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95-JIETUE HAITUOHAJIBHON AKAJJEMHU HAYK YKPATHEI
N EE ITIPESUJIEHTA bBOPUCA EBI'EHBEBNUYA ITATOHA

bopuc Eszenvesuy Ilamon — @vl0arowuticst yKpauHCKUull yuenvlll 8 001acmu c8apKu, Memaiiypeuu
U MEXHONI02UU MAMEPUATLO8, MAMEPUATOBEOeHUsl, BUOHBLI 00UeCBEHHbIL Oesameb U MAlaHMAUGbLI
opeanuszamop Hayku, akaoemux Hayuonanvnou axkademuu nayk Yrpaunwvi, Axademuu nayxk CCCP,
Poccuiickou akademuu nayk, npogheccop, 3acayacennviil desmensv nayku u mexuuku YCCP, naypeam
Jlenuncxou u I'ocyoapcmeennvix npemuii CCCP u Ykpaunst, 0sasxicowvt Iepoii Coyuanucmuyeckoeo
Tpyoa, I'epoui YVkpaunwl, yuacmuux Benukoi OmeuecmeenHotl 60tiHbl, 1uKeuoamop asapuu Ha Yep-
HOOBLILCKOU AMOMHOU ANIeKMPOCMAHYUU.

Bmecme co ceoum omyom — Eseenuem Ockaposuyem [lamonom — oH co30an 6cemMupHo uzeecm-
HYI0 NAMOHOBCKYI0 HAYYHYIO UWIKOILY.

Mupoeoui asmopumem b. E. [lamony npuneciu pasnocmopoHHss U Ype38bl4aiuio nio00mEeopHas.
HAYYHAs U UHIHCEHEPHAS 0esIMeNbHOCb, CIMpeMleHUe Hanpasums YyHOAMEeHMAalbHble HayyHble UC-
C1e0osanUs Ha peuleHue npooiem ooujecmaa.

b. E. I[lamon 6onee 60 n1em 6o32nasnsaem 6ceMupro npUsHaAHHbIIL HAYYHO-MEXHON0SUYeCKUL YEeHMD
— Uncmumym snexkmpoceapru um. E. O. Illamona HAH Yxpaunvr — u yoce 6onee 50 nem aensemcs
beccmennvim npesudenmom Akademuu nayk YCCP (nvine Hayuonanvhoti akademuu nayk Ykpaunol).

bopuc Eseenvesuu Ilamon poounca 27 nosiopa 1918 2. 6 Kuese. On vixodey u3 uzgecmnoz2o 060-
paHcko2o pooa Ilamonos, cemetinoti mpaouyueti Komopoz2o OwvLio ciyxcernue Omeuecmsy U 60eHHAs
cmyocoa. Eco npaoeo, Ilemp Heanosuu [lamon, dvin 3auucnen 6 apmuro M. H. Kymyzoea wecm-
HaoyamuiemHum oHowel u yuacmeosan 6 Omeuecmeennoul éovne 1812 e., nacpasxcoen opoeHom,
3a8epuiunl cuyxHcoy eeneparom om ungammepuu u cenamopom Poccutickou umnepuu. /led, Ockap
Ilempoeuu, — 6oeHHbIl UHIICEHED, 28aPOeLCKUll NOIKOSHUK, KoHcyn Poccutickou umnepuu. Omey,
Eeeenuiti Ockaposuu [lamon, — 6vb10arouuticsi yueHvlli U UHIHCEHEpP, OCHOBAmelb U PYKOBOOUMENb
Hnemumyma anexkmpoceapku, yenosex 8blcoko2o 2pasicoanckozo donea, 1 epoii Coyuanucmuueckozo
Ipyoa, yuacmuux Benukoti Omeuecmeennoul 6otinvl 1941—1945 2e., énec 6onvuion 6xk1ao 6 nobedy
HAO hawuzmom, Hazpaxcoern boesvimu opoenamu. Mamv bBopuca Eecenvesuua, Hamanvsa Bukmo-
posHna byooe, npoucxoouna uz cmapunroco 08opsHckoeo pooa. Ona — eocnumanuuya Ppedenes-
CKO20 JHCEHCKO20 nedazoeuiecko2o uncmumyma. Bo epemena pesontoyuu, 6 msoicensie 200bl epaic-
OAHCKOU BOUHbL U CIMAHOBIIEHUSL HOBO20 20CYOapCcmada, 6 200bl Benukoti Omeuecmsentoll 80UHbl OHA
OvLa onudxcavwum opyeom u nomowHuxom Eecenus Ockaposuua.

