YyebHaa ancuuniinHa
«IMnynbCHble TEXHONMOTNnN»

Pa3gen lll. TexHonornyeckoe ncnornb3oBaHue
KOHOeHcUpoBaHHbIX BB.

Jlekuusa 11. Tpupona coegmnHeHus, meTtannorpaguyeckne n gpyrme
cnocoObbl uccregoBaHusa cBapHOro wea. Punsnyeckme adekTol, CTpye- U
BOJSTHOOOpa3oBaHuMe, CBA3b C MPOYHOCTLIO coeanHeHust. Mogenu
BOSTHOOOpa3oBaHua. [pnmMmepbl NCNoMb30BaHNSA CBapKN B3PbIBOM U
CYLLECTBYOLWME MPOMBbILLIIEHHbIE TEXHOSOMUMN.
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A- deep metal; b- subsurface metal
layer with completely disordered
crystallites and oxide interlayers; B-
oxide layer (can be removed by
heating in reducing atmosphere - H.,
dissociated ammonia NH,) ; T'- layer
of adsorbed oxygen anions and neutral
molecules from air; JI- layer of water
molecules (50-100 molecules thick,
can be removed by heating in
vacuum); E- layer of grease molecules
(1-5 um after washing with benzine,
benzol or any other dissolvent); 7K-
ionized dust particles.

Oxides and contamination can be
removed by mechanical cleaning
(sanding, brush scrubbing,
grinding, etc). But new layer
appears very quickly.

Structure of Solid Metal Surface

Re: I'A. Huxonae, H.A. Onbmanckuid. CrieriuanbHble METO/IbI CBAPKH. -



BrninsHune NOBEPXHOCTHbLIX MITEHOK

B 3eMHbIX yCroBUAX NSIEHKM NPENATCTBYOT CXBATbIBAHMIO METANIIOB.
OpHako B KocMoce cutyauust meHdaetcs. [Npobnema cxBaTbiBaHUA OCTPO
CTOUT B a3POKOCMNYECKON TEXHUKE, KOrda Npu CTaTUYECKUX Harpyskax,
coygapeHuax (aaxe cnabbiX) N PpeTTUHre B YCNOBUAX BakyymMa
KOHTaKTUpYOWMe MeTannmdeckne getanm nogseprarorcd
HeCaHKLMOHNPOBAHHOW XON04HOMN cBapKe. ApKNUM npumepom ABrseTcd
Heyada4ya C pa3BepTbiBaHMEM 30HTUYHOM @aHTEHHbLI Ha KOCMUYECKOM arnapaTte
Galileo B 19911, korga ee pebpa mectamun nNogBepPrNMCh B pesyrnbrare
dpeTTUHra XorI0gHOW CBapKe rnpu TPaHCMOPTUPOBKE B CNOXEHHOM
COCTOAHUMU, N aHTEHHA He CMOrJIa NOJSTHOCTBIO PaCKPbITLCA



CoegnHeHne MeTannoB B TBepaon dase [8]

ABneHne obpasoBaHNA COeaMHEHNA MexXay OBYMS TBepAbIMU TeramMu rnpu
COBMEeCTHOM gedopmMaLmn Ha3blBatoT cBapkomn. [1na cBapku B TBEPAOM COCTOAHUA
ynoTpeonseTcs Takke TepMuH "aagresvsa”, a B Tpubonornyeckon nuteparype
4aCTO BMECTO aAre3mmn Ucrnosb3yeTca TepMUH "cxBaTtbiBaHue".

O6Lwuin npnsHak Bcex cnocoboB CcBapku MeTannoB gaBneHnemMm — obpasoBaHue
COENHEHNS NPOUCXOAUT NMPU COBMECTHOWM NlacTnyeckon gedopmauumm
NPUKOHTaKTHbLIX O6BbEMOB CBapuBaeMbIX METasoB.

Heobxoonmoe ycrnosue: conmkeHne ceapmBaeMbiX NOBEPXHOCTEN 0
PacCTOSHUN, Korga AeNCTBYHOT CUSbl MEXaTOMHOIo B3anMoagencTeug
(3NMEKTPOHHBIN OOMEH MeXay akTUBUPOBAHHLIMW aTOMaMN).

TemnepaTypa B 30He WwBa 1 anutenbHocTb CB He no3BonstoT pasBuTbC

anddy3noHHbIM NpoLeccam 1 obpasoBaHne CoOeaNHEHUS MPOUCXOANT 3a CYET
«CXBaTbIBaHMS» MO KOHTAKTHOWM NOBEPXHOCTU. [BMXKYLLAsa curna — yMeHbLUEeHne
cBOOOHOM NOBEPXHOCTW, T.€. YMEHbLLUEHNE NOBEPXHOCTHOW SHEPIUN CUCTEMBI.



