa 3a c4eT MHOTOKPAaTHBIX OTpa-
SKeHUH OT CTeHOK KaHaja [10]. C IIOMOIIbIO 3TOrO
MexXaHHM3Ma, KaK IIPaBHJIO, MeTa/INYecKas II0BepX-
HOCTB C OYeHb HU3KOM IIOIVIOMIAIOIIEeN CIIOCOOHOCTBIO
MO>KET BECTH Cebsl 0T Kak abCoNIOTHO YepHOe Telo,
IIOCKOJIBKY JIA3epHBIN J1y4d IlepefiaeT OOJBIIYIO YacTh
CBOeH SHepryuu Ha II0BEPXHOCTh KaHa1a. Kpome Toro,
SIBJIEHUSI MHOTOKPATHOIO OTPa’kKeHHUS OIlpelesIsioT
crocob, KOTOPBIM SHEPrHs JIa3epHOIO Jyda Iiepe-
IaeTcsi MeTAUTy, M, YTO Hauboiee BASKHO, BIHSIOT
Ha BCe Apyrue Qusnveckue IIPOLecChl, ITPOUCXOAS-
IIKe IIPYU J1a3epHON 0b6paboTKe MaTepHasloB, HAIpH-
Mep IOTOK KMKOCTH, TeIlJIoNlepefiauy 1 3aTBepAeBa-
Hue. [I03TOMy OIITUYeCcKHe SIBJIeHUS B KaHa/le UI'PAIOT
Ba)KHYIO POJIb B ITOJIy4eHUH ITTyOOKOTO ITPOIIaBlIeHHs
U GOPMHPOBAaHUHM Ka4vyeCTBEHHOIO 3aKPHUCTAJIIH30-
BaBIIEToCcsl MeTa/llIa, HAaIIpUMep IIpU cBapke [11].

JlazepHoe M3/yueHHe Ha BBIXOEe M3 Pe30HATOpa,
KaK IIPaBUJIO, HEJIb3s HEIIOCPeACTBEHHO HCII0/Ib30BaTh
IUISI TeXHOJIOTMYeCKUX I1elel, Tak Kak OHO He obecrie-
YuBaeT TpedyeMOM KOHLIEHTPAallUM SHepPruu, Xapak-
Tepa paclpefieseHHs IVIOTHOCTH MOIIHOCTH B IIy4Ke
M3JIlyYeHUsS U JPYTHUX TpebyeMBIX XapaKTepHUCTHK.
ObecrieyeHre IUIOTHOCTH MOIIHOCTH, IlepeoTpake-
HHUS JIydeld B KaHa/le U BIMSHHE UX Ha IIPOLecC IIpo-
IIJIaBJIeHUSI CO3[aeTCsl IIapaMeTpPaMH OIITHYEeCKOM
cucteMbl POKYCHPOBKHU JIA3epHOTO IIyYKa. B 4acTHO-
cTH, GOKYyCHBIM PacCTOSHHEM, P3/1€eBCKOM [JIMHOM
B QoKyce (mepeTspkke), abbepauusimu, U mp. Kpome
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occurring in the keyhole are very complex and diverse,
so their understanding and control are of great theo-
retical and practical importance. A significant influ-
ence on the keyhole formation is exerted by the hydro-
dynamic liquid movement processes [5], gas-dynamic
vapor effects [4], plasma processes in the keyhole and
above its surface [6, 7], and optical phenomena [8].
Due to their interaction and movement during the
welding process, the metal in the keyhole is in an
unstable condition, mainly associated with the oscil-
latory liquid movements on its walls [9].

The formation of such a keyhole requires provision
of concentrated laser energy of at least 1-:10° W/cm?.
This energy is transferred deep into the material due
to multiple reflections from the keyhole walls [10].
With this mechanism, a metal surface with very low
absorptive capacity can behave as an absolute black
body, since the laser beam transfers most of its energy
to the keyhole surface. In addition, multiple reflec-
tion phenomena determine the way in which the laser
beam energy is transferred to the metal and, most
importantly, affect all other physical processes that
occur during laser processing of materials, such as
fluid flow, heat transfer and solidification. Therefore,
optical phenomena in the keyhole play an important
role in obtaining deep weld penetration and formation
of the high-quality crystallized metal, for example, in
the case of welding [11].

As a rule, laser radiation at the resonator output
cannot be directly used for technological purposes,
since it does not provide the required energy concen-
tration, the nature of the power density distribution
in the radiation beam, and other required specifica-
tions. Provision of the power density, re-reflection of
beams in the keyhole and their influence on the weld
penetration process are determined by the parameters
of the laser beam focusing optical system, in par-
ticular, the focal distance, the Rayleigh length at the
focus (waist), aberrations, etc. In addition, the posi-
tion of the laser beam waist relative to the surface of
the metal being processed has a significant effect [12].
When the position of the laser beam waist is changed,
various formation defects are developed in the form of
splashes, metal leakage, and cavities that lead to the
defect formation during welding [13].

To ensure the stable formation of the weld penetra-
tion keyhole and crystallized metal during welding by
the high-power optical fiber laser radiation, it is first
necessary to calculate and design the optimal optical
scheme that will provide the required spot diameter
in the laser beam waist and focus depth (Rayleigh
length). Depending on the selected optical scheme, it
will be possible to determine the focus position rela-
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TOTO CyLeCTBEHHOEe BJIIMSIHHE OKa3bIBaeT I10JI0KeHUe
IIePeTSDKKU JIa3ePHOT0 Iy4YKa OTHOCHTE/IBHO IIOBEpPX-
HOCTHU obpabaTeiBaemoro Mmetasia [12]. IIpu H3MeHe-
HUM II0JIO’KeHMS IePeTsDKKU JIa3epHOro Iydka BO3-
HUKAIOT pa3IM4Hble fedekThl GOPMUPOBAHUS B BUE
OpbI3r, BBITEKAHUS META/UIa, IIOP, KOTOpble IIPHUBOAST
K obpa3oBaHMIo nedeKToB IIpU cBapke [13].

Ins obecriedyeHust CTabunbHOro GOPMHPOBAHHS
KaHa/la MPOIlIaBleHHs M 3aKPHUCTa//IM30BaBIIErocs
MeTajla IPH CBapKe H3/ly4eHHeM BOJIOKOHHOIO
nasepa GONMBIION MOLTHOCTH HEOOXOZHUMO B IIEPBYIO
odepenb PacCIUTATh M CKOHCTPYHPOBATh ONTHMAJIb-
HYIO ONTHYeCKyI0 CXeMy, KOTopas obecreduT Heob-
XONUMBIN JHaMeTp ISITHA B IepeTsDKKe J1a3epHOro
nyuka M TAybuHy ¢okyca (pa/ieeBCKyH MJIHHY).
B 3aBHCHMOCTH OT BbIOOPa OIITHYECKOM CXeMBbI MOKHO
OymeT ompenenuTh MONOKeHHe GOKYCa OTHOCHUTETBHO
IIOBePXHOCTH oOpabaTeiBaeMoOro MeTayla M BCe
OCTa/IbHbIe ITapaMeTPHL.