Ilpouszsoocmeennas u nayunas desmenvHocms b. E. Ilamona nauanace na Ypansaeonzagooe 8
Huoicnem Tacune 6 1942 2. C mex nop 6 meuenue oounnaoyamu nem bopuc Eseenvesuu paboman
emecme ¢ OMYoM — Mo ObLIU 200bl €20 CMAHOBIEHUsL KAK YY4eH020, UCCIe008ames, a 3ameM U KaK
PYKOBOOUMEINSE OONLUIO2O HAYUHO20 KOJLIEKMUBA.

bopuc Escenvesuu oxazancsa oOHUM u3z Hauboniee 00apeHHbIX Y4eHUKO8 U OOCHOUHbIM NOCe008a-
menem ceoeco omya. OH npodonxcun u brecmsawe pazeun deno, Havamoe E. O. [lamonom.

Hapsoy ¢ 6onvwoii u nanpsisicennoli pabomou Ha 000POHHBIX 3A600aX KOLIEKMUE UHCMUNMYMd
npoooadCan gecmu Hayuuvle uccieoosanus. B 1942 2. B. U. J[amnos oonapyscun sieienue camope-
2YIUPOBAHUSL NIABTIEHUS JIeKMPOoOa NPU 21eKmpody2080u ceapke noo gatocom. Ilocredyrouee u3zy-
yenue amoeo senenus b. E. [lamonom cosmecmno ¢ A. M. Maxapou, I1. U. Cesbo, M. H. Cuoopenko
NOCTYIHCUNIO OCHOBOU OJisl CO30AHUSL NPOCMO20 U HAOEHCHO20 C8aApouH020 asmomama. Ilpumenenue
CBAPOYHBIX ABMOMAMOE NO360NULO MHOOKPAMHO YEEIUdUMb NPOU3BOOUMENbHOCHb pabom npu u3-
20MOGNIeHUU MAHKOB.

Kpynuocepuiinoe npouzeoocmeo na Ypaneaconsasooe u opyaux 3a600ax cmpatvl mauka 1-34, ko-
Mopwitl Obl1 NPUSHAH CNEYUATUCTAMU JIVYUWUM CPEOHUM MAaHKoM Bmopotl mupoeoii eotinbl, 6 3naqu-
menbHoU Mepe npeoonpedenul Hauy nobedy nao pawusmom. brazooaps naoesicnou ceaprou opone
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ObLIU CRACEHbL HCUSHU MHORUX MbICAY MAHKUCTNOE.

3a docmudicenus 6 mexanuzayuu U agmMoMamu3ayuu c6apodYHblX pabom npu u32omosnienuu boe-
eoti mexnuxu b. E. [lamon 6 1943 2. 6win nacpasicoen opoenom Tpyoosoco Kpacnoco 3namenu.

B 200v1 6otinbl bopuc Eeeenvesuu binonnul pso 8adCHbIX UCCIEO008AHUL CIMAMUYECKUX CBOUCME
agmomamos Ojisi C8ApKu Noo hocom, CMasuiux 0CHOBOL e20 KaHOUOAmMCKOU ouccepmayuu, Komo-
pyio on 3awumun 8 1945 2. B nocnedyrowux mpyoax on noKazaz, 4mo OnmuMaibHble Xapakmepucmu-
KU UMerom demomamol ¢ NOCMOSHHOU CKOPOCMbIO NOOAYU NPOBOLOKU, YKOMNILEKMOBAHHbIE UCOY-
HUKAMU NUMAHUsL ¢ ObLCMPOOEUCMBYIOWUM Pe2yIsIMOPOM HANPAHCEHUS.

3a pazpabomky nonyaeémomamos 015 ceapku noo gaiocom b. E. Ilamony, cneyuanucmam Hn-
CMUmMyma 31eKmpoceapku, a makice JleHunepaocko2o 3a800a «neKmpuky Oblia NPUCylcoeHa 6
1950 e. Cmanunckas npemust ¢ obnacmu Hayku u mexuuxu. I1osoce smom npuHyun ynpaegnenus Obvli
NONO#CEH 8 OCHOBY CO30AHUS NOTYABMOMAMO8 ONls C8APKU 8 3AUUMHBIX 2A3aX.

b. E. I[lamon nnooomeopHo paboman Hao 3asepuieHuem Ucciedo8anull, C83aHHbIX ¢ YCI108UAMU
YCMOU4UB020 20penus 0yeu u ee pe2ynuposanusi. On ycneuHo 3auumui OOKmMopcKyo OUCCepmayuio
u ovL1 uzopan 6 1951 e. unenom-koppecnonoenmom Axademuu nayk YCCP.

B smu 20061 noo pykosoocmeom b. E. [lamona evinonnervl Uccie008anus c8apouHblX UCHOYHUKO8
numanus. Akmyansnocms 3mux pabom OvLia 06yCci081eHa mem, Ymo asmMoMamuiecKkds c8apKka noo
Griocom 6vIIG OOHUM U3 CAMBIX BbICOKONPOUZBOOUMENbHBIX NPOYECCO8 U NPOMBIULIEHHOCHb OCMPO
HYHCOALACh 8 HOBLIX pazpabomkax  >mou obracmu. B uncmumyme pazeepHynucs ucciedo8anus
MEMANIypeULecKux npoyeccos ceapku noo ¢urocom. 3a Kopomroe epems Obliu cO30aHbl OCHOBbL He-
opuU Memaiypeuu C8apKu U Haniaeku noo Quocom, pazpadbomana camma urocos pasiuiHo2o Ha-
snauenus. Co30aHbl HOBble MEXHOL02UU U MOUHOE NPOU3BOOCHBO NIABILEHbIX (DII0CO8.