CoegnHeHne MeTannoB B TBepOon gpase

Bonbluon nporpecc B NOHUMaHMM MexaHn3MoB 06pa3oBaHUS COeaNHEHNS
OoCTUrHyT ewle B 60-80-e rogbl npoLunoro ctonetuda. B 4acTHOCTU, SKCNEePUMEHTbI
Ha MeTarnsiax C OYMLLEHHbLIMU NOBEPXHOCTAMM B BbICOKOM BaKyyme nokasarsnu, 4to
Oaxe npu cnabblX CXXUMAKOLWMX HArpyskax nponcxogmt MOMeHTarnbHoe
CXBaTblBaHME MO NOBEPXHOCTU KOHTaKTa AByx Ten [9, 10]. 3ToT dhakT roBopuT 0
TOM, YTO OCHOBHbIM NPENATCTBUEM 4S8 CXBaTbIBAHUA, MO KpanHen mepe ans
MEeTarnsioB, ABMAITCA NOBEPXHOCTHbIE MIEHKN, BO3HMKAlOLWMe BCneacTene
domsnyeckonm n/mnn xmmmyeckom abcopobumn. boino nokasaHo, YToO cxBaTbiBaHNE —
9T0 He A dy3noHHoe aBneHne. dndpdy3moHHbIe e NpoLecchbl, eCnv OHN UMEKT
MECTO, HaYMHaKTCA MOCSIe CXBaTbIBAHUA U, KaK NpaBwuno, yBennyinsarT NPOYHOCTb
coeauHeHus [11].



CoegnHeHne MeTannoB B TBepOon gpase

Cnoxumnacb To4Ka 3peHUS, YTO CXBaTbIBAHME MPOUCXOAUT KaK LienHas peakumsi.
[locne gocTuKeHnsa U3n4eckoro KOHTakTa YMCThbIX NOBEPXHOCTEN XMMUYECKOE
B3aMMOLENCTBMNE NPOUCXOOANT BHaYasne Ha akTUBHbIX LLeHTpax (MecTa Bbixoaa
aucnokauum Ha noBepxHocCTb Mo [11, 12]), BO3HUKAIOT o4arn cxeaTbiBaHUA,
KOTopble 3aTeM pacTyT n cnmatotcs. Cam npouecc obpasoBaHusi CBA3U
paccMmaTpuBaeTCd Kak ToNnoxXummyeckasa peakumns (peakums Ha noBepxHOCTW).

B utore, pagom uccnegosartenen Ha OCHOBE 3KCMePUMEHTaNbHbIX U
TeopeTnyecknx paspabotok 60 — 80-x rogos Obina NpPUHATA KOHLENUNS
TPeExcTagumHOro NpoTekaHns npouecca ceapku gasneHnem [13 -15]. 3T1o ctaguu:
1) obpasoBaHNA PU3NYECKOro KOHTaKTa; 2) akTMBaLMN KOHTAKTHbIX
noBepxHocTen; 3) 0ObEMHOIro B3aMMOOeNCTBUSL.

B CB ctagumn 1, 2 nponcxooaTt npakTUYeckn ogHoBpeMeHHO. Ctaguio 3 MOXHO
NHTEPNPETUPOBATb KaK CTaguio cxBaTbiBaHUS, KOrda Ha akTUBHbIX LIEHTpax
3apoXaalTca oyaru cxsaTbiBaHUS M 3aTeEM o4aru pacTyT, NoKa He COSbIOTCA.



[TPOLIECC OBPA3OBAHUA COEAMHEHUA MEXAY UNCTBIMU TBEPAbIMIA
[TOBEPXHOCTAMU

a — BUJI B IUIaHE, b — BUJ B
OOKOBOM CEYECHUU

AXTHUBHEBIE TOYKH, IAC HAYUHACTCA

O MPOLECC CXBATHIBAHUS
o CaapeHHas 001acTh, BRIpOCIIas U3
aKTUBHOW TOYKHU.

U, — ckopocts

U, CaMOPACIPOCTPAHSIOIIECHCS BOJIHBI
CXBaTbIBaHU A
Posib aKTHBHBIX TOUEK UTPAIOT MECTA BHIXO/IA
a JVCIIOKAIMA Ha TIOBEPXHOCTh
Ub i Ub

b

Re: A.A. Shtertser. Welding Wave on the Contact Spot of Solids // Tribology International. Vol.31, No. 4, 1988. P. 169-174.



BonHa cxBaTbiBaHUsA [106]

[Mpn cTpeMneHnmn BA3KOCTU K HYIO NpoLecc
NpoTeKaeT Kak agmabaTtnyeckni, 1 CKOPOCTb BOSHbI K
CXBaTblBaHUA CTPEMUTCS K NpeaenbHOMY u, = 0,7 [—
3Ha4yeHuo, npubnmxatowemyca K 06beMHoM P
CKOPOCTW 3BYyKa

Ecnu BA3KOCTb 1 BENWKa, YTO XapaKkTepHO Ans 40
METaroB 1 CMMaBoB B TBEPAOM COCTOSIHUM, TO v R avax
MPOLIECC NPOTEKAET B U30TEPMUYECKNX ’ n

YCNOBUSAX N CKOPOCTb BOJSIHbI CXBaTblBaHUSA
onpependaerca no gopmyrie



BA3kocTb MeTannoB Npu pasnmnyHbIX CKOPOCTAX

oedopmauunn
Material Strain Rate, sec” Viscosity, Pa-sec
. 6
Aluminum 1 8.9-10
10 7.8:10
10°-10° 0310 —0.8-10°
~ 107 2:-10° —4-10°
6
PP 10° - 10° 210 - 2.7-10°
Tron 10 9.310°
10° - 10° 4-10* - 5-10*
Led l 5:10°
4-10° - 8-10° 3.7-10°
~ 107 2:10°-4-10°




3ameHeHne NOBEPXHOCTHOM 3HEPrum npu
CXBaTbIBaHUN YNCTLIX NOBEPXHOCTEN (OaHHbIE
B3ATbl U3 [24]).