Llenblo HacTosIIIeN pabOThl SIBSIETCSI OIpefesie-
HHe 6a30BbIX IPHUHIMIIOB MT0A00Pa ONTHYECKUX CXeM
$OKyCHpOBaHHS M3/y4eHHs BOJOKOHHBIX JIa3epoB
AJ151 CBAPKH META/IIOB Pa3THYHBIX TONIIHH.

NCMNOJIb3YEMOE OBOPYAOBAHUE

N MATEPUAJIDbI

DKCIIepUMeHTalbHasl 4YacTb paboThl ITPOBOAMIACH
Ha po6OTH3MPOBAHHOM KOMILIEKCE, B COCTAB KOTOPOTO
BXOAUT BOJIOKOHHBIN jasep IPG YLS-10000 ¢ BbIXOA-
HOM MOIIHOCTBIO M3ydeHHsd OO 10 KBT U OHaMe-
TPOM TPAHCIOPTHOrO BOJIOKHA 100 MKM, cHCTeMa
oxnaxkpenuss IPG LC 340, IpoOMBINUIEHHBIH PpoboT
KUKA KR 60 HA. Ha BrIXome M3 TPaHCIIOPTHOIO
BOJIOKHA JIa3epHOe H3/IyuyeHHe oOlafaeT Caenyro-
IMMH XapaKTePHUCTHUKAMH: [JIMHA BOJHBI H3JIy4e-
HUA A=1,07 MKM, Yrol pPacXxOZMMOCTH H3/1ydeHHs
0=0,16 panm, mapamerp M?=11,03 (oTHOIIeHHe IPO-
M3BeleHUs AUaMeTpa IePeTsHKKH 2w, Ha yroji pac-
XOIMMOCTH ITy4Ka 0 [10 OTHOIIEHHIO K [IPOH 3BeJJeHHIO
AHAJIOTUYHBIX [IaPaMeTPOB HIeaJIbHOIO IIYy4YKa C rayc-
COBBIM paclipefie/ieHHeM), ITapaMeTp KauecTBO IIy4Ka
BPP=3,756 MM - Mpaf,.

[Ipeobpa3oBaHKe /1a3epHOr0 H3JIyUeHUSs! OCYILeCT-
BJISIeTCS ONTHUYecKoM romoBour IPG FLW D50. ddodek-
TUBHOCTh Pa3paboTaHHON ONTHYECKOM CXeMBI IIPO-
Bepsizach B IIpoliecce JTa3epHOU CBapKH CO CKBO3HBIM
[poIlIaBlIeHUeM IUIACTHH H3 cTaner 09I2C (K52)
u 10I'20BHO (K60) ToNIKMHOM OT 8 10 12 MM,

PACYET ONTUNYECKUNX CXEM

Pe3ysbTaThl, II0Iy4eHHEIe B X0[le Psifia UCCIelOBaHUH,
rokasanu (11, 12], 4To IpU NPOIUIABIEHHUM MeTal-
70B GONBIION TOJNLIMHBI BOJOKOHHBIMHU Jia3epaMu
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tive to the surface of the metal being processed and all
other parameters.

The purpose of this paper is to determine the basic
principles for selecting optical focusing schemes for
the optical fiber laser radiation for welding metals
with various thicknesses.

EQUIPMENT AND MATERIALS USED

The experimental part of the work was performed
using a robotic system that included an IPG YLS-10000
optical fiber laser with a beam output power of up to
10 kW and a transport fiber diameter of 100 pm, an
IPG LC 340 cooling system, and an industrial robot
KUKA KR 60 HA. At the transport fiber output, laser
radiation has the following specifications: radiation
wavelength A=1.07 pm, beam intensity divergence
angle 6=0.16 rad, parameter M?=1111.03 (the ratio of
the product of the waist diameter 2w, to the beam
intensity divergence angle 0 in relation to the prod-
uct of similar parameters of an ideal beam with
a Gaussian distribution), the beam quality parameter
BPP=3.756 mm - mrad.

The laser radiation is converted by the optical head
IPG FLW D50-W. The developed optical scheme effi-
ciency was tested during the laser welding process
with through weld penetration of plates made of low
alloy steel X52 and X80 steels with a thickness of 8 to
12 mm.

OPTICAL SCHEME DESIGN

The results obtained in the course of a number of
studies have shown [11, 12] that when the opti-
cal fiber lasers melt heavy metals, a rather nar-
row vapor-gas keyhole is formed. The dimensions
and shape of the vapor-gas keyhole largely depend
on the focusing parameters and the focus loca-
tion relative to the surface of the workpiece being
welded. A graphical analysis of the vapor-gas key-
hole shape, obtained from X-ray images, with con-
verging laser beams superimposed on it, is shown in
Fig. 1 (source [13]).

Analysis of the obtained schemes has showed
that the maximum weld penetration depth occurs
at such a focus position (-5 mm), when the front
keyhole wall is closest to the vertical. In this case,
all radiation penetrates into the keyhole depth. The
minimum weld penetration depth of 5.46 mm occurs
at the focus position (4 mm), at which a sufficiently
large tilt angle is developed on the front keyhole wall
that in turn leads to the reflection of a part of the
energy into the upper rear part of the keyhole wall.
As a result, the splashes and defects are observed in
this area that is a consequence of overheating.
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BO3HHKaeT I1apOora3oBbI KaHaJl AOCTATOYHO Y3KOHU
dopMmbl. Pasmepsl U dopma MaporasoBOro KaHasla
B 3HAYMTEJbHOMU CTEIleHH 3aBHCAT OT IIapaMeTpoB
GOKYCHPOBKH U IIOJIOKEHUSI QOKyca OTHOCHTEIBHO
IIOBEPXHOCTH CBapHUBaeMoH JeTanu. Ipadpudeckun
aHanu3 GopMbl [1apOra3oBOro KaHaaa, II0Jy4eHHOIOo
C PeHTTeHOBCKMX CHHMMKOB, C HaJIO)KeHHEeM Ha Hero
CXOASIIIUXCS JIa3epPHBIX Jyd4ell, [OKa3aH Ha pHc. 1
(McTouHHMK [13]).

AHanM3 MONy4YeHHBIX CXeM II0Ka3ajl, YTO MAaKCH-
MaJIbHasi I7yOMHA MPOIIaBIeHUSI BO3HHUKAeT IIpHU
TaKoM IOJIOKeHHHU QoKyca (-5 MM), Korja NnepenHsis
CTeHKa KaHasa Haubosee mpubIMKkeHa K BEPTUKAIH.
B 3ToM cy4ae Bce M3/1yuyeHHe IIPOHUKAeT B IyOHUHY
KaHaja. MHUHHManbpHasg I1ybHMHa HpoIIaBIeHUSs
5,46 MM BO3HHKAeT IPH TOM IIOJIOKeHHH ¢OKyca
(4 MM), IpU KOTOPOM Ha IepefHeH CTeHKe KaHaia
BO3HHKAeT JOCTATOYHO OOJIBILION yroa Hak/IOHA, KOTO-
PBIE B CBOIO O4Yepellb IPUBOAUT K OTPAKEHHIO YaCTH
3HEepruH B BepPXHIOK 3aJHIOI0 YacTh CTEHKH KaHala.
B pesynbraTe HabMIOAAIOTCS BBIIUIECKH U AedeKThl
B 3TOM 30HE, YTO SBJISIeTCs CIe[CTBHEM I1eperpesa.