Ha ocnose smux pazpabomok na Xapyvizckom mpybHOM 3a600€ HANANCEHO Nepeoe 8 Cmpane npo-
U3600CMBO BbICOKOKAYECMBEHHBIX MPYyd bonbuioco ouamempa. b. E. [lamon — ooun u3z ezo cozoa-
meneii. dma paboma OvLIA OCHOBONONAAIOW|El 8 OP2AHUZAYUU U PAZBUMUU COBPEMEHHO20 MACCOBO-
20 npou3so0cmea mpyo o6onvulo2o ouamempa ons mownwix eazompancnopmuvix cucmem CCCP na
Xapywvizckom, Yensounckom, Bonscckom, BoikcyHckom u Opyeux 3a600aXx.

B uncmumyme 6v11 co30an HO8bII npoOYecc 0Y2080ll C8APKU NOO QIHOCOM UB08, PACNOLOHCEHHBIX
8 PANIUYHBIX NPOCMPAHCMBEHHBIX NOLOXCEHUsAX. Bnepevie oH Obll npumenen Ha MOHmMAdice npoent-
HbIX CMPOEHULl KUescko2o Mocma uepes /[Henp, HA36AHHO20 UMEHeM 2lA8HO20 U0e0N02d C8APHO2O
MOCIMOCMPOEHUS, MEXHUYECKO20 PYKOBOOUMENSL NPOEKMUPOBAHUS U CIMPOUMENbCMEA IMO20 VHU-
KanbHo2o coopyxcenus E.O.Ilamona. [lozonee 6vin pazpabomarn cnocod 0y2080ul c8apKu NOPOUIKO-
801 NPOBOIOKOU C NPUHYOUMENbHBIM (POPMUPOBAHUEM WA, KOMOPBIU ObLIL WUPOKO UCNONb308AH NPU
coopycenuu nponemusix cmpoenuti Mockosckozeo u FOxcrnozo mocmos uepes /{nenp 6 Kuese u uepes
Boney 6 Capamose, coopysicenuu mazucmpanbHulx mpybonpo8ooos, MemaiiypeuiecKux azpe2amos,
XUMUYECKUX annapamos, KOpnycosg cyoos.

Ilocne konuunvr Eeecenusn Ockaposuua Ilamona ¢ 1953 2. oupexkmopom HUncmumyma snexmpo-
ceapku um. E. O. [lamona Axademuu nayx YCCP 6wvin uzopan Bopuc Eecenvesuu [lamon.

bopuc Escenvesuu pazeun nianogulil xapakmep 8 0peaHu3ayuu HayyHulX UCCIe008aHULl UHCTNU-
myma. On ycmanasnusaem 0enosvie Ce:A3uU ¢ PYKOBOOUMENAMU NPEOnPUsMuUL, COBHAPX0308, MUHU-
cmepcms, Tocnaiana CCCP, opeanusyem u 6osenasisem no020mosKy NpeoslodCeHUll 0 pa3eumu
ceapku 6 CCCP. B uwone 1958 e. [[K KIICC u Cogem Munucmpoe CCCP npunsanu nocmanosienue
«O OanvHeuwem 6HeOpeHUU 8 NPOU3BOOCMBO CEAPOUHOU MEXHUKUY, KOMOopoe NpeoycCMampueaio
pazeumue GYHOAMEHMANbHbIX UCCTE008AHUL C8APOUHBIX NPOYECCO8, pa3pabomky 060py0o6aHusl,
mamepuanog, mexmono2uti, cozoanue Hoevix HUW u 3a600ckux nabopamopuii, cmpoumensbCmeo
CneyuanusupoBaHHbIX 3460008 NO NPOUIBOOCMBY CBAPOUHO20 0OOPYO0BAHUS, MAMEPUATLO8, CEAPHBIX
KoHCcmpyKyuil. B meuenue nociedyowux namuiemox 0Ll nNpuHAm euje pso n0OOOHbIX HOCMAHO8]e-
HULL, 8bINOIHEHUE KOMOPLIX NPEOONPedeulo pa3sumue c8apo4Holl HAYKY U MEXHUKU 80 8MOPOI NO-
noeune XX 6. ne monvko 6 CCCP, Ho u 6 psoe 3apybedcuvix cmpan. CCCP cman éedyweti cmpanou
Mupa 6 obnacmu c8apku, a Hawu amepukanckue Konieeu Hazeanu Kuee cmonuyeti ceapuuxos mupa.
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bopuc Eseenvesuy omnuuaemces uckaouumensubim ymenuem pabomams c koanekmuom. On ecee-
0a 20mog nodoepAHcamsb UHMeEPECHY0 Uoero, N0 00CMOUHCME)Y OYeHUMb 8bINOIHEHHYI0 pabomy. Eeo
IHMY3UAZM, PEOKOCMHASL MPYOOCHOCOOHOCIb U BHUMAHUE K KAHCOOMY COMPYOHUK)Y CO30AlOM 8 KO-
JleKmuge UHCMUmyma 300posyro meopueckyro ammocgepy. [Ipumepom momy sensemcs pazsumue
anexmpounakosoul ceapku. Compyonux uncmumyma 1. 3. Bonowikeguu o6Hapysicui, ymo ucmoyHu-
KOM Hazpesa C8apusaemo20 Memaid MONCem CIYHCUMb PACHIABIEHHbIN ULLAK, N0 KOMOPOM) Npo-
mekaem 3eKmpudeckull moxk. Imom npoyecc 0bl1 HA36aH dNeKmpouiniakoguiM. bopuc Escenvesuu
cymen npedsudems 6onvuioe byoyuee amozo npoyecca. O cocpedomodunl Cuibl KOLNeKmued Ha pe-
weHuYu Haubosee 8adCHblX NPoodLeM dNeKMPOuLIaKosol ceapku. B kpamuatiuue cpoku 6vi1 cO30aH
HOBblU NepCneKMuUBHblll CNocod ceapKu mMemaiid OONLUWOU MONUWUHbL, NPOBEPEHHDI 8 NPOU3BO0-
CMBEHHBIX YCIIOBUAX U 20MOBBLU K ULUPOKOMY GHEOPEHUIO.