[Mapa meTtannos dpg: Nox/m?
A1-A1 -2.0
A1-Cu -2.8
A1-Fe -3.5

Al-Ti -3.5
Cu-Cu -3.1
Cu-Fe -3.3
Cu-Ti -3.7
Fe-Fe -4.3
Fe-Ti -4.4

Ti-Ti -3.5




[lapamempbl cx8ambi8aHUSI Memarisios rpu pasiuydyHbIX
cKopocmsx oegbopmauuu

Material Strain Rate, U, pm/s t, us
gt (for 1=0.01 pm)
Aluminum L e 2
10 59.0 85
10%-10° ~ 8360 ~0.6
~ 107 ~ 15300 ~0.3
Copper 10 17 294
PP 10°-10° ~3050 ~1.6
10 10.7 470
Iron Y
10°-10 ~ 2200 =95
Led 1 4.6 1100
4-10°- 8-10° 627 8
~ 10’ ~ 7700 ~0.65




Flyer Plate

Jet Particles

Base Plate

X-ray Photograph of Colliding Led Plates

Re: B.M. Kynunos, A.4. Koporees. CBapka B3pbIBOM B
Metamrypruu. Mocksa: Meramnyprus, 1978.



YoapHble BONHbI B CBapO4HOM 3a3ope [4]

YB B 3a30pe npu ABWXKEHUM NNacTuHbl: a) ABe HaknoHHble YB; b) Maxosckas
KoHdurypauma. 1) dpoHT geToHauuun; 2) HaknoHHble YB; 3) MaxoBckasi HOXKa,
BO3HMKaOLWAA Npu oTpaeHnn HaknoHHou YB oT nognoxkn; 4) MaxoBckasa HOXKa
Npu oTpaxeHun YB oT aBmxkywienca nnactuHbl (BTopuyHaa YB).

M. Agameu, 5.C.3no6buH, A.A. LlUTtepuep. YaapHo-BONHOBasA KOHGUrypaums B BO34QyLLHOM 3a30pe npu
KOCOM COoyAapeHnn MeTannnieckmx nnactuH // dusmnka ropeHunsa n B3pbiea, 1991,1.27, Ne2, c. 128-130



YnapHas BofiHa U NOTOK YacTuL, B CBApO4YHOM
3asope [4]

4-kagpoBbin pernctpatop SNEF-4 c
9I1EKTPOHHO-OMNTUYECKUM
npeobpasoBarenem, Bpemsi akcnosmuyum 50
HaHOCEKYH[,

YacTuubl BblfieTaloT N3 3a3opa co
CKOPOCTLIO 2,4 KM/C (CKOPOCTb
oeToHauum 2 km/c

)

Pric.3.2.3. Beixoz Bo3aywHO# YB 1 MOTOKa YacTHIL H3 3230pa B KOHLE

CBapUBaeMbIX [IaCTHH. (a) — YaCTHILb! IOTHANH ¢pont VB,

M. Agameu, 5.C.3nobuH, A.A. Wtepuep. YoapHo-BonHoBas
e e e KOHDUrypaLms B BO3 OM 3a3ope 0COM coyaape
pOHT VB; 2-BBICOKOCKOPOCTHBIE HACTHLIB. yp L BB ﬂ.yLUH M p an K M yﬂ p HUN
MeTannmM4ecknx nnacTtuH // dunsmnka ropeHuns n B3pbiea, 1991,
T.27, Ne2, c. 128-130




IccnegoBaHmMe 30HblI COeANHEHUS

BakHbIM a5IEMEHTOM MCCnegoBaHUA NPOLIECCOB, MPOUCXOOALLMX NPU CoyOdapeHnn
NfacTuH, ABNAETCA N3ydeHne 30Hbl COeaNHEHMNA. [1Na 3TOro UCnosib3yTcH
MeTannorpaguyeckme MetToabl C NPUMeHEHNEM ONTUYECKON U SNEKTPOHHOW
MUKPOCKOMUK, penepHbIn MeTof, PeHTreHOBCKasa ANdpakToOMeTpus
(XRD-analysis), MMKpO30HAO0BbLIW 3rIEMEHTHbIN aHanus3. CoBpeMEHHbIe
9NIEKTPOHHbIE MUKPOCKOMbI CHabXeHbl MUKpO30oHAaMU. Mukpockon nmeet
YCTPOWMCTBO, reHepupyoLlee 3IEKTPOHHbLIN NMYYOK, KOTOPLIN DOKYCUPYETCH B
Mariom o0bemMe BeLlecTBa U BbIODMBAET 3MEKTPOHbI N3 aTOMOB. [10 pEHTreHOBCKUM
NUHUAM onpeneneTcs aToMHbIM COCTaB BellecTBa.

B UT'uJ1 CO PAH nmeetcs:

-PeHTtrenosckun andpaktometp D8 ADVANCE dupmbl Bruker

-CKaHunpyroLwmnm anekTpoHHbIM Mukpockon LEO 420 ¢ aHeprogmMcnepCcuoHHbIM
cnektpomeTpom INCA



a - flyer plate
b - base plate

c - jet formation

d - surface layer of oxides and
absorbed gases

U - ultrafine grained zone

—' | ' E - zone of extremely

/1/// A AN e l__ @ 3 elongated particles
LY /\\“_l‘l_l_—ll |

FIGURE 6. Schematical representation of the flow characteristics
within the heat genmerating collision zone of Al3Cu / Al3Cu—claddings.
Formation of the ulirafine grained zone {U} and the zones containing
elongated particles {E}. Collision of the flyer plate (a) and the
backer plate (b) forming the jet (c); surface layer of oxides and
adsorbed gases (d).