Takast BbICOKAst YYBCTBHUTENIBHOCTD IIpoLiecca CBapKHU
K H3MeHEHHMIO II0JIoKeHUs (oKyca MpHU HCII0JIb30-
BaHHU BOJIOKOHHOIO ja3epa BO3HHKaeT BCIe[CTBHE
TOT0, YTO MCIIO/b3yeMasi CTalb UMeeT bojlee BBICOKHU
K03$OUIIMEeHT IIOIVIONIeHHS JIa3epHOTO0 H3/y4YeHHs
C [UIMHOM BOJMHEL 1,07 MKM, 4eM, HaIlpHUMep, JIa3ep-
HOTI'O M3/1y4eHUs C IJITMHOH BOMHBEI 10,6 MKM. IToaTomy
3¢deKT MHOTOKPATHOTO II€PEOTPAKEHHSI H3IYUeHHS,
Hab/IoJaeMBbIl IIPU JIa3epHOL CBapKe Ta30BBIMHU Ja3e-
paMHu, [14] 3aMeTHO CHUXKeH.

YT0OBl CHENaTh IIPOLeCC CBAPKHU BOJIOKOHHBIMU
nasepamu 6osnee CTabMIBHBIM M IIOBTOPSEMBIM,
HeobX0AMMO 0CIabUTh YYBCTBHUTEIBHOCTh CBApPOY-
HOTO IIpollecca K IIOJIOKeHMI0 (oKyca ONTHUeCKOH
cucreMsel. [l Toro, 4Tobsl 6o/iee paBHOMEpHO pac-
IIpefle/IUThb SHEPIUIo 110 Iy6HHe KaHajla IIpe/iJIoKeHO
HCIIO/Ib30BaTh [IBe ONITHYEeCKHe CXeMBI C Pa3/IMYHbBIMH
doxycupyromumMu nuH3aMu - Cl160/F250 (KopoTko-
doxycnyo) u C160/F400 (mnuHHOPOKYCHYIO), Ihe C -
obo3HaueHHe GOKYCHOTO PACCTOSIHUSI KOJTMMATOpa,
a F - poxkycHoe paccTosiHHe QOKYCHPYIOIIEH JIKH3bI
(puc. 2).

PacyeT mapaMeTpoB JIa3epPHOr0 H3/y4eHHUs IIpo-
BeJIH 110 CJIeAyoIKUM popmynam [15].

BPP=—L-= 1
33 @)

roe BPP (beam parameter product) - mapamerp Kade-
CTBA Iyd4Ka, MM'Mpaj; &y - AMAMETP TPaHCIIOPT-
HOIO BOJIOKHA, MKM; 0 — yroi pacXogUMOCTH, Paf;
A - IIMHA BOJIHBI, MKM. Jajee HaXOOHUM BPP, misa

5,46
6,42

9,18
9,3

Puc. 1. Cxembl pacnpedeneHus Aa3epHbix Ay4ell 8 KaHane npo-
nAagneHuUs Nosepx peHmaeHo8CKUX CHUMKO8 [13] 8 3a8ucumo-
Cmu om noAoXKeHus pokyca OMHOCUMeAbHO N08epXHOCMU
npu mowHocmu 10 KBm, ckopocmu ceapku 2,0 m/mMuH

Fig.1. Laser beam distribution schemes in the penetration
keyhole over the X-ray images [13] depending on the focus
position relative to the surface at a power of 10 kW and

a welding speed of 2.0 m/ min

Such a high sensitivity of the welding process to
changes in the focus position when using an opti-
cal fiber laser is based on the fact that the steel used
has a higher absorption coefficient of laser radiation
with a wavelength of 1.07 pm than, for example,
laser radiation with a wavelength of 10.6 pm. There-
fore, the effect of multiple radiation re-reflection
observed during the laser welding process with gas
lasers [14] is noticeably reduced.

In order to make the welding process with the
optical fiber lasers more stable and repeatable, it is
necessary to reduce the welding process sensitivity
to the position of the optical system focus. In order
to more evenly distribute the energy over the keyhole
depth, it is proposed to use two optical schemes with
various focusing lenses, such as C160/F250 (short-
focus) and C160/F400 (long-focus), where C=160 mm
is the focal distance of the collimator, F=250 mm is
the focal distance of the short-focus focusing lens
and F=400 mm is the focal distance of the long-focus
focusing lens (Fig. 2).

C

e o e

Puc. 2. Onmuyeckas cxema 0451 pacyema
Fig. 2. Optical scheme for design
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HMeaJIBHOTO JIa3epPHOro I1y4yKa v BPP 114 1my4Ka, 101y~
YaeMOro B [IeHCTBUTEIbHOCTH

BPD, =2 @
T
, BPP
~ BPP,’ 3)

Torga Ha KOMJIMMAaTOpP IONAafaeT JIa3epPHBIM My40K
JuaMeTpoM I

b.=C-90, 4)

roe C - QOKyCHOe pacCTOSHMe KOJJIMMATopa, MM.
A nyaMeTp IIepeTsKKH JI1a3epHOro Iy4yka B (Qokyce
20, yepe3 GpoKyCHOe PacCTOsIHUe JIKMH3bL F ompesensgeM
1o popmye:

F
20)0 = E @f' (5)

[nybrHYy pe3KOCTH OIpefensieTcs AJIUHOM Peses
2Zp, TI03TOMY HaXOOUM Zp KaK:

2

_ 9
"= Bpp- (6)

B COOTBETCTBHM C pacyeTaMH ONTHYeCKas cxeMa
C160/F250 ¢popmupyeT B PoKyce IIYy4YOK AHAMETPOM
150 MKM, KOTOPBIM IIPH MOIIHOCTH MaJa0MLIero
usnydeHus: 10 KBT obnamaeT MOCTATOYHO OOJIBIION
IIJIOTHOCTBIO MOIIHOCTU 52,15 MBT/cM?, mpH 3TOM

The laser radiation parameters were calculated
using the following formulas [15].

99 M
o 1
53" o))

BPP =

where BPP (beam parameter product) is a beam qual-
ity parameter, mm-mrad; & is the transport fiber
diameter, pm; 0 is the divergence angle, rad; A is the
wavelength, pm. Next, we will obtain BPP, for an
ideal laser beam and BPP for a beam obtained in real
conditions:

BPP,=*; 2)
T
, BPP
-~ 5on" 3)

Then a laser beam with a diameter @. hits the
collimator:

g.=C9, (4)

where C is the focal distance of the collimator, mm.
The laser beam waist size at the focus 2w, along the
focal distance of the lens F is determined by the fol-
lowing formula:

20, == 0. (5

160/250
D150 MKM [
52,15 MBT/cm?

