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MpepcTaBneH KOIMYECTBEHHbIN

M Ka4yeCTBEHHbIA aHan3 MUPOBbIX TEHAEHL UM
B 06/71aCTU 1a3epHON CBApPKX pasHOPOAHbIX
MeTannos 3a 2016-2019 roabl. OnpepeneHo,
YTO Sla3zepHas cBapka nosy4uaa Hambosbuiee
pacnpocTpaHeHUue Ans CoefUHEHUN cTanm

C a/IIOMUHUEM, TUTAHA C A/IIOMUHUEM,
anlMUHUA C Meabto. NMpepcrtaBneH aHanus
OCHOBHbIX TEXHUK U CNOCO60B CBapKu
pasHOPOAHbIX MeTa/INIOB, pe3y/ibTaThl
nccnefoBaHUS UX BIMSIHUS HA MeTallypruio
npouecca, MUKpPOCTPYKTYPY U MexaHu4deckume
CBOMCTBA COeAUHEHUN. AKLLeHT cAenaH Ha
OMNMMCAaHUU TEXHUKU N CNOCO60B S1a3epHON
CBapKu aJIOMUHUNS CO CTa/bHO.
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BBEAEHWUE

OCHOBHBIM TPeHJOM COBPEMEHHOTO KOHCTPYK-
I[MOHHOTO MAaIIMHOCTPOEHHS SIB/ISEeTCS CHHKeHHe
Beca KOHEYHOTO H3/leNHsl 3a CUeT HCIIO0/b30BaHHUS
MaTepHasoB M KOHCTPYKLHKM, HMEIOUIMX BEICOKYIO
IIPOYHOCTh U HHU3KUM yAenbHBIM Bec [1]. Ilpume-
POM TaKHMX MaTepHUasOB SBISIOTCS KOMIIO3HMILIMOH-
Hble MaTepHa/lbl Ha OCHOBe YIJIeBOJIOKHA, BBICOKO-
IIPOYHBIE JYIIIeKCHBIE CTATH, IIOPUCThIe U/ II0JIbIe
MaTepuansl [2, 3], monydeHHBle C IPUMeHeHHeM
aJTUTUBHBEIX TeXHOJOTHUM M C Yy4eTOM TOIOJIOTHYe-
CKOM ONTHMH3alUMM. Takke K TaKUM MaTepHanam
MOKHO OTHECTH MYJIbTH-MaTepHasbl WIH THOpUL-
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A quantitative and qualitative analysis of
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INTRODUCTION

The main trend of modern structural engineering
is to reduce the weight of the final product using
materials and structures with high strength and low
specific weight [1]. Examples of such materials are
composite materials based on carbon fiber, high-
strength duplex steels, porous or hollow materials [2,
3], obtained using additive technologies and taking
into account topological optimization. In addition,
such materials include multi-materials or hybrid
structures consisting of several dissimilar materials
connected to each other in some way, e.g., by
welding, bolting or riveting, gluing, soldering,
etc. [4].

As a rule, welded, brazed or glued joints provide
the greatest strength and tightness of joints. The
adhesion, weldability and solderability of dissimilar
materials can be complicated by the difference in
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Hble CTPYKTYPbl, COCTOSIIHE K3 HeCKOJbKHX Pa3HO-
POOHBIX MaTepHajIoB, COeIMHEHHBIX MEXKAY coboit
KakKuUM-1Hb0 criocoboM, Hamprumep CBapKoH, 60iTo-
BBIMU HJ/IM KJIeINaHBIMH COeJUHEeHHUSIMHU, CKIeHBa-
HHUeM, IIaMKoM U T. 1. [4].

Kak mpaBusio, HauboJbIIyI0 IIPOYHOCTb U Tep-
METHUYHOCTh COeNUHEHHUN 00ecrieduBalOT CBApHBIe,
MastHble U1K KiIeeHble coeqfruHeHUs . CKIeUBaeMOCTb,
CBapUBaeMOCTb M I1asieMOCTb Pa3HOPOAHBIX MaTe-
pHaIoB, MOXeT OBITh OCIOKHEHA pasnudreM QH3U-
YeCKUX M TepMOMEXaHHYeCKHX CBOMCTB COeHHS-
eMBIX MaTepHaJIoB M UX IIOBepxHocTeH [5, 6]. Uro
TpebyeT HeOOXOAMMOCTH IPUMEHEHHUS CIOXKHBIX
TUOPUIHBIX TEXHOJIOTHI, OCHOBAHHBIX HA TepMHYe-
CKOM, MeXaHHUUYeCKOM, XHMHUYECKOM BO3[eHCTBUU
Ha CoefUHSIeMble 3aroTOBKMU, K TaKHUM TeXHOJO-
THSIM OTHOCSTCS CBapKa-IlaliKa, CBapKa-CKJIeMBaHHUe,
KJIMHY-COeJUHeHUs [7] 1 mpoure. Hampumep, Ky30B
COBPEMEHHOI0 JIeFKOBOTO aBTOMOOHJIS IO Macce
COCTOUT, IIpUMeEpPHO, M3 96 KI alIOMHHHUSI, 66 KI
cTanu, 11 Kr mMarHus, 7 KT IIJIacTHKa [4], mosTtomy
BOIIPOC COeAHHEHHUS Pa3HOPOAHBIX MaTepHaoB
SIBJIZeTCS aKTyaJIbHOM M IepCIeKTUBHOM HayKoeM-
KOH TeXHOJIOTUYECKOH 3a/IavueH.

[ToHuMaHUe PU3HUYECKUX, XUMHUUYECKUX U MeTajl-
JYypruydecKkyx IIPoLleccoB, IIPOUCXOASIIUX IIPH CBapKe
U IaMKe pasHOPOAHBIX MaTepHUasoB, SIBASETCS OCHO-
BOM 1yisi BbIOOpa BHZA M cIlocoba CBapKH, TeXHHUK
U TeXHOJOTHUH CBAapKU C LebI0 IIOydYeHHS COoefu-
HeHHUsI C TpebyeMBIMH XapaKTepHCTUKaMH. IIpu
CBapKe IUIaBJIeHHEeM Pa3HOPOJHBIX MEeTAJ/UIOB Heob-
XOAMMO PaccCMaTPUBaTh Kak PU3HUUeCKHe CBOMCTBA
CoefiMHSIEMBIX MaTepHaloB, Tak U MeTa/UIYprUI0 HUX
B3aUMOJEHCTBUSA B SKUAKOM COCTOSHHH, IIpemnsiT-
CTBYIOUIIMX 0OPa30BaHUIO KaueCTBEHHOTO CBapPHOIO
coefrHeHUH [5].

B cBsI3M C TeM, YTO CBapka IIJIaBJIeHHEeM II0[pas-
yMeBaeT HellpeMeHHOe pacIlIaB/leHHe MaTepHasa
B 30He IIIBa U Harpes Ao teMreparyp T=0,8T,; B 0KO-
JIOLIOBHOM 30He, HEOOXOIHUMO pPacCMATpPUBATh IPO-
LlecChl B3aMMOJENCTBHS COeIHUHSEeMBIX MaTepHUaoB
IIPU IIJIaBJIeHUU M KPUCTA/UIM3AlMU. Bce Ipoleccsl
IIJIaBJIeHHSI M KPUCTA/UIM3ALMUU, a TakKe obpasoBa-
HHe MHTepMeTAIIUAHBIX COeAUHEHUI OTPasKAI0TCA
JUarpaMMaMH COCTOSHMS ABOMHBIX chcTeM [8]. Ilo
TUIy AHUArpaMMBl COCTOSIHUSI IBYX CBapHBaeMBIX
MaTepHaloB MOKHO IIpefyCMOTpPeTh obpa3oBaHHe
TOM WM WHOH CTPYKTYphl. IIpH 3TOM cilefdyeT pas-
JUYaTh BIUSHHE Ha CTPYKTYPY MeXaHH3Ma KPHUCTal-
JIM3allMHU C OOHOM CTOPOHBI U MOC/IeAYIOINX Pa30BbIX
IIpeBpallleHUH B TBEPAOM COCTOSIHHUH C APyrou. Jua-
IPaMMBI COCTOSIHUSI 3BTEKTHUECKOI0 U IlepeTeKTHYe-
CKOTO TUIIOB, KOMIIOHEHTBI KOTOPBIX IIPHU IJIaBIeHUHU

physical and thermomechanical properties of the
materials to be joined and their surfaces [5, 6]. This
requires the use of complex hybrid technologies
based on thermal, mechanical, and chemical action
on the workpieces being joined; such technologies
include welding-brazing, welding-gluing, clinch-
joints [7] etc. For example, the body of a modern
passenger car by weight consists of approximately 96
kg of aluminum, 66 kg of steel, 11 kg of magnesium,
7 kg of plastic [4], so the issue of joining dissimilar
materials is an urgent and promising science-
intensive technological problem.

Understanding the physical, chemical and
metallurgical processes occurring during welding
and brazing of dissimilar materials is the basis for
choosing the type and method of welding, techniques
and welding technology in order to obtain a joint
with the required characteristics. In fusion welding
of dissimilar metals, it is necessary to consider both
the physical properties of the materials being joined
and the metallurgy of their interaction in the liquid
state, which prevents the formation of a high-quality
welded joint [5].