Flow Pattern in a Zone of Collision

Re: M. Hammerschmidt and H. Kreue. Microstructure and Bonding Mechanism in Explosive
Welding // Shock Waves and High-Strain-Rate Phenomena in Metals - Proceed. of an Int. Conf.
held June 22-26, 1980 in Albuquerque, USA - Plenum Press, New York, 1981. P. 961-973.



Aluminum alloy (3 weight %
Cu) before explosive welding
was heat treated to produce a
grain size of several hundred
mem.

a - schematic illustration of
bonding zone (U-ultrafine
grained zone, E-zone of
extremely elongated particles,
D-zone of low deformation on
the distance 50 pm from the
collision plane)

b,d,f - TEM micrographs

T O

FIGURE 2. Representation of the bonding zone mt
z

ustration (al,

c,e,g - diffraction patterns

extremely elongated pariticles {E}
deformation {D} (f,g), distance =

Bonding Zone AI3Cu / Al13Cu

Re: M. Hammerschmidt and H. Kreue. Microstructure and Bonding
Mechanism in Explosive Welding // Shock Waves and High-Strain-Rate
Phenomena in Metals - Proceed. of an Int. Conf. held June 22-26, 1980 in
Albuquerque, USA - Plenum Press, New York, 1981. P. 961-973.



o : Jlokanuzanus aeopmaiiu B OKPECTHOCTH 30HbI
Penepnas nmunust

(MenHas
MIPOBOJIOKA)

AJNIOMUHNI

Mens

CumMeTprUYHOE COylapeHHe
nByx oumetamummueckux Cu/Al
IUTACTHH

Puc. 334 Pencpawmie TWAEE UPH CHEMMeTPHYROM COVASPEHHH: @ — ¢ Pasphi-
e BOM; 6 — € mDeperndoM.

Kapruna nedopmaiiiu B OKOJIOIIOBHOM 30HE

(penepHbIid METO)

Re: Koszun H.C., Manu B.1., Py6mioB M.B. O TanreHmaibsHOM pa3pbIBE PU CXJIANBIBAHUN
OoumeTaInyeckoit o0nmuioBky // @usnka ropenus v B3pbiBa. 1974. T. 13, Ne 4. C. 619-625

Re: [lepubac A.A. ®u3uka ynpoyHeHHs U CBapKu B3pbhIBoM. - HoBocuOupck: Hayka, 1980



30Ha cBapku B3pbiBOM. BonHoobpa3oBaHue.

OnuncaHnem BornHOoobOpa3oBaHUsA 3aHMManuncb MHorne ncenegosarenu (Allen
W., Mapes J, Wilson G., 1954; Klein W., 1965; Bahrany A.S., Crossland B.,
1965; Nepnbac A.A., KyanHos B.M., MaTtBeeHkoB ®.., 1967; lopgonosnos HO.
A., OpemnH A.H., Muxannos A.H., 1976; Ky3sbmuH [.E., CumoHoB B.A.,
Axoenes U.B., 1976; Cowan G.R., Bergman O.R., Holtzman A.H., 1971; n gp.
[ToapoOHbIM 0630p CYLLECTBYHOLWMX KOHLENUNN BONTHOODpa3oBaHUS
npeacraeneH B [7].



BonHoobpa3oBaHue

B I'nJ1 CO PAH akcnepumeHTaribHO nokasaHo, YTO COOTHOLUEHNE MexXay
aMnanTygomn BOMH a U ANMHON A NEXUT B AnanasoHe

0,14<2 <023
)

KyouHosbim B.M. , 1968 npeanoxeHa goopmyna anga pacyera afunHbl

BOJIHbI
4 _ 26sin” (7/)
5 2

01 — TonuwmHa metTaemon nracTuHbl. Pasbpoc akcrnepumeHTanbHbIX
ToYeK He npesbiwaeT 25 %. O630p nuTepaTtypbl MO cBapKe B3pbIBOM U,
B TOM 4ucCrie, No BorIHOO6pa3oBaHWMIO NpeacTasrieH B [7]



200 pm Mag= 163X Signal A = AsB Date :16 Apr 2014
WD = 7.6 mm EHT = 10.00 kV Photo No. = 522 Time :11:43:27

[‘(paHnUbl COeQNHEHNA MPU METAHNU CTanbHOW NMIACTUHbI Ha Nf1akKMPOBaHHLIM Me4HOMN
donbron crtanbHoOM BpPycokK



CBapKa MaJ10MnJj1aCTn4HbIX METAallJyioB

Mpu cBapke ManonnacTUYHbIX MaTepuanoB, TakMxX KakK, Hanpumep,
MONMOaEeHOoBbIE CNaBbl OAHOW U3 Hanbonee TPYAHO pellaembiX 3aaad
ABMNSAETCH Co3JaHne YCNnoBUi, Npu KOTopbix obpa3oBaHue TPELLMH Ha rpaHuLe
coeaVHEeHNs CBeAEeHO K MMHUMYMY. B HacTosiLee Bpemst 3Ty npobnemy
PELLAaloT C MOMOLLbIO HarpeBaHUs MaTepuarnoB Nepen cBapKow B3pbIBOM AnNs
NOBbILLEHNS NNAaCTUYHOCTU. [OCKONbKY MONMOAEH U ero crnnasbl Npu
HarpeBaHUM HauYMHaT akTUBHO B3aMMOAENCTBOBaTb C aTMOCKepoi, Harpes
Taknx MaTepuarnoB NPOU3BOAAT C MPUMEHEHUEM Bakyyma Ui B aTMocdepe
MHEPTHbIX ra3oB. B KOHEYHOM cYeTe NpoLEecc cBapkn B3pbIBOM NOAOOHbLIX
MaTepunanoB CUMbHO YCMOXHAETCS.