Ipumenenue 31eKMpPOUTIAKOBOLU CEAPKU BHECILO KOPEHHble USMEHEHUs 8 MEeXHONI02UI0 NPOU3BO0-
cmea maxux usoenuil, Kak 6apabansvl KOMio8 8blCOKO20 0A8leHUsl, CIAHUHbL MANCENbIX NPEccos8 U
NPOKAMHBIX CIAHO8, Koleca U 8aibl 2UOPOmypour u m. 0. Bmecmo aumuix u xoéanwvix Kpynnoeada-
PUMHBIX OemaJiell NOABUIUCH SHAYUMENbHO Oollee IKOHOMUUHblE — CBAPHbLE U C8APHOKOBAHDbIE.

B 1957 2. b. E. Ilamon u I 3. Bonowxesuu bviau yoocmoenwl Jlenunckoi npemuu 3a co30anue
npoyecca 2MeKmpouiIako8oll C8apKU U NPOU3BOOCMBA HA €20 OCHO8e KPYNHO2ADAPUMHBIX OmeEem-
CMBEHHBIX U30eNUll. Imo docmudiceHue Ovl10 ommeyero 6 1958 e. Bonvwum npuzom na Becemupnotu
svicmaske 6 bpioccene. Pao ¢upm pazsumuix cmpan mupa npuobpenu 1uyeH3uu Ha Ucnoib308aHue
9MO20 8bICOKONPOUZBOOUMENLHO2O CROCOOA C8APKIU.

B nosope 1958 2. b. E. [lamon Ovin uzdopan oeticmsumenbHuiM YieHom Axademuu Hayk Ykpaun-
ckoui CCP.

Ilo mnenuro bopuca Escenvesuua, 6 0003pumom Oyoyujem OCHOBOU C8APOYHO20 NPOU3BOOCHEA
ocmanemcs dyeosas ceapka. JlanvHeluemy co8epuleHCmB08aHUI0 U PA3BUMUI0 020 NPOYeccd OH
yoensem 00nbuioe GHUMANUE U HANPABJIsem KOLIeKMUE UHCIMUMYma Ha peuleHue akmyaibHblX npo-
Onem 6 amou obnacmu.