Due to the fact that fusion welding implies the
inevitable melting of the material in the weld zone
and heating to temperatures T = 0.8 Tm in the
heat-affected zone, it is necessary to consider the
processes of interaction of the materials to be joined
during melting and crystallization. All processes of
melting and crystallization, as well as the formation
of intermetallic compounds, are reflected in the
diagrams of the state of binary systems [8]. By the
type of the state diagram of the two materials to
be welded, it is possible to envisage the formation
of a particular structure. In this case, one should
distinguish between the effect on the structure of
the crystallization mechanism, on the one hand,
and subsequent phase transformations in the solid
state, on the other. The phase diagrams of the
eutectic and peretectic types, the components of
which upon melting form a homogeneous liquid
with limited solubility, and in the solid state are
practically insoluble in each other, are the most
favorable. Melting and crystallization of such
materials in the weld produces a homogeneous
heterogeneous structure with alternating particles
of constituent elements. Fusion welding of such
materials is possible without much difficulty. If
the components of the materials to be welded
during melting and crystallization have limited or
unlimited mutual solubility, then during welding of
such materials, solid solutions with a concentration
smoothly varying from the fusion line will be formed
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06pa3yloT OJHOPOAHYIO KHAKOCTb C OrPAaHHUYEHHOU
PACTBOPHUMOCTBIO, & B TBEPIOM COCTOSSHHHU IIPAKTH-
YeCcKH{ He PacTBOPUMBL APYyT B Apyre, Hauboiee 61a-
TONPUATHBL. [IpH IIZIaBJeHHH KU KPHUCTA/UIM3ALUHA
TaKUX MaTe€pPHaIOB B IIBe II0Jy4aeTCsI OJHOPOAHAsS
reTeporeHHasi CTPyKTypa C YepenyOIMHUMHUCS YacTH-
LIAMH COCTaB/ISIIOLIMX 371eMeHTOB. CBapKa ILIaBie-
HHUeM I10J00HBIX MaTepHalIoB BO3MOKHA 6e3 0cobbIxX
TpyAHOCTeN. EC/IHM >Ke KOMIIOHEHTHl CBapHBaeMBIX
MaTepHalIOB IIPU PaCIIaBIeHUM M KPHUCTAIIM3A-
LMK 00/1aIal0T OTPAaHUYEHHOH WM HeOTpaHHYeH-
HOM B3aKMMHOK PacTBOPHMOCTBIO, TO IPH CBapke
TaKMX MaTepuasoB B IBe OyAyT 06pa3oBBIBATHCS
TBepZAble PACTBOPHl C IUIABHO H3MEHSIOLIEHNCS OT
JIMHUU CIIaBIeHUs KOHIleHTpauueH. [IpoYHOCTH
IIBa TaKUX COeIUHEHHN MOXKeT OBITh [OCTATOYHO
BbICOKA. [IpM CBapKke MaTepPHAIOB C OIPAaHHUYEHHOH
PacTBOPHMOCTBIO KOMIIOHEHTOB B IIBe OyneT IIpHUCYT-
CTBOBATh HapSIly C TBEPABIMHU PACTBOPAMHU 3BTEKTHKA
WIHN IIepeTeKTHKA, B 3aBUCHMOCTHU OT AHATrPaMMBI
COCTOSTHUS.

OnHaKO CyIlecTBYIOT MaTepHaJIbl, KOTOpble He
CMENIKMBAIOTCS B SKUAKOM COCTOSHHU H 00pasyioT
OYarpaMMBl COCTOSIHUSL C IIOJTHBIM OTCYTCTBHEM B3a-
HMOZENCTBUS. [IpH pacliaBlieHUU B IIBE TaKUX
MaTepHaIoB OHM pacCIaWBAIOTCS, He obecrieunBas
HY>KHBIX MeXaHHYeCKHX CBOHCTB. TakuM obpasoM,
IIPUCTYIIasl K pa3paboTke TeXHOJOTHH CBAPKH Pa3HO-
POLHBIX MaTepHaJIOB HeOOXOAMMO B IIEPBYIO ouepeb
BBISICHUTH THII UX THATPAMMBI COCTOSHUS ITPH I1JIaB-
JIEHUU U KPUCTAUIN3ALUH.

Ha mpakThKe OCHOBHOHM Ipo61eMOM, CHHUKA-
el MeXaHH4YecKHe U 3KCIIYaTallHoHHble CBOMCTBA
CBAapHBIX COeNHMHEHHH K3 PA3HOPOJHBIX CIIJIABOB,
siBsieTcs obpasoBaHHe HHTEPMeTLIMIAHOILO CJIOS
(MMC), aBISIIOIIErocst oueHb TBepABIM U XPYIKUM [9].
HHTepMeTa/InYecKass da3a MoskeT OBITh I10JIe3HOH
IJISL CIUIaBa, SIBJISITHCSL IUCIIEPCHBIM YIIPOUHHUTENIEM,
TOPMO3SIIUM JUCIOKALUHU, B TOM CIy4ae, KOTa OHa
PAaBHOMEPHO pacIipefielieHa MeXAy 3epHaMH B 00b-
eMe MeTa/uia [5]. OmHako, ecnu MMC 6y/:[eT HpH-
CyTCTBOBATh B BH/Ee HEINPEPHIBHOM IIOJIOCHI Ha I'pa-
HUIle WIKM HAa JUHUU CIUIaBJIE€HUS ABYX MeTaJUIOB,
TO B 9TOM CJlyyae OoHa 6ymeT HecTH yrpo3y paspylile-
HUIO COeIMHeHUs, c1aboil o6acTeio 6ymeT sIBISThCS
nuHUA mnepexoga uau 3TB or MMC K OCHOBHOMY
MeTaJlly.

B Tabn. 1 mpuBeneHbl XapaKTePUCTHKH BO3MOXK-
HOCTH CBapKH HEKOTOPHIX IIap MeTa/UIoB. Kak BUAHO
M3 TabMUIBl OTIMYHOM CBAPHBAEeMOCTBHIO 0671aJal0T
TOJIBKO MeJIb W HHKeIb, JTO CBA3aHO C TEM, UTO
3TH MaTepHaIbl 001afAl0T XUMHUYECKUM CPOZACTBOM,
06pa3oBBIBAIOT TBEPABIN PAacTBOp 3aMelleHHs Heo-
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in the seam. The seam strength of such joints can be
quite high. When welding materials with a limited
solubility of the components in the weld, along
with solid solutions, a eutectic or a permeate will be
present, depending on the phase diagram.

However, there are materials that do not mix
in a liquid state and form phase diagrams with no
interaction at all. When such materials are melted in
a seam, they delaminate, not providing the desired
mechanical properties. Thus, when starting to
develop a technology for welding dissimilar materials,
itis necessary, first, to find out the type of their state
diagram during melting and crystallization.

In practice, the main problem that reduces the
mechanical and operational properties of welded
joints from dissimilar alloys is the formation of an
intermetallic layer (IML), which is very hard and
brittle [9]. The intermetallic phase can be useful for
an alloy; it can be a dispersed hardener that inhibits
dislocations, if it is evenly distributed between
grains in the bulk of the metal [5]. However, if the
IML is present in the form of a continuous strip at the
interface or on the fusion line of two metals, then in
this case it will pose a threat to the destruction of the
joint, the weak area will be the transition line or HAZ
from the IML to the base metal.

Table 1 shows the characteristics of the possibility
of welding some pairs of metals. As you can see
from the table, only copper and nickel have excellent
weldability. This is because these materials have
a chemical affinity and form a solid substitution
solution of unlimited solubility. The remaining
metal pairs generally have satisfactory weldability.
Therefore, an important task is to ensure uniformity
of diffusion processes over the thickness of butt-
welded materials.

One of the effective methods of welding dissimilar
materials is laser welding [10-12]. When welding
dissimilar metals, the main advantage is a high
welding speed and concentration of energy, which
allow minimizing the interaction time of the metals
being joined, as a rule, having different melting
points, limited mutual solubility, heat capacity and
thermal conductivity coefficients. Minimization of
the interaction time leads to the minimization of
the formation of intermetallic compounds between
the metals being welded, which usually have high
hardness and brittleness, low thermal and electrical
conductivity.

The purpose of the work is a quantitative and
qualitative analysis of the world trends in laser
welding of dissimilar metals, an overview of world
trends, methods and techniques of joining.
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Tabnumua 1. CBapMBaeMOCTb OBUHAPHbLIX KOMBUHALWI
MeTannoB
Table 1. Weldability of binary metal combinations

MeTann ‘ Fe ‘ A\ ‘ Ti ‘ Ni ‘ Mg ‘

Al + +++ + + + +
Ti + + +++ + - +
Ni ++ + + +++ + +++
Mg + + + + +++ +
Cu + + + +++ + +++

[IpuMeYyaHue: +++ — OTIUYHAs, ++ ~ XOPOLIAs, + ~ YIOBIETBOPH-
Te/bHAs, - - IJIOXasl, HeT JAHHBIX
Note: +++ - excellent, ++ - good, + - satisfactory, - - poor, no data

available

IPAaHHUYEHHOH PAacCTBOPHMOCTH. OCTajbHBIe Iaphl
MeTa/I/IOB B OCHOBHOM 00671a/Ial0T YAOBIETBOPUTE/b-
HOHM CBapHBaeMOCThIO. [103TOMYy Ba’KHOM 3ajader
sBisieTcs obeclieueHHe PaBHOMEPHOCTH AUY3H-
OHHBIX IIPOLIECCOB II0 TOJNILIMHE CBAPHBAaeMBbIX BCTBIK