Mpu cBapke B3pbIBOM MaronnacTUYHbIX MaTtepuanoB obpasoBaHue TpeLLmH
NPOMCXOaMT B 30HE MakcUMarnbHbIX AedopmaLumnii, Ha rpebHsax n B6nnsu
BOJTH, 00pasyloLLMNXCs Ha rpaHuLue coeamHeHnst CBeCTU K MUHUMYMY
nnactudeckne gedopmannm MOXHO NPUMEHSSA NPU CBapKe B3PbIBOM TOHKUE
donbrn B Ka4ecTBe NPOMEXYTOYHbIX CITIOEB



AJIM3auAa ACHOopMalii B OKPECTHOCTH 30HBI CBAPKH

[Ipsimas cBapka KEpMETa CO CTaJbIO

Re: A.A. UlTepiep. B3ppiBHOE KOMIAKTUPOBAHKE MTOPOIITKOBBIX
MatepuainoB // Jloktopckas guccepranus, 1999

Stainless Steel



BonHoobpa3oBaHne — MonnbaeHoBbIE CMiaBbl

PucyHok 3.12 TpelumHbl Ha rpaHnLe CoOeaNHEHNSI NPU CBapKe B3pbIBOM MONNMBAEHOBOro cnsiaBa Npyu MHTEHCUBHBIX
aedopmMauusx.



BonHoobpa3oBaHne — MonnbaeHoBbIE CMiaBbl

200 MKm

paHuLUbl coegMHEeHNs NpU CBapKe B3PbIBOM MOSTMOAEHOBLIX CNIaBOB C PA3HOW CTEMNEHbIO NITaCTUYECKNX
nedopmauun.



[TpnumeneHne CB: nponssoacTteso bumeTtannos

OcHoBHOM 06bEM NPUXOAUTCS Ha Napbl: yrnepoancTas ctanb — HepXXaBenka
(1), ctanb —TuUTaH (2), cTanb — antoMnHUK (3), ctanb —Meab (4).

6/m (1, 2) npuMeHsOTCA Ans N3roToBNeHNsS KOPPO3NOHHOCTOMKUX EMKOCTEN
(LUMCTEpPHBbI 1 Ap. cocyabl AN NEPEBO3KN arpeCcCMBHbIX XXUOKOCTEMN.

6/m (3) NnpumeHsaeTca anst N3roToBNeEHNs1 NeEPEXoaHNKOB (KopabnecTpoeHue,
antoMuUHMeBas NPOMBbILLIIEHHOCTD).

6/m (4) NPUMEHSAIOT ONA U3rOTOBIIEHUA AeTaNen anekTpomMeTanyprmieckoro
0bopyaoBaHUA U N3rOTOBIEHNA NEPEXOOHNKOB MeXAy antoMUHUEBLIMUA U
MeAHbIMU WUHaMW.

CB Takxke npumeHsieTcs Anst peleHnst KOHCTPYKUMOHHbBIX 3aad, Korga Hago
COEANHUTb NTEMEHTbI KOHCTPYKUNK 1 06ecnevnTb NNIOTHOCTb CBAPOYHOIo
lBa, 4Tobbl He BbINo yTedek. Hanpumep, BBapka Tpyd B TpyOHbIE OOCKK
(TennoobMeHHUKN, B T.4. B aTOMHOW NPOMBILLNIEHHOCTHN).



KomnaHuu, 3aHMmMmaroLmneca ceapkon B3pbIBOM U

0bpaboTKON MeTanIoB B3pPbIBOM

Nobelclad (division of NOBEL EXPLOSIFS France, France).

Dynamic Materials Corporation (former EFI- Explosive Fabricators Incorporated, now division of
NOBEL EXPLOSIFS France, USA)

Metal Cladding Department of Nobel’s Explosives Co. Ltd. (former division of ICI, now division of
NOBEL EXPLOSIFS France, Stevenston, Ayrshire Scotland, GB)

Dyna Energetics (former Dynamit Nobel, Germany)

Explomet (Poland)

Asahi Chemical Industry Co. Ltd. (Japan)

E.M.S.T. LTD (Liaoning Exma Science & Technology Development CO. LTD, Shenyang, China)
EXPLOBOND (Metal Cladding Division of IDL Chemicals Ltd., Hyderabad, India)

Ypanxummaw (EkatepuH6bypr)

TOMEKS (Ljubija, former Yugoslavia)

SARTID (metallurgical concern, former Yugoslavia)

AHeprometann (Ct-lNeTtepbypr)

Butpy6 UHTepHeLwwHn (MYepHoronoBka)

UMnynbcHble TexHonorum (KpacHosipck)

HDC (Hindusthan Development Corporation, India)

TOMEKS (Ljubija, former Yugoslavia)

SARTID (metallurgical concern, former Yugoslavia)

HoBocubupckum ctpenoyHbin 3aBoa (HoBocnoupck)

BcepoCCUNCKUMA MHCTUTYT 3KCcnepumMmeHTanbHou husukm (Capos)

Byelorussian State Research-and-Production Concern of Powder Metallurgy (Minsk, Byelorussia)
Donovan Demolition Inc. (Denvers, USA)