340 MRKM > ﬁ"
23,6 MBT/cMm? —3° 3

"
&
|

630 MKM —2° 2°
12,8 MBT/cMm? It m—2°

i

930 MKM
8,7 MBT/cm? Il l1°

12

Il
f s=9,2mm? ||

1200 MRM [
6,6 MBT/cM?

0,44 MBt/cm? ||

1540 MKM | /
5,2 MBT/cM? /

1850 MKM I/

4,4 MBT/cM?
PR I~

Puc. 3. PacnpedeneHue nnomHocmu MOWHOCMU no 2Ayb6uHe KaHana 0Ast onmuyeckol cucmemsl C160/ F250
Fig. 3. Power density distribution over the keyhole depth for the C160/F2500ptical system

202 ®OTOHUKA TOM 16 N2 3 2022



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
| TECHNOLOGIES & TECHNOLOGY EQUIPMENT m
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

Ta6auua. CpaBHeHMe NapamMeTpoB 1a3epHOro nyyka, opMmpyemMoro ontuye-

CKMMKN cncTtemamMm

Table. Comparison of the laser beam parameters formed by the optical systems

i g

The depth of field is determined
by the Rayleigh length 2Z;. The Z,
value is obtained as follows:

2

MapameTtp ®
Parameter C160/F250 C160/F400 ZR =_0 6)
BPP
AvameTp NepeTsikKy 1a3epHOro nyuKka B poKyce 2wy, MKM 156 250 In accordance with the calcu-
Laser beam waist size at the focus 2,4, pm ) .
lations, the C160/F250 optical
My6uHa okyca 2 Z, MM 395 832 scheme forms a beam with a diam-
Depth of field 2 Z;, mm ' '
R! eter of 150 pm at the focus that, at
MAOTHOCTb MOLLHOCTY Ef, MBT/ CM2 £ 15 20 37 an incident radiation power of 10
Power density E;, MW/cm? ' ' kw, has a sufficiently high power

rnybuHa ¢okyca (mnrHA P3nest) cocTaBisieT 3,25 MM
(cm. Tabm).

OnTudeckas cxema C160/F400 dopmupyet B pokyce
IIy4OK C IIePeTsHKKOU JHaMeTpoM 250 MM M TP MOIIL-
HOCTH JIa3epHOTo u3aydyeHHs 10 KBT co3maeT MeHb-
Iy} IUIOTHOCTH MOIIHOCTH 20,4 MBT/cM?, IIPpH 3TOM
rinybuHa ¢okyca coctasiser 8,32 MM (cM. Tabn).

YT1obBl OIlpefeNTh HACKOABKO PAacCUUTHIBAEMBIe
ONTHYeCKHe CxeMBbl OyAyT ONTHMAJIBHBI AJIS HCIIOIb
30BaHHUA B IIPOLIeCCaX CBApPKU, HAIlpUMep CTaJIbHBIX
IIJIACTHUH TONIIUHON 12 MM, IIpe/ijlaraeM PacCMOTPeThb
ellle HEeCKOJIbKO IIapaMeTpoB. Bo-llepBhIX, H3MeHe-
HHe paclpefeleHHUs IIOTHOCTH MOILIHOCTH IO IJIy-
buHe «Iapora3’oBoro» KaHajla. BO-BTOPHIX, Cpen-
HIOIO IJIOTHOCTh MOIIHOCTH B IIOCKOCTH IepefHeM
CTeHKHU KaHajla U Yrojl IaJeHus KU OTPakeHHUs j1a3ep-

density of 52.15 MW/cm?, while
the depth of field (Rayleigh length) is 3.25 mm (see
Table).

The C160/F400 optical scheme forms a beam with
a waist diameter of 250 mm at the focus, and at a laser
power of 10 kW it leads to a lower power density of
20.4 MW /cm?, while the depth of field is 8.32 mm (see
Table).

To determine optimality of the designed optical
schemes for use in the welding processes, for example,
steel plates with a thickness of 12 mm, we propose to
consider a few more parameters. First, it is a change
in the power density distribution over the depth of the
vapor-gas keyhole. Secondly, it is the average power
density in the plane of the front keyhole wall and the
laser beam incidence and reflection angles from the
conditional front keyhole wall (see Figs. 3 and 4).

u“ M
i
I
160/400 \‘

D250 Mxm
20,4 MBT/cM?2

—_—

320 MKM
16,6 MBT/cM? 3°

460 MRKM 3°
11,1 MBT/cM? |

630 MKM
8,1 MBT/cm?

12

S=7,4 Mmm?2
0,56 MBT/cM?

810 MKM
6,3 MBT/cMm?

1000 MKM
5,1 MBT/cm?

1180 MKM
4,3 MBT/cm?

e

Puc. 4. PacnpedeneHue nnomHocmu MOWHOCMU no 2AybuHe KaHaaa 0Asi onmuyeckol cucmembl C160/ F400
Fig. 4. Power density distribution over the keyhole depth for the C160/ F400 optical system

)
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HOTO Jy4da OT YCJIOBHOM IlepefHel CTeHKH KaHala
(cm. puc. 3u 4).

ITpy MCII0/IB30BAaHUM KOPOTKOQOKYCHOH ONTHYe-
CKoM cxeMbl C160/F250 ripu pacnpocTpaHeHUH Jiasep-
HOro Iy4YKa B HAIIpaB/JIeHHUH OT IIOJIOKeHHUS PoKyca
Ha I[IOBepXHOCTH MeTal/Ia BIyOb KaHala IUIOTHOCTb
MOIITHOCTH CHMJKAeTCS M3-3a PacXOOHMMOCTH IIy4Ka
M, COOTBETCTBEHHO, YBeIMYeHH S JHUaMeTpa Jia3epHOro
nsTHa (puc. 3). CHH>KeHHe ITPOUCXOIUT B CIelyolner
[I0C/IeJOBATE/IbHOCTH: Ha PACCTOSSHUM -2 MM IIJIOT-
HOCTb MOIIHOCTH COCTaBiseT 23,6 MBT/cMm?, Ha pac-
CTOSIHUU -4 MM IIJIOTHOCTB COCTaBisieT 12,8 MBT/cMm?,
Ianee IpH 3araybleHHH Ha - 6 MM IUIOTHOCTb MOII-
HOCTH CHIKaeTcs mo 8,7 MBT/cm?, a Ha paccToaHUU
-8 MM 0T $OKyCa BeJIMYHHA CTAHOBUTCA ellle MeHbIIIe
U JOXOOHUT 1o 6,6 MBT/cMm2, manee Ha -10MM COOT-
BeTCTBeHHO - 5,2 MBT/cM? U Ha -12MM COCTaB/sIeT
4,4 MBT/cm2,