MaTepHuaoB.
OOHUM U3 3(1)(1)eKTI/IBHI>IX METOOOB CBAPKH pa3-
HOPOAHBIX MaTepuajlioB SIBJISIETCS Jla3epHas

cBapka [10-12]. IIpu cBapke pa3sHOPOSHBIX MeTas-
JIOB OCHOBHBIM HPEI/IMYH_IECTBOM SIBJISIETCsI BBICOKas
CKOPOCTh CBAapKH U KOHIIEHTPUPOBAHHOCTb 3HEP-
THU, I[103BOJSIONINE, MUHHUMH3HUPOBATh BpeMs B3a-
MMOJENCTBUS COeSUHSEeMBbIX MeTa/JIOB, KakK IIpa-
BUJIO, UMEKOIIUX Pa3sHYI0 TeMIIepaTypy IUIaBIeHUS,
OrPaHHUYEHHYI0 B3aHMHYI0 PAacTBOPHUMOCTb, KO3d-
CI)I/IL[I/IEHTBI TEIIJIOEMKOCTH U TeIlJIOIIPOBOAHOCTH.
MUHUMH3ALHS BpPeMeHH B3aHMOIEHCTBUS IIPUBO-
OUT K MUHHMHU3aLUK 00pa3oBaHUS UHTEPMeTAIIH-
IOB MeXIy CBapUBaeMBIMH MeTa/UIAMH, KOTOpBIe
O0BBIYHO KMMEIOT BBICOKYIO TBEPAOCTh M XPYIIKOCTD,
HU3KYIO TeIUIO- ¥ 3JIeKTPOIIPOBOJHOCTb.

Llesp paboThl - KOMTMYECTBEHHBIN U KaueCTBeHHbIH
AHAIM3 MUPOBBIX TEHIEHIIMI JIa3epHOM CBapKH pas-
HOPOAHBIX META/JIOB, 0630p MHUPOBBIX TPEHJOB, CIIO-
cob0B 1 TeXHHK COeUHEHHUS.

AHAIN3 TEHOEHL A MUPOBbIX
NYBANKALLUA MO NA3SEPHOW CBAPKE
PA3HOPOAHbIX MATEPUAJIOB

Kaxk roxasplBaeT aHAIK3 NYOIUKAIHUE 110 pedepaTHB-
HOU ba3e JaHHBIX Scopus 3a mmociegHMe 4 roga 1o TeMe
na3epHaﬂ CBapKa pa3HOp0J1HbIX METaJIJIOB OHy6J‘II/IKO‘
BaHO OKo0JIO 270 cTaTeH, 70% HM3 KOTOPBHIX B BBICOKO-

i g

ANALYSIS OF TRENDS IN WORLD
PUBLICATIONS ON LASER WELDING

OF DISSIMILAR MATERIALS

As the analysis of publications on the Scopus abstract
database shows, over the past 4 years on the topic of
laser welding of dissimilar metals, about 270 articles
have been published, 70% of which are in high-rated
journals, the rest in conference proceedings and
translated journals. In fig. 1 shows the distribution
of the number of articles on laser welding of various
pairs of metals for 2016-2019 inclusive. As you can
see, the largest number of publications is devoted
to joining steel to aluminum (26%), these joints are
widely used in the automotive industry, therefore,
these works mainly describe the technologies of
welding or welding-brazing of sheet blanks of small
thicknesses (up to 2-3 mm). In second place among
metal pairs is titanium + aluminum pair (9%); these
joints are widely used in aircraft and rocketry, space
products, in which the main requirement is weight
minimization. It should also be noted here that
titanium-magnesium joints (5%) are also used in
the above-mentioned industries. In third place are
joints of aluminum and copper (8%), this pair of
metals is used in the electrical and thermal power

26% Fe + Al
9% Ti+ Al
6% Fe+Ti
6% Fe + Ni
3% Ni+Ti
5% Ti+Mg
8% Cu + Al
3% Cu+Fe
9% Me + He Me
9% Fe + pasHble CIIJIaBBI

16% OcTalbHbIe

Puc. 1. Juazpamma pacnpedeneHus mem cmamell no Aasep-
Holi c8apke pazHopodHbix memannos (2016-2019)

Fig. 1. Diagram of distribution of topics of articles on laser
welding of dissimilar metals (2016-2019)
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PENTHUHTOBBIX KYpHAJIaX, OCTA/JIBHBIE B MaTepHanax
KOHGEpeHLIMI U IIepPeBOLHBIX KypHaIax. Ha puc. 1
IIpe/iCTAB/IEHO paclipefiesieH e KOJIHUUeCTBa CTaTek 110
7a3epHOM CBapKe Pa3lIMYHBIX IIap MeTAII0B 3a 2016-
2019 roga BKIOYMUTENbHO. Kak BUAHO, Haubobllee
KOJIMYECTBO IMYOIHUKALUK IIOCBSIIEHO COeOHHEHHIO
CTIH C aNlOMUHHeM (26%), DAHHBlE COeNUHEHUS
IIHMPOKO IIPHMEHSIOTCS B ABTOCTPOEHHUH, II03TOMY
B JaHHBIX paboTax, B OCHOBHOM, OIIKCHIBAIOTCS TeX-
HOJIOTUH CBaPKHU H/IK CBAaPKHU-TIAKKH JIHCTOBBIX 3aro-
TOBOK MQJIBIX TONINHUH (7o 2-3 MM). Ha BTOpom MecTe
Cpeny map METa/UIOB HaXOAUTCS Iapa TUTAH + aJlio-
MUHHUHN (9%), OaHHBle COeJUHEHHUS IIHNPOKO IIpHU-
MEHSIIOTCSI B aBHAa- M PaKeTOCTPOEHHUH, H3MeNHIX
KOCMHYeCKOr0 Ha3HAa4YeHHs, B KOTOPBIX OCHOBHBIM
TpeboBaHKEM SBIsSeTCS MHUHHMU3ALHsS Beca. 37ecCh
>Ke cefyeT OTMeTUTh M COefHHEHMs THTaHa C Mar-
HueM (5%), KOTOpble TaloKe IPUMEHSIOTCSI B BBIIIE
yKasaHHBIX OTpacisix. Ha TpeTbeM MecTe Haxo-
ISTCSL COEIMHEHUSI AIIOMUHUS U Menu (8%), JaHHas
Ilapa MeTaJ/UIOB IIPUMeHSIeTCSI B 3JeKTPOTeXHHYe-
CKOM U TeIlJIOSHepreTHUeCKOH IPOMBIIIIEHHOCTSX.
[Ty6nuKanuy 06 OCTAIBHBIX ITapax METAJIJIOB, TAKUX
KaK, HUKeb + TUTaH, TUTAaH + CTajJb, Melb + CTalb,
HUKeNnb + CTalb, TUTAaH + MarHUH COCTaBIISIOT
0T 3 10 6% OT 0bI1Iero KoJM4ecTBa CTaTek.

CrnenyeT OTMeTHTh, YTO KOJIMYECTBO CTaTeH IIO
TeMe COefHHeHHEe MeTA/U/IMYeCKHUX MaTepHaoB
C HeMeTI/IMYeCKUMH (yI71eBOTOKOHHBIMH KOMIIO3U-
TaMH, OpraHHMYeCKHMMU CTeKJIaMH, ILIacTMaccaMH)
C IpUMeHeHHeM JIa3epHOr0 U3/IydeHHs OKOJIO 9% OT
obmero obvema. Kak mpaBuio, 3TO HAXIECTOUHBIH
THUIl COeIHHEHHsS, IPH KOTOPOM JIa3epHBIM JIy4OM
BO3[IeMCTBYIOT Ha MeTa/UI HJIM Ha HeMeTUIIMYeCKUH
MaTepuaa. IIpu BO34eHCTBUH Ja3epHBIM Jy4OM Ha
MeTaJl/l OCYIIeCcTB/IsIeTCsl er0 HarpeB WK IIaBIeHUe
Ha HeIIOJHYIO0 ITTyOHHY B 3aBUCHMOCTH OT TOJIIIHHBI,
HeMeTa/UIMUeCKUN MaTepHas, HaXOASLIUHCS C IIpo-
THUBOIIOJIOKHON CTOPOHBI HarpeBaeTrcs U B BSI3KO
TeKy4eM COCTOSIHHM B3aHMOJEHCTBYyeT C HarpeTbiM
MeTa/uioM. TakuM obpa3oM, obpasyeTcs He IIPOYHOe,
HO TepMeTHYHOe coefuHeHUe [13].

TEXHOJIOIMMYECKUE OCOBEHHOCTU
NA3EPHOW CBAPKWU PASHOPO/HbIX
METAJ1J10B
OCHOBHBIMU TEXHOJIOTUYECKUMU npruemMamMu, IIpU-
MeHsIeMBIMH IIpH Ja3epHOM CBapKe Pa3sHOPOLHBIX
MeTaJl/IOB, SIB/ISIOTCS:
* CMellleHHe JIa3epHOro jlydya Ha OAWH U3 CBapH-
BaeMbIX MeTaJl/IOB;
* IpUMeHeHHe IPOMEeXKYTOUHBIX MeTaJUIOB M
HaHeCeHHe [IOKPBITHH.
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industries. Publications about other metal pairs,
such as nickel + titanium, titanium + steel, copper +
steel, nickel + steel, titanium + magnesium, account
for 3 to 6% of the total number of articles.

It should be noted that the number of articles on
the topic of joining metallic materials with non-
metallic (carbon fiber composites, organic glass,
plastics) using laser radiation is about 9% of the
total. As a rule, a laser beam is applied to a metal or
non-metallic material in this lap joint type. When
a metal is exposed to a laser beam, it is heated or
melted to an incomplete depth, depending on the
thickness, the non-metallic material on the opposite
side is heated and interacts with the heated metal
in a viscous fluid state. Thus, a not strong but tight
connection is formed [13].