BOM-LTD-ROUSSE (Rousse, Bulgaria)



COMMERCIAL ASSOCIATIONS OF METALS

(produced by Company “Nobelclad”)
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Carbon Steels
type a, YS<350
MPa

w

1

1

1

1

1
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Alloy Steels or
C. Steels type
b, YS$>350 MPa

Stainless Steels
304, 304L, 316,
316L, 316ti,
317,321,347

Ferritic Steels
405, 4108, 430

Aust. Ferritic
Steels UNS
2205

Aluminum
Alloys Series
5000

w

Aluminum
1000-Al/Si
Alloys

Brass 364, 365,
366, 464

Al Bronze 630

Copper — CuAl

614 — CuNi 706,

715

Hastelloys (B2,
C4)

Nickel, Ni
Alloys (UNS
04400, 06600,
06625, 08825)

Titanium G1,
G11,G17

Titanium G2,
G7

w

15

Titanium G12

16

Tantalum

17

Silver

18

Zirconium (low
oxygen, O, <
1000 ppm
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Zirconium
(standard, O, >
1000 ppm)

1- commonly produced
2- commonly produced using interlayer metal (direct bonding is impossible)

3- rarely produced but can be made, limited sizes, may require an interlayer and/or
development

Tabnuua cBapmMBaeMocTu



Ag Al Au Be Cd Co Cz CuFe MgMn Mo Nb Ni Pb Pt Re SnTa Ti v W Zr
Ag cis|x[cinfcjc|nfxjc|p|N|c|c|p|c|p|c|p|p|x]x OLl,eHKaCBapVIBaeMOCTVI
AL|S X[C [X[X|X|C|X|C[X[xIx[X]|c|[x|N|c [x]|x]|x]|Xx]|x
AulSixX| [X[X[c|p|s|c|x|x]|c|N[s[x]s[N]x|N]x]|D]x]Xx
Be [ X[C x| [N[x|x|x[x|x[x|x[x[x 0D [x|x|x|x|x]x|x 3axapeH|<o|/|.,El,.CBap|<a
Cd|C|X[x]|N D|D|X|D|s[D|N[N[D |c|x|n[cIN][X[N]N]D
G DIX[C]x[D] [clc[cx[cIxIx]s[Tl5 5 xxx|x]|xx MeTasrijioB B3pbIBOM. —
Cz|C{X|D|X|D]|C clc|x|c|s|x|c|clc|s|c|x]|c|n]s]x
culc [ [sIX|X[c]c] [c[x[s[o[p[s[c[s[olc|o[x|D(D[X MMHCK:HaYKaMTeXHMKa,
Fe{D[X|C|X|D]|C|C|C D|cC|c|X|c|c|s|x]|x|x]|x|c|x[x
Mg| X |C | X|X|S|X|[xX]|x|D X[DIN|X|X|x[N|X|N|[D[N[D|D 1990
MniCiX|x|{x|D|c|C]|s|C]|x D|X|C|C|X|N|X]|Xx[X]|X]|D]|x
Mo|D | X|C|x|N|x|s|D|C|D|D S|X|D|D|X|D|S|S|S]|S|x
NB|N | XN | X[N[X[X[D|x|[N][x]s X|N[x|x|x|p|s|s|D]|s
NijC[x|s|x([p|s|c|s|c|[x]c|x]x Cls|D|x|x]|x[x]|x]x
PhiCcic|X|N|C|C|c|c|c|x|c|D[N]C X|NIC|N|IX|N[D|Xx
Pt|S [ X|S[X[X[S|C|S|S|x|X|D|x]|S|x ClXx|[x]|x]x|x|x
Re|D [N|N|X|N|S|S|D|X|N|N|X|X|D [N]|C D|D|X|D|x|x
SniCiC|XDlC|x|c|Cix]|x|x|D|[x|x[c|x]|D x[x[x|D|x
Ta|D|X[N|D|IN[X|X|D|x|N|[x[s|D|x|IN|x[D]x S[D|D|X

LICIX XX [X]|X]|S|X|X|D|x|s|s[xIx|x|x]|x]|s sic|Ss

DIX[D|X[N|X[D|D|S|N|X|S|S|x|N|[x[D|[x[D]|S D | X
WID|X|N|X[N|X|SID|x|DID|S|[D|{x]|plx[xIDID D X
Zr[ XX X|X|D [ X|X|[x|X|D |xIx|5s|x|x|x[x][x]x|5[x]x

Puc. 35. I1poruo3 BO3MOMKHOCTH CBAPKH Pa3HOPOJAHBIX MeTaJqJIoB II0

JuarpaMMaMm CcocTosiHHs: X — cBapHBaeMble mapbl, o6pa3yiollge HHTEp-

MEeTAJIIHYCCKHE COeMHeHHS, S — XOpOIIo cBapHBaeMble Maphl, oGpasyio-

lHe TBepAble pacTBOPpHl, C — MOAMAIONINECs] cBAPKE TMApH, OTJIHYAIONIHe-

¢si 0OpazoBalneM CJI0XKHOH MHKPOCTPYKTYpPbI, D — NaHHBIX HEL0CTATOU-

HO, AJiA CBAapKH HeOGXOAHMHI 0COOble ycJ0BHS, N — CBegeHHS OTCYTCT-
BYIOT

74



TokonogBog B METANNyprum COCToUT U3
OonbLLOro KonmM4yecTsa rMOKMX nomnoc
(Al, Cu), cobpaHHbIX B OQMH NaKeT.