[TpuMeHUTEeNBHO [/ CBApKU JeTajell TONIIMHON
12 MM pasHHIIA B 3HAa4YeHMUHM IUIOTHOCTH MOIIHOCTH
B dokyce (52,15 MBT/cM? Ha IOBEepXHOCTH B COOTBET-
CTBUHU CO CXeMO) U Ha BeIxoze (4,4 MBT/cM2) BeluKa,
3HAa4YeHHs OTJIMYAIOTCs B 12 pa3. Takas pa3HHULA OyneT
IIPUBOAUTH B 0671acTH doKyca K 6ppI3roobpasoBaHUIO
M3-3a IleperpeBa Mmetajia. KoHe4YHO, IIyTeM BapbH-
poBaHMS MOJIOKeHUS POKyCca OTHOCHUTEIBHO IIOBepX-
HOCTH JIeTaJIU MOKHO 6yzmeT mo6uBaThCsl CTaOMIBHOTO
dopmUpOBaHUS KaHaja, HO HM3Kas IVIOTHOCTb MOIIL-
HOCTHU Ha BBIXOZIe M3 IUIACTHHBHI OyIeT yBeTHYHBaTh
BePOSITHOCTD I10SIBJIeHU S Ne)eKTOB B BU/Ie IIOP U I10JI0-
CTel BC/IeCTBHE HEeNOCTAaTOYHOM IIOTHOCTH MOIIHO-
CTH W HeCTabWIBHOCTH KaHana. CpemHssl IIJIOTHOCTb
MOITHOCTH B IIJIOCKOCTH IepeJHeN CTeHKH COCTaBIsIeT
0,44 MBT/cM?2, a 9TO IBHO HeIOCTATOYHO s obecrie-
YeHHs CTabUIBPHOCTH Mpolecca. OmTHUYeckas cxema
C160/F250, ncxonst U3 OLleHKU pacIpefeleHus IUIOT-
HOCTH MOIIHOCTH II0 I1ybuHe, 6osee IIOOXOOUT IJIsl
KCII0/Ib30BaHUS IIPU CBapKe MeTa/l/IMYeCKUX IUVIAaCTUH
TOJIIIMHOMN 6-8 MM.

CHH>XKeHUe BeJIMYHHBI IIJIOTHOCTH  MOIIHO-
CTH JIa3epHOrO0 H3Jy4YeHHd [ IJIHHHOPOKYCHOM
cucrtembl C160/F400 MeHee HWHTEHCHBHO: Ha pac-
CTOSSHUM -2 MM BeJIMYMHA IIJIOTHOCTU MOIIHOCTH
16,6 MBT/cM?, fmajiee MpPHU YBeIHYEeHUH ITyOUHBI
c marom 2 Mmm: -4 mMm, -6 mm, -8 mm, -10MM, -12 MM
Iojiy4yaeM paciipenejeHre IMJIOTHOCTH MOIIHOCTH:
11,1 MBt/cm?, 8,1 MBT/cm?, 6,3 MBT/cMm?2, 5,1 MBT/cM?,
4,3 MBT/cm?. TIpUMeHUTENBHO /IS CBapKHU JeTael
TOJIIMHOM 12 MM pa3sHHIlA IUIOTHOCTH Ha I1OBEPXHO-
CTH JeTaju U Ha BRIXOJe OT/IM4YaeTcs B 4,7 pasa. 310
HaMHOIO Jy4llle, YeM IIpHU KMCIIONb30BaHUU KOPOTKO-
doxycHOM cucTeMsl. IIpH 3TOM CpefHSS IIJIOTHOCTb
MOIIHOCTH B IIOCKOCTH IlepeflHeH CTeHKH, BBIIIE
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While using the C160/F250 short-focus optical
scheme, when the laser beam propagates in the direc-
tion from the focus position on the metal surface deep
into the keyhole, the power density is decreased due
to the beam divergence and, accordingly, an increase
in the laser spot diameter (Fig. 3). The decrease occurs
in the following sequence: at a distance of -2 mm, the
power density is 23.6 MW /cm?, at a distance of -4 mm,
the density is 12.8 MW/cm?, then, at a depth of -6
mm, the power density is decreased to 8.7 MW/cm?,
and at a distance of -8 mm from the focus, the value
becomes even smaller and reaches 6.6 MW/cm?, then
at -10 mm, respectively, it is 5.2 MW/cm?, and at -12
mm itis 4.4 MW/cm?.

While welding the parts with a thickness of 12 mm,
the difference in the power density value at the focus
(52.15 MW /cm? at the surface in accordance with the
scheme) and at the output (4.4 MW/cm?) is large, the
values differ by 12 times. Such a difference will lead
to the splash formation in the focus area due to the
metal overheating. Certainly, by varying the focus
position relative to the surface of the part, it will be
possible to achieve stable keyhole formation. How-
ever, the low power density at the plate output will
increase the likelihood of defects in the form of pores
and cavities due to insufficient power density and
keyhole instability. The average power density in the
plane of the front wall is 0.44 MW /cm? that is clearly
insufficient to obtain process stability. The C160/F250
optical scheme, based on an estimate of the power
density distribution through depth, is more suitable
for use in welding the metal plates with a thickness
of 6-8 mm.

The decrease in the laser radiation power density

for the C160/F400 long-focus system is less intense: at
adistance of -2mm, the power density is 16.6 MW /cm?,
then while increasing the depth at a pitch of 2 mm:
-4 mm, -6 mm, -8 mm, -10 mm, -12 mm, we get the
power density distribution as follows: 11.1 MW/cm?,
8.1MW/cm?, 6.3 MW/cm?, 5.1 MW/cm?, 4.3 MW/cm?.
When welding the parts with a thickness of 12 mm,
the difference in density on the part surface and at the
output differs by 4.7 times. This is much better than
with the short-focus system. In this case, the average
power density in the plane of the front wall is higher
and equal to 0.56 MW /cm?. This power density distri-
bution is suitable for welding the heavy thick parts.

Figure 5 shows the power density distribution in
the focusing range of the laser beam waist from 0
to -12 mm on the welded sample surface using two
selected types of focusing optical systems (the maxi-
mum laser power for the selected optical fiber laser is
10 kw).
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u coctaBiaser 0,56 MBT/cm?. Takoe pacrpefeseHHe
IIJIOTHOCTH MOIIHOCTH ITOAXOJUT AJIS CBapKU JleTaler
¢ 60JIBIIION TOJILUHOM.

Ha puc. 5 moxasaHo pacmopefeneHHe IUIOTHOCTH
MOIITHOCTH B MHTepBaje GOKYCHPOBAHUS IIEPETIKKHU
JMasepHoro my4yka orT 0 o -12 MM Ha IIOBEpPXHOCTH
cBapuBaeMoro obpaslja NpH HCIIONb30BAHUU J[BYX
BBIODAaHHBIX THUIIOB GOKYCHPYIOUIHUX ONTHUYECKHX
cucteM (MakCHMMasbHasi MOLIHOCTD JIa3epHOIO M3y~
YeHHUs! 1)1 BBIOpAaHHOTO BOJIOKOHHOIO jIa3epa paBHA
10 kBT).