1o unuyuamuee b. E. [lamona 6vbinu uccnedosansl npoyeccvl 00pazo8anus c8apouHblX adpo3o-
Jiell U co30aH0 HOB0€e NOKONIeHUe HUSKOMOKCUYHBIX C8APOUHBIX 21eKmpo0os. [locmpoenvl mowHble
yexa u 3a800bl NO NPOU3BOOCMBY 31eKmpodos. Lllupoxoe snedperue 3mou paspabomxu no3601UN0
KOPEHHbIM 00paA30M YIYUUMb YCIL08USL MPYOd, 60 MHO20 PA3 CHU3UMb NPogheccuoHanibHule 3a00Je-
sanus ceapwuxos. B 1950-x cooax 6 Uncmumyme 31eKmMpoCce8apKu HAYanio pas3gusamsvcs HO8oe Ha-
npasnenue pabom — asmomamusayusl U Mexanu3ayus npoyeccos HanIAeKU pasiudHblX MAmepuanlos
HA NOBEPXHOCMU PAOOYUX OP2AHO8 MAUUH U 000PYO0BAHUS 20PHO-MEMALTYPSULECKO20 KOMNILEKCA C
Yenblo nogbluteHUs ux usHococmouxocmu. Ilpogedenvt pynoamenmanvuvie UCCie008aHUsL NPOYECCO8
HAan1asku noo ¢huocom, 6 3auWUMHbIX 2a3aX, CAMO3AWUMHOU NOPOUIKOBOU NPOBOIOKOMU, NIA3MEH-
Hoti cmpyetl. Co30aHbl YHUKANIbHbIE HANLABOYHOE 000pydo6aHue, mamepuaisl u mexuonro2uu. Opea-
HU308AHO NPOMbIUUTEHHOE NPOU3BOOCNEO HANLABOUHBIX NOPOUIKOBBIX NPOBONIOK. DMO HANpaesieHue
OKA3aN0Cb 4pe3BblualiHO NePCHEeKMUBHbIM, OHO 00 CUX NOP PA36UBAENCs 8 UHCIuUmyme U WUUpoKo
UCNONIB3YEMCS 8 PA3IUYHBIX OMPACISAX NPOMBIULLEHHOCTU U CIPOUMENbCMEA.

B 1958 2. B. E. [lamon @bicmynuil ¢ UHUYUAMUBOU cO30aHUsL HOBbIX CNOCOO08 MEXAHUSUPOBAHHOU
C8APKU KOHCMPYKYULL 8 NOJLEBbIX YCI08UAX, HA MOHMAdCe, HA CMAnensix, nood 6000U U NPEOIONHCUT UC-
nonb306ams 0Jis SMUX Yelell HOPOUKO8YI0 NPOBONIOKY. Bvinonnen 6onvuiol Komniexkc uccie0o8anuil
Memaniypeudeckux u mexHoI02u4eckux ocooennocmei smoeo cnocooda ceapku. Cozoamn pso camo- u
2a303AUUMHBIX NOPOUKOBLIX NPOBOJIOK PA3NUYHO20 HA3HAYEHUsl, OP2aAHU308AHO NPOU3BOOCMBO NO-
POWKOBOU NPOBONOKU. MO HANpasIeHue ceuuac A6uAemcs 0OHUM U3 8eOYUUX 8 MUPOBOU C8APOUHOL
HayKe u mexuxe.

Hccnedosamenvckue pabomul u cozoanue cnocoboa nouyasmomamuieckol c8apku NOPOUKOB8OL
NPOBONIOKOU NOO 8000l OMKPBLIU HOBbIE BO3MONCHOCMU 68 0C80EHUU KOHMUHEHMAIbHO20 wenbgha,
8036€0eHUU U PEMOHME NOPMOBLIX COOPYIHCEHULL, MPYOONPOBOOHBIX NEPEex0008 uepe3 peKu U Opyeux
00beKMo8.
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bonvwoti exnao enec bopuc Esecenvesuu 6 pazeumue KOHMAKMHOU CMbIKOBOU c8apKu. Bnep-
8ble U3YYEHO GNUAHUE CONPOMUBTIEHUS KOPOMKO20 3AMbIKAHUA MAUUH Ol KOHMAKMHOU C8ApKU HA
CMabuIbHOCMb NAAGIEHUS U C8APUBAEMOCTb Memailld. YCmanosiena 8vlcokas dh@exmusHocms
00pamHoll c64a3u no c8apouHomy moky. IlpeonooiceHvl opucunanvbhvie KOHCMPYKYUU mpancgopma-
mopos, pazpabomansl meopemuyecKue OCHO8bl ux paciemos. I1oo pykosoocmeom b. E. Ilamona
U npu e20 HenocpeoCmeenHoOM Y4acmuu nepsvie 8 MUpoBoll NpaKmuke ObLIU CO30aHbl CUCHEMbl
MHO20(aAKMOPHO20 YNpasieHUus Npoyeccom KOHMAKMHOU ceapku oniasienuem. Paspabomano He-
CKONILKO NOKOJIEHUN OPUSUHAILHBIX MAULUH, KOMOpble dIKCHIYAmupyomcs 6 medeHue 0ecsamikos iem
60 MHo2ux cmpanax mupa. Cpeou HUX — MAawUuHbl 01 C8APKU PENbCO8, YHUKANbHbIE KOMNIEKCbl 8HY-
mpumpyonsvix Konmaxmuwix mauwiur «Cesep», MawiuHvl 0 C8APKU V3108 PaAKem U3 aitOMUHUEBbIX
CN1a608 U MHO2Ue Opyaue.