C nomouwbto CB Ha naket
HaBapMBaETCA NepexodHbIn ANEMEHT
AJ1S1 COCTLIKOBKM C MakeToM U3 Apyroro
mMartepuana

1 — nakeT nonoc; 2 — nepexogHbIn AaNeMeHT
(coeanHuTenb);

3 — KOHTaKTHasi NOBEPXHOCTbL MNEePEXOQHOro
3NeMeHTa,;

4 — rmbkne metannnyeckme nomnocol; 5 — 3oHa
CBapKu nosoc; 6 — nnacTuHa
COEOMHUTESNIBbHOIO 3fIEMEHTa; 7 — 30Ha CBapKu
MeXay nonocamu u niacTMHOW
COeUHNTENbHOIo 3fIeMeHTaA.
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O6wwun Bna rmbkoro Tokonoasoga



CoeanHeHne ToKonoasoaoB U3
antoMUHUA U meau

[MBknn Tokonoaeoa (NPoAoNbHOE CeYEHNE)

JleBas wunHa coctonT 13 20 MegHbIX nonoc, npasad — n3 20 antoMMHUEBLIX NOSOC



AnOMNHMEBLIE NaKeTbl N3 NOJIOC, CBapeHHble C MEOHbLIMUA
nJ1iactTmHamMmu

Uncno rmbkmnx nonoc 74.



Bumetannuyeckmne noaLUMHUKN CKONBbXEHNSA B ABUraTene
BHYTPEHHErO CropaHusi

/
2

1- LUNUHAP U NOPLUEHD,

2- KoneHsan,
3- MaxoBUK

B KOHCTpyKUMIO aBuratens
BXOOST KOPEHHbIE U
LWaTyHHbIE BKNaabIwn,
KOoTOpble paboTaloT B
YyCNOBUAX NPUHYANTESTbHOM
CMa3Ku N CHUXaKOT TpeHue
MeXay LLEenKomn KosieHsana
N WwaTyHOM/KOpNyCoM.

BumeTannuyeckme NoALWUNHUKN CKONbXEHUA - BaXHble
AeTanu gBvrartens, BNusilowmne Ha npober mexay Kan.
peMOoHTamMum.



npOI/I3BO,EI,CTBO BKNaabIWen noaLWnNNHUKOB CKOSMbXXEHUS

BumeTtannuyeckne Bknagbin
N3roTaBnuBaloT pasHbIM1U MeTogamu, B
OCHOBHOM npokaTkoun n 3anueskon. C 1990-x
ronoB B Poccumn ana Bknagbiwen 6onbLumnx
AV3enbHbIX ABuratenemn crana npMMeHATLCA
cBapKa B3pbIBOM.

3arotoBKa BKnagbllia - bumertannunyeckas
nnacTuHa COCTOUT U3 CTarlbHOW OCHOBbI U
AaHTUPPUKLUMOHHOIO cnnaBa aNntoOMUHUN —

ONoBO.

'B. S. Zlobin, Commercial production of bimetal plane bearings by explosive welding in Russia, Proceed.
EXPLOMET’95 Intern. Conf. (El Paso, TX, August 1995) - Elsevier Science B.V. 1995, pp. 917-921.



KoHCTpyKUua MeTaemMoun nnacTuHbI

Aluminum foil, t 0.15 mm

2.2

Antifriction alloy (AISn20Cu1*, AISn10Pb2 etc).
*Glyco 74

AHTUMPPUKLUNOHHLIN CNaB U3rotTaBfMBaETCs NPOKATKOW 1 BbINYCKaAeTCA B
antoMMHMEBOM 4Yexrie



B3pbiBHaa kamepa KB-7

XapakTepuCcTuUKnM Kamepbi:
- Macca 3apsina BB 7 kr
(TPOTUNOBLIA 3KBMBASIEHT);
- Macca Kkamepsbl 35 T;

- rabapuUTHbIE pa3mepsbl:
AnvHa 4640mm, wupuHa
2800mm, BbicoTa 4300mm
(OTKpbITA);

- BHYTP. OAnaMeTp Kopnyca
2200mm:;

- TOoNnwmHa Kkopnyca 60mm;
- AnameTp paboyero ctona
1000mm.

Designed and Produced at the
Design &Technology Branch
of Lavrentyev Institute of
Hydrodynamics SB RAS




CBapka bumeTtanna

Explosive welding (cladding):
steel (base) plates are placed
on the worktable.
Plates are made from low
carbon steel sheet by cutting,
milling and grinding.




CBapka bumeTtanna

Explosive welding (cladding):

- antifriction alloy plates (flyer

plates) are placed over steel

plates with a certain air-gap;

- explosive charge is placed
onto flyer plates.




CBapka bumeTtanna

Explosive welding (cladding):
bimetal plates after explosion.




LIImamnoeka exknaobiwa

ITYaHCOH

IT TaBKa

[
ouMeTaJIJIn4YeCcKas

3aroTOBKa

e
MaTpHIa

[Mocne CB, npaBku n mexobpaboTkn 3arotoBka NogBepraeTcs
LUTaMMNOBKe



BumMmeTannuyeckmne 3arotoBkM BKNaablLLEN

3arotoBka MmMeeTt oopmy
nonykonbua.