[TpoBefieHa OLiEHKA yIjia IMaZeHHs WU OTPakKeHHUs
JIa3epHOro IIy4yKa Ha IIepefHIO CTeHKY KaHaja, KOTo-
pas B CBOIO oYepenb YC/JIOBHO OIIpefe/sercs I0 Aua-
TOHA/IM IOJyYHMBIIEHCS TPaIlely I10 BCeH TONIHHE
B 0071aCTH BO3€MCTBHUS JIa3€pPHOrO ayd4a. [l OmTH-
yeckor cxembl C160/F250 3ToT yrom paseH 4°, mjis
C160/F400 - coctaBnsgeT 3°. TpacCHpOBKa JIa3epHOIO
Jyda I10 TaKOH YCIOBHOL NepelHelr CTeHKU /IS OITH-
yeckoH cxeMbl C160/F250 1okaspIBaeT, UTO B 3TOM
C/ly4ae IlepeoTpakeHHe OT IlepefHeM CTeHKH HIeT
B LIEHTPaJIbHYI0 06/1acTh, B C/Iydae MCIIOIb30BAaHUS
oriTh4yeckor cxeMbl C160/F400 - B HMKHIOK YacThb,
YTO HOJIKHO ObITH 6ornee 67arompHsITHO AJIS IOTyde-
HUS1 60/IbIIIeH IJ1y6HHBI ITPOILIABIEHHUS.

B mpoliecce cBapKH, yroj IepefHer CTeHKH B 3aBU-
CHMOCTH OT CKOPOCTH CBapKH, IIOJIOKeHHS ¢oKyca
MOXKET MEHSITBbCSI, [I03TOMY TPaCCHPOBKY OTPaKeHHUH
Ja3epHBIX Jy4deH Iieecoobpa3sHO ITPOU3BOAUTD IS
ellle HeCKOJIbKHX ITOJIOJKeHUM C miaroM B 1°. Tak Ojis
onTHYeckor cxeMbl C160/F250 py yMeHBIIeHHH YI/ia
HaKJ/IOHA [10 3 ¥ 2° HaIIpaB/IeHHe [IepeoTpaskeHUs CMe-
IaeTcsl Ha I7yOKHY 6 M 8 MM. [[/1s1 OITHYeCKOk CXeMBl
C160/F400 mpu m060M IIOMIOKEHHH YIIa HaKJIOHA
IepeoTpaskeHHe JIyder HIeT Ha Inybuny 10-12 MM,
YTO IPeAIloNoKUTeNbHO Oonee 61arompUSTHO IS
CBApKHU TOJIIIMHBL 0 12 MM.

SKCMNEPUMEHTAJIbHAA YACTb

OueHKa NPUMEHUMOCTH PaCCYUTAHHBIX IIapaMeTpOB
ONTHYECKOM CXeMBI IIPOBOJHIACH SKCIIEPHMEHTAIbHO
IIyTeM IMPOIUIAB/JIEHUS CTaJAbHBIX IJIACTUH TOJIIIM-
Hoi 8,10 u 12 MM K3 HHU3KOJIETUPOBAHHBIX CTajleH
(0912C, K60). Kputepuem OLIeHKH CIyKHIa CTabHIb-
HOCTb GOPMHPOBAHMS CBAPHOTO IIBA CO CKBO3HBIM
nporuiaBieHreM. CMelleHHe Ioj0KeH e GOoKyca IIPpHU
HCIIONIb30BAaHUM 000MX GOKYCHPYIOIIMX JTHH3 IIPO-
M3BOAUIOCh B AHaras’oHe oT - 9 MM 10 9 MM. CKo-
POCTH CBapKH cocTasasind 0,6 u 0,9 M/MHUH. Beuin
HCC/IefloBaHbl 3aBUCHMOCTH H3MeHeHMsl Tpebyemort
MOIIHOCTH M [HAaIla30Hbl BO3MOXKHBIX OTKJIOHEHHH
IOJIOKeHHU S QOKyca, He BIMAIONMX Ha KavyecTBO IIPo-
IJIABJIEHUS U Pe3yJ/IbTaT CBAPKH.

=

60

IIJI0THOCTh MOIIIHOCTH, MBT/cM2

23,5/ 63 &I
-12 -10 -8 -6 -4 -2 0

TTonoskeHHe OKyCa JIa3epHOro 1yda, MM

Puc. 5. PacnpedeneHue nA0OMHOCMU MOWHOCMU 8 UHMep-
8ane GoKycupo8aHus Aa3epHo20 Ay4a om 0 00 =12 mm npu
AUH3ax F250 u F400 Ha mouyHOCMU AAa3epH020 U3Ay4eHus
10 KBm

Fig. 5. Power density distribution in the laser beam focusing
range from O to -12 mm with the lenses F250 and F400 at

a laser power of 10 kW

An estimate is made in relation to the laser beam
incidence and reflection angles on the front key-
hole wall that, in turn, is conditionally determined
by the diagonal of the resulting trapezoid over the
entire thickness in the area of laser beam impact.
For the C160/F250 optical scheme this angle is 4°, for
C160/F400 it is 3°. The laser beam tracing along such
a conditional front wall for the C160/F250 optical
scheme shows that in this case the re-reflection from
the front wall is directed to the central area, in the
case of the C160/F400 optical scheme it is directed
to the lower part that should be more favorable for
obtaining greater weld penetration depth.

In the welding process, the angle of the front wall
depending on the welding speed and focus position
can be changed, so it is advisable to trace the laser
beam reflections for several more positions in incre-
ments of 1°. For example, for the C160/F250 optical
scheme, as the inclination angle decreases to 3 and
2°, the re-reflection direction shifts to a depth of 6
and 8 mm. For the C160/F400 optical scheme, at
any position of the inclination angle, the beams are
re-reflected to a depth of 10-12 mm that is presum-
ably more favorable for welding with the thicknesses
up to 12 mm.

EXPERIMENTAL PROCEDURE

The applicability of the calculated optical scheme
parameters was evaluated experimentally by melt-
ing steel plates with the thickness of 8, 10 and 12 mm
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PaccMaTpuBaeMble Ha KaKOOM GOKYCHPYIOILIEH
JIMH3e JHaTIa30Hbl [10JI05KeHHUH GOKyca Ia3epHOro Iy4a
BBIOPAHBI C yUeTOM AraMeTpa ISITHA Ha II0BEPXHOCTH.
[Ipu monoskeHUH QOKyca Ja3epHOTro Jydya Ha I10BepX-
HOCTH MeTa/Ula ISITHO, IIOJy4deHHOe Ha GOKyCHPYIO-
mei nuH3e F400 6onbine, yem Ha auH3e F250. IIpu
yBeJIMUeHUH PacOKyCHPOBAHUS ITyYKa A0 3 MM IIpU
HCIIONIb30BaHUU 00erx QOKYCHPYIOIIMX JIMH3 IISITHA
OyayT MMeTh IPUOIM3UTENBHO OLMHAKOBBIKN PasMep
(puc. 5). Janee s3¢dexT oT pacHoKyCHPOBKHU bymeT
OT/IMYAThCS: MPU HCIIOAB30BAHUU JIHHHOQPOKYCHOM
JTHUH3BL 75 IIOy4eHHs ISITHA TOTO >Ke AuaMeTpa,
YTO U IIPH KCIIOJIB30BAHUH KOPOTKOGOKYCHOH JTHH3EI,
roTpebyetcs 60npIIas pacPoKyCHPOBKA.
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made of low-alloy steels (X52, X80). The evaluation
criterion was the weld stability with through pen-
etration. The focus position when using both focusing
lenses was shifted in the range from -9 mm to 9 mm.
The welding speeds were 0.6 and 0.9 m/min. The
dependences of changes in the required power and the
ranges of possible focus position deviations that do not
affect the penetration quality and the welding result,
were studied.