Ilpumenenue 31eKmMpoOHHO20 Y4a OKA3ALOCH NEPCNEeKMUBHBIM NPU C8APKe PA3IUYHBIX MOJICO-
CMEHHBIX COCY008 U3 cmaiell, 8bICOKONPOUHBIX CNIABO8 HA OCHOBE ANIOMUHUSA U MUMAHA, A MAKICe
opyaux mamepuanos. Pewenvl ciodxchvie 3a0auu obecneuenus yYCmouyusoCmu 1eKmpoHHO20 1yia
8 ammocghepe MemaiiuyecKux napos, 8viiaeieHbl 0COOeHHOCMU (OPMUPOBAHUS VIKUX U 2T1YOOKUX
U808, HalldeHvl CnocoOblL YNpasieHus,, obecnedusarujue 60CNPOU3IE00UMOCHb ONMUMATLHBIX PEXHCU-
M08 ceapku. Bce 3mo nozeonuno cozoams cospemenHoe 0060py0osanue u mexHoni02ui, noayyusuiue
medncoyHapoonoe npusnanue. Cnocod 0y2060tl c8apku 801bGPAMOBLIM 2NEKMPOOOM NO CLOH AKMUBUPO-
8aHHO20 (hrroca-nacmel, nomyuusuteli enocieocmeuu Hazéanue A-THUI, ovin paspaboman ¢ Hucmumyme
anekmpocsapxu um. E. O. [lamona 6 cepedune 1960-x 20006. Brazodapsi ucnapenuio guoca-axmusamo-
pa yoaemcs cocams cmond 0y2u, 8 HECKOIbKO pa3 y8enudums 2nyouHy nposapa, nogblCums npou3eoo0U-
MENbHOCMb C8APKU U YIIyYuumy ghopmy wieos. B nocneonue 200b1 b. E. [lamonom 6biiu uHuyuuposamsi
uccne0o8anusl, HanpagieHnvle Ha CO30aHue MeopemudecKux OCHO8 Npoyecco8 0y2080l C8APKU, C
UCNONB308aAHUEM AKMUBUPYIOWUX t0co8. Bvliu ycmarnosneHvl 0CHO8HbLE 3aKOHOMEPHOCTNU GIUAHUSA
corcamuisl Oy2u Ha XapakmepucmuKy meniogo2o U OUHAMUYECKO20 030eliCEUsL Ha C8APOYHYIO BaHH)),
00bACHEH MexXaHusm 21y00K020 NPONLAsNeHUs Memanid. Ima opusUHaIbHAs MEXHON02Us NOTYYUNLA
passumue 6 CCCP u CHI Ilamonosckas mexnonoausi IATHUI nawina npusnanue makoice 8 Cmpamax
O0anbHe20 3apy0edichsi.

B xonye 1980-x 20006 6 Uncmumyme snexmpoceapku noo pykosoocmeom b. E. [lamona naua-
JIUCH UCCLe008AHUS 2UOPUOHBIX (J1A3EPHO-0V208bIX U 1A3EPHO-NIASMEHHBIX) NPOUECcco8 C8APKU U
obpabomku mamepuanos. Ilpednodicenvl KOHCMPYKYUU 1A3ePHO-0V208bIX NIA3SMOMPOHOE NPAMO20
U KOCBEHHO20 OeUCmBUsl, CO30aH ps0 NIA3SMOMPOHO8 PAITUUHO20 MEXHOI02UYEeCKO20 HA3HAYEHUs.
Paspabomanvl Hosvie npoyeccol 2ubpUOHOU 1A3ePHO-NIAZMEHHOL C8APKU U HANIABKU, 8 MOM YUC/le
npoyecc cubpUOHOU 1A3EPHO-MUKPONIAZMEHHOU CBAPKU MEMAILI08 MAIbIX MOIUJUH.

B 1960-¢ 200v1 noo pyxosoocmeom b. E. [lamona nauamul ucciedosanusi mexHonio2utl noiyye-
HUSL PA3TUYHBIX NOKPLIMUL U KOMNOZUYUOHHBIX MAMepUanos nymem 371eKmpoHHO-TY4e6020 ucnape-
HUs KOMNOHEHMO8 U KOHOEHCAYUU Napoe HA NOBEPXHOCMAX U0eNUll UIU CReYUAIbHbIX NOOLONCEK.
OnekmpoHHO-1yuesas mexHono2us HaHeceHus NOKpblmull, NOIY4YUBUIAs NpUMeHeHue & pade 001a-
cmetl mexHUKU, no360Jisien MHO2OKPAMHO NO8bIULAMb IKCNLYAMAYUOHHBIL PecypC MHO2UX U30enull, 8
YaCMHOCMU, JIONAMOK 2A308bIX MYPOUH.

B 1980-e 200b1 no unuyuamuee b. E. [lamona 6 uncmumyme npo8oosimcst uccied08anusi Cnoco-
006 mepmuieckoeo HaneceHus NOKPLIMULL C UCNONb308AHUEM 2A30KUCTOPOOHO20 NIAMEHU U OY2080l
NIA3Mbl, CO30AlOMCs annapamypa u Mamepuavl, obecnedusaioujue noayieHue 3auumnbix cloes ¢
PA3MUYHBIMU CBOLICTNBAMU.