TonwmHa cTanbHOro crnos
oT 3 go 20 Mmm, TonwuHa
aHTUPPUKLMOHHOIO Crogd

2.0 — 2.2 mm. Inametp
nonykonsua ot 90 go

260 Mmm.




bumeTtannnyeckmne BknaabliLwu

[MoAaWwnnHUK COCTOUT 13
BEPXHErO N HUXHETO
BKNadbllla, KoTopble
N3roTaBnnBaroTCA 13
LUTaMMOBaHHbIX Nonykornewy
mMexobpaboTkon

M O
AnAnmE m

LLlaTyHHbIE BKNagbIWLn NOKOMOTUBHOIO ansensa 549



Optimal Technology and Existing Technology

Experiments show that high-quality explosive welding can be
achieved at projection parameter R = 0.8 — 1.0. Antifriction layer
thickness in completed bearing usually equals to 0.6 — 1.2 mm, so
the flyer plate can have a thickness of 1.5 mm. Therefore in optimal
technology explosive charge with a thickness of not greater
than 6 mm can be used for cladding.

In existing technology ANFO (Ammonium Nitrate + Fuel Oil)
explosive is used. Explosive charge thickness is 12-14 mm, flyer
plate thickness is 2.2 mm. Projection parameter R=1.5- 1.7, and
excessive energy is driven into produced bimetal.



Shortcomings of Existing Technology

1) Excessive energy driven into produced bimetal results in:

- excessive and non-uniform deformation of bimetal steel layer, which create
difficulties when finishing mechanical treatment of workpiece is performed;

-high level of residual stresses in bimetal, which can result in loss of liner profile
tolerances after manufacturing.

2) Use of 2.2 mm thick flyer plate, instead of 1.5 mm thick band, results in
excessive production cost, as aluminum/tin antifriction alloy is rather expensive

To change the technology from existing to optimal one
parameter R and flyer plate thickness should be reduced.

The problem: ANFO (Ammonium Nitrate + Fuel Qil) explosive has a
critical layer thickness about 12 mm. To employ optimal technology
another industrial explosive with lower critical layer thickness
and detonation velocity D = 2 — 3 km/s should be developed.



Emulsion Explosive

Last years in Lavrentyev Institute of Hydrodynamics SB RAS emulsion explosive
(EE), detonating in low thickness layer with low detonation velocity was
developed. Hollow glass microballoons are included in composition of this
explosive with the aim to increase its detonation sensitivity. Laboratory
experiments have shown that EE can be successfully employed in explosive
cladding with flyer plate thickness less than 1 mm [1, 2].

EE density is 0.62  0.01 g/cm3. Detonation velocity has weak dependence
on layer thickness and changes from 2.3 to 2.6 km/s when thickness
changes from 3.5 to 25 mm. Critical thickness of flat charge in
polyethylene casing (t 0.5 mm) is less than 3.5 mm.

EE contains water solution of ammonium and sodium nitrate (oxidizer), paraffin
(fuel), special emulsifying agent, and hollow glass microballoons.

EE oxygen balance is close to zero. Emulsion density is 1.41 + 0.01 g/cm?3,
oxidizer drop size is not greater than 2 ym.

Microballoon average diameter is 58 ym, green density ~ 0.15 g/cm?.

V. V. Sil'vestrov and A. V. Plastinin, Investigation of Low Detonation Velocity Emulsion Explosives, Combustion,
Explosion, and Shock Waves, 2009, Vol. 45, No. 5, pp. 618-626

2Silvestrov V.V., Plastinin A.V., and Rafejchik S.I., Application of emulsion explosives for explosion welding, The
Paton Welding Journal, 2009, N11, p. 61-64.



3amepeHua octatodHon gedopmanmm

Two steel plates with a size 8 x 110 x 275 mm were clad with
AISn20Cu1 alloy using two technologies:

1) Explosive — ANFO, flyer plate thickness — 2.2 mm, R = 1.5;
2) Explosive — EE, flyer plate thickness — 1.5 mm, R = 0.8

To determine residual deformations, lines were scratched on the back
surface of steel plate, and distance between scratches before and
after explosive welding was measured.

Results:

Residual deformations are in 3 — 5 times greater if to use the
technology (1).

Residual deformations in the center and in the edges of steel base
are very different in case of technology (1), and they are almost
uniform in case of technology (2) .



IamepeHna octaTtoyHOU aedopmaumm

0 50 100 150 200 250 L,mm

Distribution of residual deformations, arising in the steel substrate:
1— explosive welding using ANFO, 2- explosive welding using
emulsion explosive



Waves in Nature: bonding zone looks like zebra skin

Plan view of titanium / steel welding zone. Wavy interface - specific
feature of explosive welding.



In conclusion a few words about Waves in Nature

What is the difference?
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Zebra has a wavy drawing on skin.

Zoologists assert that zebra baby can recognize its mother by her
individual skin pattern



[1ByMepHbIN crnyyan
MeTaHne nnactuHbl 3apsaaom BB [1]
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k =2.8;2.5; 2.2 cOOTBETCTBEHHO A51d rekcoreHa , ammoHuTa 6>XKB 1 cmecu
ammoHuTa 6 KB ¢ ammmnadnon cenntpon 50/50. Otctoga ¢ = 0.71, 0.83 n 0.99 ansa
nepeyncneHHbix BB B TOM e nopsake.



[1ByMepHbIN crnyyan
MeTaHne nnactuHbl 3apaaom BB

CKOpOCTb KYMYNATUBHOMW CTPYyM B NabopaTtopHON CUCTEME KoopauHaT
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TonwwnHa cTpym (KOMMakTHOWN)
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