TECHNOLOGICAL FEATURES OF LASER
WELDING OF DISSIMILAR METALS

The main technological methods used in laser
welding of dissimilar metals are:

+ offset of the laser beam to one of the welded

metals;

+ use of intermediate metals or coating.

When choosing the offset of the laser beam to
one of the metals being welded, they are guided
by various factors and properties of the metals
being joined: the degree of absorption of laser
radiation by the metal of a certain wavelength, the
melting point, the wettability of one component
to another, or vice versa, the mutual solubility of
the components at the level of the crystal structure,
the difference in heat capacity and thermal
conductivity.

For example, when welding well-weldable copper
to stainless steel, the laser beam is displaced onto
the steel, the steel melts, wets and heats the
copper through thermal conduction (heat transfer

11% 2016

11% 2017

46% 2018

32% 2019

Puc. 2. luazpamma pacnpedeneHus Konudecmea cmamet no
Ad3epHoli ceapke pazHopodHbix memannos (2016-2019)

Fig. 2. Diagram of the distribution of the number of articles
on laser welding of dissimilar metals (2016-2019)
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[Ipu Belbope CMeleHHUs a3epHOro jyda Ha OLUH
M3 CBapHUBaeMbIX MeTAJJIOB PYKOBOACTBYIOTCS Pa3-
JTUYHBIMH QaKTOpaMH U CBOMCTBAMHU COeMHSEMBIX
MeTaJIJIOB — CTeIleHbIO [IOTJIOIeHH s MeTAJJIOM Jla3ep-
HOT'O HU3/Iy4YeHUs ollpefe/leHHOM AJIMHBI BOJTHEI, TeM-
IepaTypol IIaB/leHHSd, CMadyKMBaeMOCTBIO OJHOIO
KOMIIOHEHTa [JPYIHM HJIH HaobopoT, B3aUMHOM
PaCTBOPUMOCTBI0 KOMIIOHE@HTOB Ha ypPOBHE KPHUCTAJI-
JINYEeCKOTO CTPOeHHS, OTIHYHEeM TeIIOEMKOCTH
Y TeIlJIOIIPOBOAHOCTH.

HampuMep, Ipu CBapKe XOPOIIO CBapHBae€MBbIX
Me[H C Hep>KaBeWIeH CTalblo, Ja3epHBIM JIy4d CMe-
IlaeTcs Ha CTalb, CTalb PACcIlIaBASeTCSI, CMAa4HUBaeT
U HarpeBaeT MeJb IIOCPe[CTBOM TeILJIOBOM KOH-
OyKUuM (TeIUlollepefadyd B TBepAoM Tene), obpa-
3ys MeTaJUIMYecKHe CBSI3U. EC/IM j1yd HallpaBUTh Ha
Mefb, TO, BO-IIePBBIX, JIa3€pHOe M3JIy4YeHHe II0YTH
BCeX JUIMH BONH B MK-cmeKTpe 6ymeT oTpaskaThCs Ha
99% [11], BO-BTOPBIX, TEIIOIIPOBOJHOCTb MeJ U B 5 pa3
Bonpire yem skene3a (8, 14], Temo, obpasoBaHHOe
BO3/IeMCTBHEM JIa3epPHOIO H3IydeHHUs byneT pacceu-
BaThCs, A He TUVIABUTh Melb U T. [I.

B ciay4yae cBapkM OIpPaHHYEHO CBapHBaeMBbIX
MeTaJl/IOB, HallpUMep, CTa/IU C A/IIOMUHKEM B OCHOB-
HOM JIa3epHBIH JIy4 CMeIlaeTcsl Ha ATIOMUHUM, XOT4
ero TeIIONPOBOJHOCTb U CTelleHb OTPa’KeHHUS a3ep-
HOI'O HM3JIy4YeHHUs BBIIIe, YeM Y CTaJIH, HO CMadHBae-
MOCTb CTa/IM PacCIUIaBJIeHHBIM KUAKHUM aTIOMHUHHAEM
BBIIlIe, YeM CMAa4YHBAeMOCTh ANIOMHHHS >KUIKHUM
skesie3oM [6]. Taxoke TeMIlepaTypa IIaBIeHUS Kele3a
[IOYTH B 3 pasa Bhlle YeM TeMIlepaTypa IIJIaBIeHUs
AUIIOMHUHUS, TO eCTh IUIABJIEHHe Xejle3a MOXKeT IIpU-
BeCTU K KHUIIEHHIO AJIIOMHUHHS, U KaK CJeICcTBHe,
K 0obpa3oBaHMIO JedpeKToB. [IpH 3TOM IIOCPelCTBOM
CMellleHHUs JIa3epHOro jyd4a B nuamnasoHe 0,1-2 mMm
B 3aBUCHMOCTH OT CKOPOCTH MW TOJILIUHBI CBapHBae-
MBIX 3aTOTOBOK MOYKHO YIIPaBJSTh TOJIIHHOM obpa-
30BaHusga UMC.

[IpyMeHeHHe IIPOMEXKYTOYHBIX MeTajjlo0B MK
HaHeceHHe IIOKPBITHUM, MeTa/UIyprU4ecKHd COBMe-
CTUMBIX C ODOMMH IIJIOXO CBAPUBAaeMBIMH MeXKAY
cobo¥ MeTanaMH, LIUPOKO PACIPOCTPAaHEHHAs TeX-
HHKa, IIpUMeHseMasd B Pa3/IM4YHBIX BHAAX CBApPKH,
TaKUX KaK, OUGOY3HMOHHAS, B3PLIBOM, [JaBIeHHEM
u T.4. [5, 9]. Eciu B yKa3aHHBIX BHJAX CBapKHU
[JaHHAsl TeXHWKA CBAPKU I[IpPHUMeEHseTCs [ Haxie-
CTOYHOIO THIIA COeJUHEeHUIH, TO B Clydae Jasep-
HOM CBapKd OHa IpPUMeEHSIeTCd W JJI HaX/J1ecTod-
HBIX COeJUHEHUM, U OJIs CTBIKOBBIX. IIpu CBapke
CTBIKOBBIX COeJHUHEHHM IIPOMEXyTOUYHBIH MeTasll
MOKeT IVIABUTBCS KaK HAIIPSMYIO JIa3epPHBIM JIYYOM,
TaK U MOCPeJCTBOM TeIIOBOM KOHIYKILIMH IIPH CMe-
LIeHHWH JIa3ePHOIo JIy4ya Ha OJUH K3 CBApPHBaeMBbIX

=

in a solid), forming metallic bonds. If the beam
is directed to copper, then, firstly, laser radiation
of almost all wavelengths in the IR spectrum will
be reflected by 99% [11], and secondly, the thermal
conductivity of copper is 5 times greater than that
of iron [8, 14], heat generated by exposure to laser
radiation will scatter rather than melt copper,
etc.

In the case of welding limited weldable metals,
e.g., steel with aluminum, basically the laser
beam is shifted to aluminum, although its thermal
conductivity and the degree of reflection of laser
radiation are higher than that of steel, but the
wettability of steel by molten liquid aluminum is
higher than the wettability of aluminum by liquid
iron [6]. Also, the melting point of iron is almost 3
times higher than the melting point of aluminum,
that is, the melting of iron can lead to boiling of
aluminum, and as a result, to the formation of
defects. In this case, by shifting the laser beam
in the range of 0.1-2 mm, depending on the speed
and thickness of the workpieces being welded, the
thickness of the IML formation can be controlled.

The use of intermediate metals or the application
of coatings that are metallurgically compatible
with both poorly welded metals are a widespread
technique used in various types of welding, such
as diffusion, explosion, pressure, etc. [5, 9]. If
in the indicated types of welding this welding
technique is used for the overlap type of joints,
then in the case of laser welding it is used for both
overlap joints and butt joints. When welding butt
joints, the intermediate metal can be melted either
directly by the laser beam or by thermal conduction
when the laser beam is displaced onto one of the
components to be welded. In the case of lap joints,
the intermediate metal is heated conductively
and does not always melt, since it is not directly
affected by the laser beam. As a rule, most of the
joints obtained by the above methods are welded-
brazed. That is, for one metal, the process is
characterized as welding: it melts, wetting another
metal, for which the process is characterized
as brazing. The mechanical properties of such
compounds can reach 70-90% of the properties of a
less strong metal [4].

In these technological methods, through a high
degree of controllability of the parameters of laser
radiation, it is possible to control overheating
and the thickness of the transition layer or IML,
which can significantly improve the quality of the
connection and its mechanical and operational
properties.
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KOMIIOHEHTOB. B clly4ae Hax/IeCTOYHBIX COeJUHeHNH
[IPOME>XKyTOYHBIL MeTa/l/l HarpeBaeTCsl KOHAYKTUBHO
1 He BCer/a IIJIABUTCS, TaK KaK HAIIPSIMYIO JIa3epHBIN
Jlyd Ha Hero He BO3feHcTByeT. Kak mpaBuio, 60mb-
1as 4acCTb COEILI/IHEHI/Iﬁ, IIOJIy9€HHBIX BBIIIEYKa3aH~
HBIMHU CII0cobaMu, SBISIOTCS CBapPHO-MAsHBIMH. To
eCTb JJISL OLHOIO MeTaJl/Ia IIPOLLecC XapaKTepu3yeTcs
KaK CBapKa: OH PacCIUIaB/IseTCs, CMauiuBas APYyrou
MeTaJlsl, [/l KOTOPOTO IIPOLIeCC XapaKTepHU3yeTcs Kak
Iarika. MexaHH4YeCKHe CBOMCTBA TAKUX COeJUHEeHNH
MOTYT JOCTHUTaTh 70-90% OT CBOKCTB MeHee IIPOYHOr0
MeTasna [4].