B 1969 2. noo pykosoocmeom bopuca Eezenvesuua ovina ocywecmenena nepéas KOCMUYECKAs.
CBAPOUHAS MEXHONI02Usl — C8APKA 8 OKOJ03eMHOM npocmparcmee. Ha nunomupyemom kopabne
«Coro3-6» kocmonasm B. H. Kybacose npogen s3xcnepumenmovl no 31eKmMpOHHO-TYYe80U, NAA3MeH-
HO-0Y208601i C8apKe U ceapke NiasauuUMcs 21eKkmpooom. bulnu uzyyenvt ocobennocmu gopmuposanus
CBAPHBIX ULBO8 8 YCTIOBUAX HE8ECOMOCTU, OOKA3ZAHO, YMO NPU pabome 8 KOCMU4EeCKOM NPOCMPAHCIEe
MOJICHO NOTYUAMb NIAOMHBLE U XOPOULO CHOPMUPOBAHHbBIE UIBDL.
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B 1979 e. ycnewno npogepena uoes HaHeceHusi pasiudHbIX Memaiiuieckux noKpoulmull Ha no-
8EPXHOCMU DNIEMEHMO8 KOCMUYeCKoU cmanyuu u npubopos. Paspaboman cneyuanvhulii annapam
«Hcnapumensy, co30an yHUBEpCAIbHbll PYYHOU UHCMPYMEHM, NPEOHA3HAYEHHbIl OJisl C8APKU, NAll-
Ku u Hanecenusi nokpvimuti. B 1984 2. kocmonasmet C. E. Casuyxas u B. A. /[icanuberxos npogenu
€20 UCNBIMAHUSL 8 OMKPLIMOM KOCMOce. 3amem nocieo08ail YUK CUCeMamuieckux MHO20Yeleablx
IKCHEPUMEHMATILHBIX UCCIE008AHULL NO OMPAOOMKe KOHCMPYKYUOHHBIX JJIEMEeHMOo8 U MexXHOI02UU
COOPYIAHCEHUSL KPYNHO2AOAPUMHBIX OPOUMATbHBIX KOHCMPYKYUll U 06bekmos. B 1986 2. 6 kocmoce no-
CmMpoeHa KOHCmpyKyus 8 guoe pazdoopuoil pepmol (sxcnepumenm «Masxy). B 1991 2. énepgvie 6vi1a
npogedena naika y3106 epmMeHHbIX KOHCMPYKYUll, co30an azpezam OJisl pACKPbIMus U pa3eopayusd-
HUsl COTHEeYHbIX bamapei MHO2OKPAMHO20 UCNONb308aHUSL OpOumanvrol cmanyuu « Mupy.

Pezynemamur mHoconemnux ucciedosanutl 8 0O1ACMU KOCMUYECKUX MEXHOIO02UL ONYOIUKOBAHDL
6 monoepagpuu b. E. Ilamona u B. @. Jlanuunckoeo «Welding in Space and Related Technologies»,
uzoanuou 8 1997 2. 6 Beruxobpumanuu, a maxace 0b60o6wenst 6 coopruke «Kocmoc: mexnonozuu,
Mamepuanogedenue, KOHCmpykyuuy, uzoannom ¢ 2000 2. noo peoakyueu b. E. [lamona.

buiswuu 'enepanvuwviii KoHCmMpYyKmop pakemuo-kocmudeckux komniexkcoe HIIO «Ouepeusy axa-
oemuk PAH FO. I1. Cemernos, mnozue 200vt pabomasuuil emecme ¢ C. I1. Koponesvim, max oyenusan
éknaod b. E. Ilamona 6 pazsumue kocmuyeckoti npoepammvt CCCP: «b. E. [lamon éxooum 6 6enuxyio
niesdy cOBemcKUx y4eHvlx u KOHCmpykmopos, dnrazooapsa xkomopwvim CCCP 6 200vbl ceoe2o cyuje-
cmeoeaHus Obll Mozyuell u eenuxou oepacasoi... b. E. [lamon — swvidarowuiics yuenwlii XX cmone-
mus. E2o xapakmephnas ocobennocms — YHUKAbHOE KAYecmeo Npemeopamy UOeU 8 HCU3HD ... ».

B nauane 1970-x 20006 noo pykoeoocmeom b. E. I[lamona Oviiu coz0amsl nepsvie 0opasyvi Cu-
cmeM, UCNONL3VIOWUX IKCNEPUMEHMANbHO-CIAMUCmudeckue Mooenu C8apouHvlx npoyeccos. Hu-
MEeHCUBHOe paszsumie dMux pabom npueeno K co30anuio amomMamudeckux cucmem ynpasieHus
CBAPOUHBIMU NPOYECCAMU, YCMAHOBKAMU U MEeXAHUUPOBAHHBIMU TUHUAMU C UCHOIL308AHUEM MU-
KponpoyeccopHou mexHuxu.