The ranges of the laser beam focus positions con-
sidered on each focusing lens are selected with due
regard to the spot diameter on the surface. When
the laser beam focus is located on the metal surface,
the spot obtained on the F400 focusing lens is larger

0,306
e0,414

| 24,770
| £1,762 |
b4,135
50,164
€ 0,940

Puc. 6. Maxpocmpykmypbl ceapHbix weos: a) cmab 8,0 mm 092C cxema C160/ F250; b) cmanb 8,0 mm 09I 2C cxema
C160/F400; ¢) cmanb 12,0 mm 10M2®BHO cxema C160/ F250; d) cmanp 12,0 mm 102060 cxema C160/ F400

¢ 2,804
0,522
€0,652
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Mei pazpaGotanu nporpaMmHo-annaparHbiid komnneke «LDesigner-SLS» ana obecneyeHus NpoLecca cenex-
TWBHOMO NA3EpHOro CANABNEHUS NOPOLUKORLIX MATEPUANOE,

Komnnexkc srnodaert 8 ceba CKaHMPYIOLLYIO CUCTEMY, COCTOALLYIO M3 CKaHATOPHOM ¥ KONNWMAaTOPHON roNoBoK,
KOHTpONNepa u NporpaMMHore npoaykra. Micnons3osanue ckaHatopos cobecTeeHHoro nponsecacrea (MateHts!
Pd Ne 2767033 v Ne 2766317) NO3BONKMNO 3HAUMTENLHO CHWUEWTE CEBECTOMMOCTE KOMNNEKCA NO CPaBHEHWID
C 32pyBeHbIMK aHanoramu, a Takxe Janc BO3MOMHOCTE M3MEHATE BhIXOAHbLIE NapaMeTpbl CUCTEMb! B 33BUCH-

MOCTI OT TpeboBaHMiA 3aKazyuka.

Mporpamma (CevpetensCTeo O rOCYAApPCTBEHHONR pervcTpauuwn nporpamMmel ang 3BM Ne 2018617750) paer
BOIMOMHOCTE HE TOMNbKO OCYLUIECTBNATE NOOFOTOBKY M HENOCPEACTBEHHBIA NPOUECC NAIBPHOND CNEKaHWA,
HO W NO3BONAET CO3AABATL HOBBIE ANTOPUTMBl M OTPABATLIBATL TEXHONOMMUBCKWME PDEXMMBI, ONTHUMAaNbHBIE 4N#

MCNONBE3I0BAHWA HOBRIX OTEYECTEEHHEIX NOPOLWKOBEIX MaTepuancs.




Ha puc. 6 mokasaHsl ¢oTorpaduy MaKpOIIIH-
$0B CBapHBIX IIBOB CO CKBO3HBIM IIPOSB/IEHHEM,
[IOJIy4eHHBIX Ha CTAISIX Pa3HOM TONIIMHBI HAa OITH-
MaJIBHBIX peKHMaX C MCII0JIb30BaHHEM Pa3IHYHBIX
OIITHYeCKUX cxeM. Kak BHOHO Ha MaKkpouuiudax,
obe omtuueckue cxeMbl C160/F250 m C160/F400
obecrieunBaOT KadeCcTBeHHOoe (GOpMHPOBaHUeE
C TIOJAHBIM IIPOIJIABJeHHMEM IIJIaCTHH TOJIIIK-
HoH oT 8,0 mo 12,0 MM IpH MHOJOKeHHH PoKyca
Ha IIOBEPXHOCTH.

Ilo pesynbTaTaM 3KCIIePHMEHTA IIOCTPOEHBI I'pa-
¢uKM, OTpakalnue BIHSHHEe IIyOHHBI QOKyca
dokycupymome JTUH3B Ha HeO0OXOJAHUMYI0 MOII-
HOCTb JIa3€pHOTO M3JIyYeHUs IJis IIOJy4YeHUsl CKBO3-
HOIO IIPOIUIAB/AeHHUS IUIACTHHBI TONIMHOM 8 MM
(puc. 7) u 12 mMm (puc. 8).

YBennYyeHMe TOJIMHBI CBAPHBAeMOT0 MeTajjia
TpebyeT 6o0sbIlle MOLIHOCTH JIa3ePHOTO H3JIyYeHUS
[P HCII0JIb30BAHUKU KOPOTKOPOKYCHOIM OIITHKU
(F250) B cpaBHeHHH ¢ yIHHHOQOKYCcHOM (F400). Knac-
CHYecKoe pacmopeneseHHe IUIOTHOCTH MOIIHOCTH
B CEYEHMH JIa3€pHOT0 Iy4YKa MOJUYUHSIETCS pacIpe-
nJeneHuro l'aycca. B mmpouecce CBapKH Iy4YO0K pacIipo-
cTpaHsieTcs B obpasyoomieMcsi IIapora3oBoM KaHae
IoJ, HeKOTOPBIM YIJIOM K IlepefHel cTeHKe. IIpu
pacuerax IpHHHMaeM, 4YTO KaHal HMeeT GopMy
mMaIMHApa. OT coXpaHeHMs IOCTOSHCTBA pacIpee-
JIeHH s IIOTHOCTH MOIIHOCTY Iy4YKa B KaHaJle 3aBU-
CHUT CTabHJIBHOCTH MIpoLiecca.

ITpu Mcrnonb30BaHUM GOKYCHPYIOIIel THUH3bI F400
c 6oree rnybokuM PoKycoMm TpebyeTcss MeHblle MOII-
HOCTH H3JIyYeHHUs [Jisg CKBO3HOIO IIPOIJIaBJeHHUS
cranu K60 TonmmuHOM 12 MM Tpebyercsi MeHbIIe
MOIIIHOCTH JIA3€PHOIr0 U3/IyYeHH.