B yKasaHHBIX TeXHOJIOTHYeCKHX IIpHeMaX,
[IOCPe[ICTBOM BBICOKOH CTelleHH KOHTPOIHPYeMOCTH
[1apaMeTpoOB JIa3epPHOT0 HM3/Iy4eHHS MOXKHO KOHTPO-
JIAPOBaTh, IleperpeB W TOMIIMHY IIePeXOJHOI0 CJI0s
v UMC, 4To MO3BO/ISAET CYINECTBEHHO YIy4IIMTh
KauyecTBO COeNHMHEHMHS M ero MeXaHH4YecKue M 3KC-
IIyaTallUOHHBIE CBOMCTBA.

NA3EPHASA CBAPKA AIIOMUHUEBDLIX
CMNJAABOB CO CTAJIbIO

Kaxk 6bL10 CKa3aHO BblIle, Haubosee pacIpocTpaHeH-
HOH IIapoll CBapHBaeMBbIX JIa3epHOM CBapKOH MeTal-
JIOB SIBJISIOTCS CTa/Ib C aJIIOMHHHEM, TaK KaK IIOJIy-
UMM Haubosiblllee PacHpOCTpaHeHHEe B KadecTBe
KOHCTPYKIMOHHBIX MaTepHanoB. OCHOBHble QHU3U-
YeCcKHe CBOMCTBA IIOMHHHS W >Kejle3a IIpefiCTaB-
7eHbl B Tabi. 2. U3 npeAcTaBleHHbIX JAHHBIX BULHO,
YTO CBOMCTBA OT/IMYAIOTCS 3HAUHUTE/NIbHO, B TOM
YKC/Ie U Ha YPOBHE aTOMHOTIO CTPOeHHUSI, B YaCTHOCTH
[IOCTOSIHHAs pellleTKH OT/IM4YaeTcs MOYTH B 1,5 pasa,
ATOMHBIH PaJNyC AJIIOMHHHUS paBeH 143 M, Kenesa
126 M, KpUCcTa/UIMYecKasi peleTka aJllOMHUHUS OIH-
HaKOBa TOJIBKO C TAMMa>KeJIe30M.

JKejeso gBJIseTCS IIepeXOSHbIM MeTaJZIOM. B coot-
BETCTBUU C IMAIPaMMOI COCTOSTHUS 0bpasyeT ¢ aio-
MHHHeM 3BTeKTHKY H HMeeT HU3KYI0 paCTBOPHUMOCTb
B TBepAOM AIIOMHUHUH. ATIOMHHHU B CBOIO ouepenb

Tabnuua 2. Pnsmyeckme CBOMCTBA Xese3a U aTloMUHNSA
Table 2. Physical properties of iron and aluminum

| mﬂly TEXHOJZIOTUU U TEXHOJIOTMYECKOE OBOPYAOBAHUE |

LASER WELDING

OF ALUMINUM ALLOYS WITH STEEL

As mentioned above, the most common pair of
laser-welded metals are steel with aluminum,
since they are most widely used as structural
materials. The main physical properties of
aluminum and iron are presented in Table 2. It
can be seen from the presented data that the
properties differ significantly, including at the
level of atomic structure, in particular, the lattice
constant differs by almost 1.5 times, the atomic
radius of aluminum is 143 pm, iron 126 pm, the
crystal lattice of aluminum is the same only with
gamma iron.

Iron is a transition metal. In accordance with the
phase diagram, it forms a eutectic with aluminum
and has a low solubility in solid aluminum.
Aluminum, in turn, dissolves well in alpha iron,
forming the following stable phases Fe;Al, FeAl,,
Fe,Als, FeAl;, each of which has a certain region
of homogeneity [5, 8, 15]. In view of the indicated
differences in the structure and properties of
aluminum and iron, fusion welding of these metals
is a science-intensive technological task.

The work [16] presents the main types of welded-
brazed joints used in the automotive industry (Fig.
3 a, b), in the technology used, the laser beam was
directed to the filler wire, which in the molten
state interacts with DX51D steel and AlMgSil alloy
(Fig. 4), the materials being joined are not melted
by the laser beam.

The authors presented the results of a study of
laser welding-brazing using various filler materials
(AlSi5, AlSil2, ZnAl2), the maximum strength
values were obtained for specimens with a zinc-
based filler material (220 MPa), specimens with
an aluminum-based filler material (160-180 MPa).
Fracture of the samples was observed along the
HAZ of aluminum (Fig. 5 a, b).

MeTtann TemnepaTtypa KTP KoaddpuruneHT TENNO- TN KPUCTANNYECKON ATOMHbIN SnekTpooTpuua-
Metal nniaB/ieHNs, 0-100°C, NpOBOAHOCTWN, NpU peleTkn/NoCTOAHHAA paguyc, TeNIbHOCTh (WKana
°C °C'-106 20°C, BT/(M-K) peLleTKn, HM nm MonuHra)
Melting CTE Thermal conductivity Type of crystal Atomic Electronegativity
i 0-100°C, coefficient, at 20 °C, lattice/lattice radius, (Pauling scale)
W /(m-K) constant, nm pm
Al 660 24 204 ruK/0,4 143 1,61
FCC/0,4
Fe 1539 12 78 MUK, OLK/0,28 126 1,83
FCC,VvCC/0,28
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TopLieBoe
coefUHeHUe
End Joint

R2 90,0°

HaxectouHoe
coefUHeHUe
Lap Joint ‘

N

Puc. 3. OcHo8Hbie 8udbl CBAPHO-NASIHbIX COEOUHEHUL npu-
MeHsiemMblX 8 agmomobunecmpoeruu [16]

Fig. 3. Main types of welded-brazed joints used in the auto-
motive industry [16]

XOPOIIIO pacTBOpsieTcs B aabda-Kenese, obpasys cie-
nyromiue ctabunbHble dpasel Fe;Al, FeAl,, Fe,Al, FeAls,
KakIast M3 KOTOPBIX obnazsaer ompeneneHHON obia-
CTBIO TOMOTeHHOCTH [5, 8, 15]. B BHIy yKa3aHHBIX
OTJIMYHI CTPOEHUS U CBOKCTB QJIIOMUHMUS U Kejle3a,
CBapKa ILIaBleHHeM [aHHBIX METAJIIOB SBIISETCS
HayKOeMKOH TeXHOJIOTHYeCcKoH 3aJadell.

B pabore [16] mpencTaBieHBl OCHOBHBIE BH/IBI
CBAPHO-TIASIHBIX COeIMHEHHUN IIPUMEHSIeMbIX B aBTO-
MobunectpoeHuH (puc. 3 a, b), B HCIIOIb30BAaHHOHN
TEXHOJIOTUU JIa3epHBIN JIyd HAIPaB/IsUICS Ha IIPH-
CalOUHYI0 IIPOBOJIOKY, KOTOpasi B PacCIJIaBIeHHOM
COCTOSIHUM B3aMMOMEHCTBYeT cO CTaabio DX51D
u crtaBoM AlMgSil (puc. 4), coenrHsieMble MaTepH-
aIBl IIPU 3TOM JIa3ePHBIM JIy4OM

i g

The influence of the shape of the groove (Fig. 6
a, b, ¢ in butt welding of aluminum alloy 6061-T6
and steel DP590 is presented by the authors [17], and
a comparative analysis of the results obtained with
mathematical modeling of the distribution of the
thermal field depending on the shape of the groove is
carried out. The proposed models are verifiable. The
tensile strength of the samples under study is in the
range 108-145 MPa, the elongation is less than 1 mm,
the highest values were for samples with the groove
shown in Fig. 6c, they also had the minimum IML
thickness (8.8 pm). The smallest value of ultimate
tensile strength was observed for specimens with the
groove shape shown in Fig. 6 a, they also had the
greatest thickness of the IML.

In works [18-20], studies of overlapping welding
of aluminum and steel sheets are described. In
particular, in [18], studies are carried out on the
influence of heat input and welding technology
(exposure to a beam from the side of aluminum or
from the side of steel) on the mechanical properties of
welded joints. The authors conclude that the welding
technique, in which the laser beam melts aluminum,
is not preferable, since molten aluminum interacts
too actively with steel, this leads to the formation
of IML of large thickness, and in some cases to the
formation of cracks.

Modeling the propagation of temperature fields
during laser welding with a defocused beam with a
diameter of 13 mm overlapping steel and aluminum,
when exposed to a beam on steel, is described
by the authors [19]. The proposed model and the
established boundary conditions show the adequacy

He PacIUIaBIISIOTCS.
ABTOpaMH IpeacTaBIeHbI
pe3y/IbTaThl HCC/IeOBAHUS 1a3ep-
HOM CBapKU-NaMKHU C HpHUMeHe-
HHeM Pa3/JHYHBIX MNPHUCAZOYHBIX
MaTepuainos (AlSi5, AlSil2, ZnAl2),
MaKCHMa/bHBle 3HA4YeHHUs IIpOod-
HOCTHU OBLIM IIONy4YeHBl y 06pas-
LI0OB C IIPUCaflOYHBIM MaTepHua-
JIOM Ha OoCHOBe LIMHKa (220 MIla),
obpasipl C MPHCAflOYHBIM MaTe-
PHAJIOM Ha OCHOBe QTIOMHHUS
(160-180 MIla). PaspymieHue
obpasmoB Habmoganock mo 3TB
anomuHus (puc. 5a, b).
BnusiHue QopMbl paslenku
KpPOMOK (pHc. 6a, b, c) mpu cBapke
BCTBIK A/IIOMHHHEBOIO CIIJIaBa
6061-T6 u crtamu DP590 mpen-

OCHOBHOM J1a3€pHBIH 1YY
Constant laser beam

PacmniaBiasieMBIF MaTepHUal
Melted material

ITasHBIM 1I0B | Brazed seam

OCHOBHOH MaTepHal
Base materia

Puc. 4. MpuHuunuanbHas cxema Aa3epHou ceapku-natiku ¢ npucado4Hbim
mamepuanom [16]
Fig. 4. Schematic diagram of laser welding / brazing with filler material [16]

VIMIIY/IBbCHBIH JIa3€PHBIN 1YY
Pulsed laser beam

TIpucafioYHbIA
MaTepHa
Filler material

3aIUTHBIM ra3
Shielding gas

CROpOCTh CBapKU | Welding Speed
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CTaBleHO aBTopaMu [17], Takke IIpoBelleH CpPaBHU-
TeJbHBIM aHa/lIN3 II0JyYeHHBIX Pe3yIbTaToB C MarTe-
MaTH4YeCKHMM MOJe/JlHPOBaHHEM paclpefeneHUs
TEeIlIOBOTO 110/ B 3aBUCHMOCTH OT GOPMBI pa3fenku
KPOMOK, IpeaJIo’KeHHble MOJe/lH SB/SIOTCS BepH-
bunmpyempiMu. IIpefen NPOYHOCTH IIPU PacTsKe-
HUU HCCTefyeMbIX 06pa3ljoB HaXOLUTCS B IIpefienax
108-145 MIla, ymiuHeHHe MeHee 1 MM, Hauboib-
IIKe 3HAaYeHUs UMelH 06pasibl ¢ YOpMOI paszienKkH,
[IpefCTaBIeHHOM Ha pHUC. 6C, OHU >XKe UMelIHu MHHU-
ManbHylo TonmuHy UMC (8,8 mxM). HanMeHbIne
3Ha4YeHHe IIpefiesla MPOYHOCTH IPU PACTIKEeHUU
rMerny 06pasnbl ¢ GOpMON pas3lenKu KPOMOK, ITpen-
CTaBJIEHHOM Ha PUC. 6a, OHU XKe UMeTH HaubobIIyo
TonmuHy MMC.

B paborax [18-20] OmMCBIBAIOTCSI KCCIEAOBAHUS
CBApKH JIMCTOB M3 AJIOMHUHHS KM CTAIHM BHaXJecCT.
B uyactHocTH, B pabote [18] mpoBoAsTCS HCCIemoBa-
HUS BIHSIHUS IIOTOHHOM SHEPTUU U TeXHUKU CBAPKU
(BO3[eMCTBHE JTYUOM CO CTOPOHBI AJIFOMUHUS HUIU CO
CTOPOHBI CTQJIM) Ha MeXaHH4YecKHe CBOMCTBA CBap-
HBIX COeJUHEHHUH. ABTOPBI 3aK/JIIOYAlOT, YTO Tex-
HHKa CBapKH, IIPH KOTOPOM JIa3epHBIM /1y4 IIAaBUT
ATIOMHUHUM, He SBJSeTCS NPeJIIOYTHUTeIbHOMN, TaK
KaK pacIjiaBleHHBIN JIIOMUHUN CIUIIKOM aKTHBHO
B3aKMOJIEHCTBYeT CO CTAJIBI0, 3TO IIPUBOAUT K obpa-
30BaHMI0 MMC 6O/IBLION TOJIIUHBI, a B HEKOTOPHIX
cay4asx K 06pa3’oBaHHUIO TPEIIUH.
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ZnAl2
—
[
AlMgSil L DX51D+Z
a) I
AlSil2
S TI—
S e
AlMgSil DX51D+Z

b)

Puc. 5. O6pasuypi nocae ucnbimanull Ha pacmsKeHUe:

a - npucaoka Ha 0CHo8e UUHKA; b — npucadka Ha ocHose
antomuHus [16]

Fig. 5. Samples after tensile tests: a - zinc-based filler;
b-aluminum based filler [16]

of the thermal cycle model and a real experiment, in
particular, the depth and width of the penetration,
on which the mechanical properties depend. The
authors establish that the joint has the maximum
mechanical properties during shear tests under the
condition of the minimum IML and the maximum

Jla3epHBIN 1YY
Laser beam

l TIpucafoYHbIN
MaTepHuan
Filler material

ATIOMUHUKI Schiy  ATIOMHUHUT
Aluminum NEDR  Aluminum
a) b)

P

&
| ATIOMUHUHI ANIOMUHUHI

JIa3epHBIH Ty4
Laser beam

l

Fig. 6. Variants of edge preparation (a, b, c), microstructure dfter tensile tests (d, e, f) [17]
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MopenupoBaHHe pacIpoCTPpaHeHUs TeMIlepa-
TYPHBIX IO IIPU JIa3epHOM cBapKe pacdoKycHpo-
BAaHHBIM JIY9OM AHMAMeTPOM 13 MM BHAaXJIeCT CTAIH
M QTIOMHHUS, IIPU BO3JEHCTBHUU Jy4OM Ha CTaJIb
omuchIBaeTcs aBTopamu [19]. IlpemyoskeHHAsT MOZEINb
M YCTaHOBJIEHHBle TI'PAaHHUYHBIE YCJIOBHUS IIOKa3bl-
BAIOT aJeKBATHOCTb MOJEIHU TEPMHYECKOT0 LIHUKIA
1 PeajbHOro 3KCIIepHMeEHTa, B YaCTHOCTU I1ybuHY
M IOIUPHUHY IIpPOIlJIaBa, OT KOTOPBIX 3aBHCIAT Mexa-
HUYeCKHe CBOMCTBA. ABTOPHl YCTAaHABIMBAIOT, YTO
MaKCHMaJIbHble MeXaHHU4YeCKHe CBOMCTBA IIPH HCIIBI-
TAaHMUSX Ha Cpe3 COefUHEHHe HMeeT IIPU YCIOBHUHU
MHUHHManpHOoro MMC M MaKCHMMaJabHOMN HIMPHHBL
0671acTH B3aMMOJEHMCTBUS CTAIH U aJIOMUHM, 0b6e-
CIleYrBaeMOM PachOKYCHPOBAHHBIM JIa3epHBIM
JIy4OM.

B pabore [20] ONHCBIBAIOTCS HCCIeLOBAHUS
CBapKHU CTAIH U QUIIOMHHUS Pa3gBOeHHBIM Jia3ep-
HBIM JIyYOM BHAX/IeCT, IPHU BO3JEHCTBUU CO CTO-
POHBL CTajaM, IPH 3TOM JIyd Pa3nBaWBAIH BIOJIb
WJIN IIOIIepeK HaIlpaBjieHHUSI CBapKH, BapbUPYETCs
paccTosiHMe MeXIy JAydaMH M COOTHOIIeHHe MOII-
HOCTH JIyueHr. MaKCHMa/IbHble MeXaHHUYeCKHe CBOM-
CTBa IPU HCHOBITAHUAX Ha cpe3 (109,2 H/mm) 6bu1H
II0JIyYeHBI IIPH COOTHOIIEHUU MOIIHOCTH Jy4er 3/2
U HUX IIOIEePEeYHOM PACIIOI0KeHUH OTHOCUTEIBHO
HaIlpaB/IeHUs CBAPKU.

Pe3ynpTaThl HCCIELOBAHHUM M MeXaHHUYECKHUX
HCIIBITAHUN KOPIIYCHOrO 3/leMeHTa aBTobyca,
[IOJIy4eHHOTO JIa3epHOM CBAapKOM CTalH C AJIFOMH-
HHeM IIpUBOAITCS B pabore [21]. B manHom pabote
[I0Ka3aHO, YTO IIOJIyYeHHBle COeNUHEHHUS HMEIOT
HeoOXOOUMBble IIPOYHOCTHBIE XapPaKTePUCTHUKU
(125-130 MIla), mocTaTouyHble s obecriedyeHus Oes-
OIIACHOM 3KCIUIYaTallMK ITACCAKMPCKUX TPAHCIIOPT-
HBIX CPeZICTB.

T'ubpuaHas ma3epHO-AyroBas CBapka CTAIH U aJIio-
MU HUS BCTBIK OITMCBIBaeTcs B paborax [22, 23], B yacT-
HOCTH MCCIeyeTCsl BIHSHHE CMeIleHHs JIa3epHOro
Jy4a, pPacCTOsSIHKe MeXAY JIy4OoM K AYroi, U BIHS-
HHe I1apaMeTpPOB PeKHMOB CBapKH. ABTOpamu [22]
OBIIIO ITPOBeIEHO CpaBHEHMe [IBYX TEeXHHUK — CMellle-
HIe JIa3epHOro JIy4a Ha CTAJIb U TUOPUAHAS Ta3epHO-
OyroBasi CBapKa (Oyra W Jiyd HaIlpaB/lIeHBl B CTBIK).
B pesyibTaTe HCCIENOBAaHUM OBIIIO YCTAHOBIEHO, UTO
Bonee mpelIOYTHUTENBHON TEeXHUKOM SIBJISETCSI CMe-
IIeHHe JIy4a Ha CTa/lb, TaK KaK B JAHHOM C/Iy4ae IIpo-
LleCC COIIPOBOKAAeTCs bojiee BBICOKMMHU CKOPOCTSIMH
OXJIaKIeHHUSI TI0 CPABHEHHUIO C JIa3epHO-yTOBOM CBap-
KOM U CII0CO6CTBYeT MUHUMHU3ALUK TONLIUHBL 06pa-
3o0BbIBaBIIerocs UMC (6 MKM).