CmemeHHe dokyca B r1ybp MeTaqna Ha 3-6 MM
CHIUKaeT TpebyeMyi0 MOIIHOCTD [JIsl CKBO3HOIO ITPO-
IUIaBJIeHUs Ha 15-17%, a mogbeM Hall IOBEPXHOCTHIO
Ha 3-6 MM IIOBBIIIAET MOIIHOCTE /IS IIPOIJIaBIeHHUS
HEe3HAYHTe/IbHO Ha 5-7%. DTH 3aBHCHMOCTH COXpa-
HAIOTCS AJ151 06erX ONTHUYecKUuX cxeM. IIpu yBenuue-
HUM CKOPOCTH CBapku Ao 0,9 M/MHUH [/ IIOJTHOIO
IpoIIaBieHUss TpebyeTcs yBeIHYeHHe MOIIHO-
cTU Ha 15-17% mipu QOKYyCHMpPOBKe Ha IIOBEPXHOCTH,
OJHAKO 3aBHCMMOCTH IIPU CMeLIeHUH POoKyca ocTa-
IOTCS B TOM >Ke THaria3oHe.

Tak ke HabnroJaeTcsl U3MeHeHHe BHeIIHero $op-
MHpPOBaHHs, 00pa3oBaHHUS pa3bpeI3STUBAHUSA, IPO-
BHCaHHe IIPOIIaBa B 3aBHCHMOCTH OT IIOJIOXKEHHS
doxkyca. YCTaHOB/IEHO, UTO [AHUAIA30H CMellleHHUH
doKyca IIpH IOJyueHHUU CBAPHBIX IIBOB 6e3 yKasaH-
HBIX TedeKTOB OJIs ONTHUYeCKOM cucteMbl C160/F400
B 3 pasa mupe, yeM s cucteMbl C160/F250. 310
IIpeJIOCTaB/IsIeT BO3MOXKHOCTh YIIPaB/IsATH B boiee

208 ®OTOHUKA TOM 16 N2 3 2022

CECEEEEEEEEE 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 ey
TEXHOJIOTUU U TEXHOJIOTMYECKOE OBOPYOBAHUE |
LECEEEEEEEE R e e e e e e e e e e

v
v

MOIIHOCTB JIa3epHOI0
U31y4yeHUs, KBT
)
v
T

—— F250
F400

el \/
2,5 | | | | |
-9 -6 -3 0 3 6 9
a) ITonoskeHHe POKyca J1a3epHOTo Iyda, MM
o 6,0
E o —— F250
2% F400
a0 5,0k
m &
S
A L
g5
4,0 -
S =
= 3,0 | | | | |
-9 -6 -3 0 3 6 9
b) ITonoskeHHe GOKyca Ta3epHOro Iyda, MM

Puc. 7. BausiHue pokycupytoueli AUH3bl HA MOULHOCMb Ad3ep-
HO020 U3Ay4YeHUst He06X00UMYH 0AS CKBO3HO20 NPONAdeneHuUs!
naacmuH 8 mm 09I 2C npu ¢okycupytouieli AuH3e F=250 mm
(cuHag kpusas) u F=400 mm (opaHxkesast Kpugds) Ha ckopo-
cmu ceapku: a) 0,6 m/muH ; b) 0,9 m/muH

Fig. 7. Influence of the focusing lens on the laser radiation
power required for through penetration of the X52 plates
with a thickness of 8 mm with focusing lens F=250 mm
(blue curve line) and F=400 mm (orange curve line) at the
welding speeds: a) 0.6 m/min; b) 0.9 m/min

than on F250. Further, as the beam defocusing is
increased to 3 mm, the spots of both focusing lenses
will have approximately the same size (Fig. 5). In the
case of further magnification, a greater defocusing is
required to obtain the same spot size on a long-focus
lens.

Figure 6 shows the images of weld macrosections
with a through penetration, obtained on the steels
with various thicknesses in optimal modes using
various optical schemes. As it can be seen on the
macrosections, both C160/F250 and C160/F400 opti-
cal schemes provide high-quality formation with full
weld penetration of plates with a thickness of 8.0 to
12.0 mm at the focus position on the surface.

Based on the experimental results, the graphs are
plotted that reflect the impact of the focus depth of
the focusing lens on the required laser radiation power
to obtain through penetration of a plate with a thick-
ness of 8 mm (Fig. 7) and 12 mm (Fig. 8).

Increased thickness of the welded metal requires
more laser power when using the short-focus optics
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MM POKHUX IIpefeiax IlapaMeTpaMU CBApKH C IIpUMe-
HeHHeM OIITHYecKoH cuctembl C160/F400. Ha ocHo-
BAaHHUHM 3TOTO AAHHAs ONTHYecKas cxema boynee mpu-
rofiHAa JISl CBapKH 6oJiee TONCTBIX MaTePHUAJIOB.

BbIBO/bl

1. B CBSI3U C IIOBBIIIEHHOM IIOITIOMATEIBHOM CII0CO6-
HOCTBIO METaJUUIOB Ha [JIMHe BOJIHBI BOJIOKOHHOI'O
nasepa paBHOM 1,07 MKM, IIpU CBapKe OOTBLIMX
TONIIUH TpebyeTcst Oosee pacIIMpPeHHBIN aHAIHU3
OIITHYECKHX I1apaMeTPOB GOKYCHPYIOIIUX CUCTEM.

2. ITomuMoO pacyeTa 6a30BbIX IIapaMeTpoB (IHaMeTpa
boKyCcHOro IATHA, IUIOTHOCTH MOIMHOCTH WU IJy-
6uHBI Qokyca) TpebyeTcsi OLleHKA M JOIIOTHUTEIb
HBIX IIapaMeTPOB:

* pacmpefesieHHe IUIOTHOCTA MOIIHOCTH IIO IJIy-
6HHe «I1apora3oBOro» KaHasa;

* (CpelHel IUIOTHOCTH MOIIHOCTH Ha IIJIOCKOCTH
IlepeHeH CTeHKH;

* OLeHKA yI/a [afileHUsl U OTPakeHHs JIa3epPHOro
7yd4a OoT IlepefJHeH CTeHKH KaHasa.

3. Ha mpuMepe OByx omTHU4YecKux cucTem C160/F250
u C160/F400 skcriepuMeHTalbHa IIOATBEPXKAEHA
6onee BBICOKASI ITPUMEHHMOCTb JTHHHOPOKYCHOM
CHCTeMBI JJIsI CBAPKU TONIIKMHEL 10-12 MM, objacTh

(F250) compared to the long-focus (F400) optics due to
a deeper focus.

When using the F400 focusing lens with a deeper
focus, less laser power is required for through penetra-
tion of K60 steel with a thickness of 12 mm.

The focus transition into the metal depth by 3-6
mm reduces the required power for through penetra-
tion by 15-17%, and its rise above the surface by 3-6
mm increases the power for penetration slightly by
5-7%. These dependences are preserved for both opti-
cal schemes. In the case of an increase in welding
speed up to 0.9 m/min, full penetration requires an
increase in power by 15-17% when focusing on the sur-
face. However, the dependences remain in the same
range when the focus is shifted.

There are also changes in the external formation,
splash formation, sagging of the melt, depending on
the focus position. It has been established that the
range of focus transitions when obtaining the welds
without indicated defects for the C160/F400 optical
system is 3 times wider than for the C160/F250 system.
This makes it possible to control the welding param-
eters over a wider range using the C160/F400 optical
system. Based on this fact, this optical scheme is
more suitable for welding thicker materials.
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