TexHOJOTHS J1a3epHO-AYIrOBOM CBAapPKU-IIANKHU
C TIPOMEXYTOYHHIM MaTepHaJIOM, CIIPecco-

=

width of the interaction region between steel and
aluminum, provided by a defocused laser beam.

In [20], studies of welding of steel and aluminum
with a bifurcated laser beam with an overlap, when
exposed to the steel, are described, while the beam
was bifurcated along or across the welding direction,
the distance between the beams and the ratio of the
power of the beams vary. The maximum mechanical
properties in shear tests (109.2 N/mm) were obtained
with a ratio of the power of the beams 3/2 and
their transverse arrangement relative to the welding
direction.

The results of research and mechanical tests of a
bus body element, obtained by laser welding of steel
with aluminum, are given in [21]. In this work, it is
shown that the obtained joints have the necessary
strength characteristics (125-130 MPa), sufficient to
ensure the safe operation of passenger vehicles.

Hybrid laser-arc butt welding of steel and
aluminum is described in [22, 23], in particular, the
effect of laser beam offset, the distance between
the beam and the arc, and the effect of welding
parameters are investigated. The authors of [22]
compared two techniques - the shift of the laser
beam onto steel and hybrid laser-arc welding (the arc
and the beam are directed into the joint). As a result
of the research, it was found that the more preferable
technique is to shift the beam to steel, since in this
case the process is accompanied by higher cooling
rates compared to laser-arc welding and helps to
minimize the thickness of the formed IML (6 pm).

The authors of [23] describe the technology of
laser-arc welding-brazing with an intermediate
material pressed from a powder based on aluminum
(Al80Zn8Mg7Mn2Si2), while the beam and arc are
directed to the intermediate material, a comparison
is made with laser welding without the use of an
electric arc. The authors conclude that the use of two
heat sources is an effective technology for increasing
the spreading of the intermediate material and the
formation of a welded-brazed joint with a tensile
strength of 163 MPa and an IML thickness of 8.7
pm.
The paper [24] investigates the technology of laser
welding, and the features of subsequent machining
of rods made of steel and aluminum. An interesting
and promising technology for producing T-joints
was proposed by the authors [25]. The essence of the
technology lies in the fact that a sheet of aluminum
is inserted into a groove previously prepared on a
steel sheet with a permissible variation of 0.2 mm on
each side, then on the reverse side of the steel sheet,
a defocused laser beam is heated along the trajectory
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BaHHBIM M3 IIOpOIIKa Ha OCHOBe QJIIOMHUHHUS
(AI80Zn8Mg7Mn2Si2), omrcaHa aBTopaMu [23], mpu
3TOM JIy4 U [yra HaIlpaBlIeHbl Ha IPOMEXYTOUHBIH
MaTepHas, IPOBOAUTCSI CpaBHEHHe C 1a3epHOH CBap-
KoM 6e3 prMeHeHHs 3TeKTPUIECKO AYTH. ABTOPHI
3aK/II04aI0T, UYTO HCIIONb30BaHHUE [BYX HMCTOUHHKOB
Teruia SIBAsIeTCS 3OPEeKTHUBHOM TEXHOJIOTHUEH [Jis
yBeJIMUYeHUs] pacTeKaHMUS IIPOMEXYTOUHOIO MaTe-
prasia ¥ 06pa3oBaHMUS CBAPHO-IIASHOIO COeIUHEHHUS,
KM MeIOIIero Ipeies IIOPOYHOCTH 163 MIIa U TONMIIHUHY
VIMC 8,7 MKM.

B paborte [24] mccnenyeTcs TeXHOJIOTHS JIa3epHOM
CBapKH, U 0COGEHHOCTH IOCIeyIOIeN MeXaHHUYe-
CKOM 06paboTKM CTepsKHeHM W3 CTAIH U AJTIOMHUHUS.
ViHTepecHas W MepCcIeKTHBHAas TeXHOJIOTHS IIOJY-
YeHHUSI TaBPOBBIX COeJHUHEHUM IIpefjo’KeHa aBTO-
pamu [25]. CyImHOCTh TeXHOJOTHM 3aKII0YaeTcs
B TOM, UTO B IIPeJIBAPUTEIBHO IIOATOTOBIEHHBIN Ha
CTa/IBHOM JIMCTe I1a3 C JOIycKoM 0,2 MM C Ka’k[OH
CTOPOHBI, BCTaB/ISETCS JIUCT M3 AIIOMHUHUS, 3aTeM
C 0OpaTHOM CTOPOHBI CTAJBHOTO JIHUCTA, PAacPoORyCH-
POBAaHHBIM JIa3ePHBIM JIY4YOM IIPOM3BOAUTCA HarpeB
II0 TPaeKTOpHUH MHasa (puUc. 7a). MoLIHOCTh j1a3ep-
HOTO Jyda mofbupaercss TaKUM obpaszom, UTOOBI
IIPOMCXOLHUJ HAarpeB CTJIBHOIO JIMCTA, Uepe3 KOTOo-
PBIH IIOCPeJCTBOM TeIIOBOM KOHAYKIIMH IIPOHKC-
Xonus 6Bl Harpes U IIaBJIeHHe ATIOMHUHUS, aHAJIO-
TUYHO TeXHOJIOTHH Ipe/CTaBlIeHHOM B paboTte [19].
9To B CBOIO odYepelb IIOCPeACTBOM CMAYHMBAHUS
CTalIu PaCIUIaBIEHHBIM ATIOMUHHUEM IIPUBEIO OBl
K 00pa3oBaHHI0O MeTA/NIMUEeCKHUX CBS3eH MeXIy
TOPLIOM aJIOMHHMEBOrO JIHMCTAa U MeTAVIOM I10JIO-
CTH IIa3a CTaJIbHOIrO JHCTa. Takxke, B pe3yjbTaTe
HepaBHOMEPHOI0 TEPMHUYECKOro BO3IEHCTBHUS Ha
CTQJIBHOM JIMCT B 0671aCTH MeHbIIeH TOIIIHUHBEL, ITPO-
HCXOMUT MeXaHHUYecKoe CKaThe aJTMHHHUEBOTO
JINCTa META/JIOM IOJOCTH masa (puc. 7a, b), 4ro
MIOBBIIIAET MeXaHHYeCcKHe XapaKTepPUCTUKHU COelH-
HeHus. TonmuHa HMMC B coefHHEHHH, II0JIyYeH-
HOM IIOCPeACTBOM IIpef/IO’KeHHON TeXHUKH OKO0JIO
5 MKM.

JddexT BAMAHHUA CMEIIeHHS Ja3epHOro Jjyd4a,
COBepIIAOLIero KPyTroBble KomebaTelbHble ABUKEHHUS
o nuamerpy 0,5 MM, Ha AIIOMHHHUH IIPU TUOpUA-
HOM JIa3epHO-AYrOBOM CBapKe BCTBIK CO CTajblo
JIUCTOB TOALIMHON 1,8 MM, omMcaH aBTopaMH [26].
OCHOBHBIM TEXHOJIOTUYECKKM [1apaMeTpPOM BEIOpPaHO
pacCTosiHUe CMelleHUs HadaIbHOM TOYKH BO3[el-
CTBHUSL JIa3epHOIO Jy4da, Haxofslleecs B IIpelernax
0-1 mMm (mmar 0,2 MM) OT JIMHHUHM CTHIKA aIIOMHHUSA
u ctanu (puc. 8).

ObpazoBaBineecsi CoefHHEHMe SIBISETCS CBAPHO-
MasiHBIM, TaK KaK pacIUIaBIeHHIO OB IIOJBEpPrHYT
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Cs>KaTHe B pe3yjIbTaTe
TepMUUecKo! febopMaliiu
Compression due to
thermal deformation

e 11111 v

Force Force
Harpes na3epoMm

Laser heating
a) b)

Puc. 7. Cxema magpo8o20 coeduHeHus u3s cmaau
u antomuHus [25]
Fig. 7. Diagram of a T-joint made of steel and aluminum [25]

of the groove (Fig. 7 a). The power of the laser beam is
selected in such a way that the steel sheet is heated,
through which, through thermal conduction,
heating and melting of aluminum would occur,
similar to the technology presented in [19], which in
turn, by wetting the steel with molten aluminum,
would lead to the formation of metal bonds between
the end face of the aluminum sheet and the metal of
the groove cavity of the steel sheet. Also, as a result
of uneven thermal effect on the steel sheet in the
area of smaller thickness, mechanical compression of
the aluminum sheet by the metal of the groove cavity
occurs (Fig. 7 a, b), which increases the mechanical
characteristics of the joint. The thickness of the IML
in the joint obtained using the proposed technique is
about 5 microns.

The effect of the displacement of a laser beam
performing circular oscillatory movements along a
diameter of 0.5 mm on aluminum in hybrid laser-
arc butt welding with steel sheets 1.8 mm thick is
described by the authors [26]. The main technological
parameter is the distance of displacement of the
initial point of the laser beam impact, which is
within the range of 0-1 mm (step of 0.2 mm) from
the line of joint between aluminum and steel (Fig.
8).

The resulting joint is welded-brazed, since
aluminum was melted, however, in contrast to
welding without circular oscillations with a laser
beam, the researchers discovered some features of
the welded-brazed joint obtained by the presented
technology. When melting aluminum-based alloys
with a laser beam, a cone-shaped weld pool is formed
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AIIOMHHHM, OJHAKO, B OTIHYHE
oT cBapku 6e3 KpyroebIx Koneba-
HUM JIa3epHBIM JIyYOM HMCCIIeMI0-
BaTe/NM OOHAPYKHIM HEKOTOpbIe
0c06€HHOCTH  CBAapHO-IIAsIHOTO
COefIMHEeHHsI, IIONy4YeHHOTO IpeJ-
CTaB/I€HHON TeXHOJIOTHeH. Ilpu
IIaBJIeHHUH CIJIABOB Ha OCHOBE
ATIOMHHUS JIa3ePHBIM JIyuoM 6e3
KonebaHuN 0bpa3yeTcsi KOHYCHOO-
6pa3Has cBapo4yHas BaHHaA, TOIJa
KaKk IIpU IIaBTeHHUH JIa3epHBIM
JIy40M, COBEpUIAIOMINUM KPyro-
Bble KonebaHwus, b6ymer obpaso-
BBIBATBCSl  LIMJIMHIpPOOO6pa3Has
CBapo4YHasi BaHHAa. JTO, B CBOIO
odepens, IMPUBOIUT K bosee pas-
HOMEPHOMY II0 I1y6HHe B3au-
MOJIEFICTBHUIO  PACILIABIEHHOIO
QTIOMHHHUS CO CTATIBI0 B HIDKHEH
M BepXHeH 4YacTsIX COeJUHEeHHUS
M KaK pe3y/pTaT - K 06pa30BaHHUIO
6osee OLHOPOLHOIO IO TONIIHHE

=
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Puc. 8. Cxema cmelueHUs U mpaekmopuu Ad3epHoz0 Ay4a [26]
Fig. 8. Diagram of displacement and trajectory of the laser beam [26]

HUMC (-1,3 MKM).
ITocpencTBOM CMeINeHHMs JIa3epHOro ay4a Ha 0,8 MM
OBLIM IIOJy4YeHBI COeNUHEHMs, HUMeIollre IIpefe
IIPOYHOCTH OKoyo 160 MIIa. TakKe aBTOpaMH IIpef-

without oscillation, while when melting with a
circularly oscillating laser beam, a cylindrical weld
pool will be formed. This, in turn, leads to a more
uniform in depth interaction of molten aluminum
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CTaBjJieHa MOJe/b B3aHMOJEHCTBUS aTOMOB a/IlOMMU-
HHUS U XKejle3a U MOJie/lb 06pa3OBaHI/IH HMC B 3aBHCH-
MOCTH OT PACCTOSIHHS CMELIeHks.

B ocTanpHBIX paboTax OIMHCBIBAETCS BIUSHHUE CIIO-
cob0B, OCHOBHBIX TEXHOJIOTHUECKHUX I1apaMeTpOB,
TeXHUK U IPUEMOB, TaKUX KaK BbIOOp IpHCazou-
HOIO0 MaTepHalia, 3allUTHOrO rasa, IpHMeHeHHe
Pa3IUUYHBIX IIOKPBITUH COeIHHSEMBIX MeTasoB,
HCII0/Ib30BaHHE [BYXJy4eBOM JIa3epHOM CBapKH,
ony6IMKOBaHO HECKOIBKO PaboT M0 AUCTAHIIMOHHOU
BBICOKOCKOPOCTHOK CBapKe.

3AKJ/TIOYEHUE
Pe3ynbTaThl MCCIENOBAHUS I103BOJISIOT COeNaTh Cile-
AOYIOLIKe BbIBOZBL:

1. JlasepHasg cBapKa 4BJISIeTCS IIepPCIEeKTUBHBIM
BUJIOM /Il COeAMHEHH S Pa3sHOPOAHBIX METaJJIOB.
OCHOBHBIMH IIPeHMYILeCTBAMMU JIa3ePHOU CBapKHU
B 3TOM 06/1aCTH SIB/ISIOTCS MIPELIM3MOHHOCTb BO3-
JenCTBUS, BO3MOKHOCTb TOYHOIO KOHTPOJISL IIPO-
Lecca IUIABJIeHMS COeJHHSIeMBIX MaTepHaJIoB
M Majioe BpeMs ITpeObIBaHMS CBAPUBAEMbIX MaTe-
PHIOB B paCIUIaBJIeHHOM COCTOSSHHHM, YTO CIIO-
cobCTByeT MHHHUMHU3AIUKU 00pa3oBaHUS HHTep-
MeT/UIMIHOIO C/10sI, SBJISIIOIIErocs OCHOBHOM
mpobieMor IMpU CBapKe IUIOXO CBapHBaeMbIX
MeTa/UI0B. Takke MeHbllee yOelbHOe TeIlJIOBJIO-
SKeHHe CII0COOCTBYeT MHHHUMHU3ALHUKU TepMHYe-
CKUX JebopMaLlui.

2. TIpu cBapKe BHAXJIeCT HJIM aHAJIOTMYHBIX COe[H-
HEeHMSIX CTa/IM 1 AIIOMHHUS JIa3epHBIH Y4 pali-
OHAJIPHO HAIIPaB/JIAThb Ha CTajlb, IIOCPeICTBOM
TeIVIOBOM KOHJYKIIUK CTa/Ib HarpeBaeT a/IIOMH-
HMI, YTO IIPUBOAUT K KOHTPOIHPYeMOMY ILIAB-
JIEHUIO €T0 IIOBEPXHOCTH KU 0OPa30BaHHIO MHHU-
majibHOoro MMC B CBapHO-TIaSHOM COeTMHEHUH .

3. CoepriHeHMe BCTBIK JAHHBIX IIap METAJI/IOB, KaK
[IPAaBHJIO, XapaKTePHU3yeTCs KaK CBAPHO-IIasgHHOe
COeNMHEeHHMS, TO eCTh [ aJIFOMUHHUS 3TO CBapKa,
a IS CTaIU MakKa. B JaHHOM C1ydae Hauboree
[IpeAIIOYTUTE/IBHON SIB/ISeTCS TeXHHKa CMele-
HHMS JIa3epHOIo JIydya Ha JIIOMHHHM, KOTOPBIH
rMeeT 6ojlee HH3KYIO TeMIIepaTypy IUIABIEeHMUS
M XOPOIIYI CMa4MBaeMOCTb CTajd B KAIKOM
COCTOSHHMHU. IIpefesl IMPOYHOCTH TaKHX COeIH-
HeHUHM gocturaet 150-160 MIIa, 4TO coCTaBiseT
70-80% OT IIPOYHOCTH CBApPUBAaeMBIX AJIIOMUHHE-
BBIX CIUIABOB U SIB/ISIeTCS IIPHUEMJIEMBIM JJIs1 HeKO-
TOPBIX KOHCTPYKLIMH.

B cnepymomell cTatbe OyAyT IIpeAcTaB/eHBl Marte-
PHaIBl M pe3y/IbTaThl UCCIeNOBAaHUH 10 CBapKe TaKHX
[ap MeTA/IOB KaK THUTAaH + CTalb, CTalb + HHKeb,
THUTAH + AJIIOMUHHUM, HUKEJIb + TUTAH U T. [I.

504 ®OTOHUKA TOM 14 N2 6 2020

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 1
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

with steel in the lower and upper parts of the joint
and, as a result, to the formation of an IML that is
more uniform in thickness (~ 1.3 pm). By shifting the
laser beam by 0.8 mm, joints were obtained having
a tensile strength of about 160 MPa. The authors also
presented a model of the interaction of aluminum
and iron atoms and a model of the formation of IML
depending on the displacement distance.

The rest of the works describe the influence of
methods, basic technological parameters, techniques
and approaches, such as the choice of filler material,
shielding gas, the use of various coatings of the
metals to be joined, the use of two-beam laser
welding, several works on remote high-speed welding
have been published.

CONCLUSION
The research
conclusions:

1. Laser welding is a promising type for joining

dissimilar metals. The main advantages of laser
welding in this area are the precision of the
action, the ability to accurately control the
melting process of the materials to be joined,
and the short residence time of the materials
being welded in the molten state, which helps
to minimize the formation of an intermetallic
layer, which is the main problem in welding
poorly welded metals. In addition, lower
specific heat input helps to minimize thermal
deformations.
With overlap welding or welding of similar
joints of steel and aluminum, it is rational
to direct the laser beam to the steel, through
thermal conduction, the steel heats the
aluminum, which leads to controlled melting of
its surface and the formation of a minimal IML
in the welded-soldered joint.

3. The butt joint of these pairs of metals, as a rule,
is characterized as a welded-brazed joint, that
is, for aluminum it is welding, and for steel
it is brazing. In this case, the most preferable
is the technique of shifting the laser beam to
aluminum, which has a lower melting point
and good wettability of steel in a liquid state.
The ultimate strength of such joints reaches
150-160 MPa, which is 70-80% of the strength of
the welded aluminum alloys and is acceptable
for some structures.

The next part of the paper will present materials
and research results on welding of such metal
pairs as titanium + steel, steel + nickel, titanium +
aluminum, nickel + titanium, etc.

results lead to the following

N
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