1100 eco pykosoOcmeom 6binonHeH OONLULOU KOMNIEKC (YHOAMEHMANbHBIX U NPUKTAOHBIX UC-
C1e008anUll 8 0bracmMuU CMamu4eckol U YUKIUYeCKOU NPOYHOCMU CBAPHBIX COeOUHEHUl, UX CONpo-
MUBIEHUSA XPYNKUM U YCIATIOCMHBIM PA3PYUEHUAM, pAbOmOoCcnocoOHOCU 8 YCI08UAX HUSKUX MeM-
nepamyp. Co30an pso svioarowuxcsa coopyxcerutl. K num npesxcoe 6ceco 0mMHOCUMCS YHUKATbHbLL
yenvroceaproti mocm umenu E. O. Ilamona uepes /nenp. Ilpunyunsi, nooxoovl u KOHCMPYKMUG-
HO-MeXHONI02u4ecKue peuletusl, ompabomaHnusle npu e20 NPOeKMUpPOBaAHUU U COOPYHCEHUU, OMKPbI-
JiU 00PO2Y WUPOKOMY UCHONIL30BAHUIO CEAPKU 8 MOCIOCMPOeHUU. DmMom MOCm NOIYYUIL NPUSHAHUE
AMepuKrancko2o ceapoyHo2o odwecmsea Kaxk bloarowancs céapHas KoHcmpykyus XX cmonemus.
Onvim cmpoumenscmea mocma um. E. O. [lamona OvL1 ucnons306an npu nOCmMpouiKe MOCmMo8 uepes
Inenp 6 Kuese (FOoxcnozo, Mockosckozo, I'asanckoeo, Ilooonvcko-Bockpecenckozo, asmooopooic-
HO20 U JHCeNle3HOO0POIICHO20), 8 [[Henponemposcke u 6 3anopodicve, a makice MOCMA yepe3 PeKy
Cmompuuy 6 Kameney-Ilooonvckom.

Aprum npumepom H08020 NOOX00a K 8036€0€HUI0 CEAPHBIX KOHCMPYKYULL 8bICOKOU 3A800CKOU 20-
MOBHOCMU CMAIO CO30aHUe MEXHOLOSUU PA3BOPAUUBAHUSL DYIOHUPOBAHHBIX pe3ep8yapos OJisi Xpa-
Henus Hedhmu u Heghmenpooykmos, 61a200apsi KOmopou 6 KOpomKue cpoku OvlLia peulena npoorema
80CCMAHOBIEHUS PEe3eP8YapHO20 NAPKA CIMPAHbl, pa3pyuleHHo20 8 200bl Bmopoti muposoii eotinbil.

Cosmecmno ¢ Hayuno-uccrnedosamenbckum u RPOEKMHbIM UHCIMUMYMOM YKpnpoeKxmcmanbKoH-
CMpYKyuu paspadomanvl npoeKmvl U MexHoN02UU CIMpOUmenbCmed, Komopule YCHeuwHo peanu3o-
BaHbL NPU B038E0CHUU YHUKATbHBIX menesusuonnvix oautern ¢ Kuese, Cankxm-Ilemepbypee, Epesarne,
Tounucu, Bumebcke, Xapvroge. K 6vi0aiouumcs capHvlM KOHCMPYKYUAM Cledyen OMmHecmu U Mo-
nymenm «Poouna-wamo» 6 Kuese.

b. E. Ilamon aensemcsa unuyuamopom u Hay4uvimM pyKo8oOUmesem yeneoll Hay4Ho-mexHu4eckou
npocpammul «lIpobnemvl pecypca u 6e30naACHOU IKCNIYAMAyUuU KOHCMPYKYUU, COOPYIHCEHUU U Ma-
WUHY, K GbINOJIHEHUI0 KOMOPOU NPUBLeYeHbl MHO2UEe aKademuyecKue u ompaciegvle UHCMUnymsl,
8y3bl U OONBULOE KOTUYECMBO NPOMbIULIEHHbIX npednpusmuti. Ilonyuenvl 6ecomvie HAYUHO-MEXHU-
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yecKkue U npakmuyecKue pe3ynbmamsl no CO30AHUI0 MEemMoOU4eCcKUx 0CHO8, MexHOI02ULl, Memooos u
Cnocob06 oyenKuU, a makdice NPooieHUs pecypca KOHCMpPYKyutl. B nianax akademuu npedycmampu-
saemcsi OanbHeluee pazeumue IMux pabom.

bonvuwoe enumanue yoensemes pazsumuio Mmemooos Hepaspyulanu,e2o KOHmpoJis Kaiecmasd u Ou-
acnocmuxu. Co30anbl a8MomMamu3upo8aHuvle YCmaHo8KU 0 YIbmpaszeyKoe0o20 KOHMPOJIA C8APHbIX
coeOuHenull mpyo 00nbul020 ouamempa, Kopnycog Oyposvix 0010M, V3108 dHEPeemMUYecKUx yYCcma-
HOBOK, C8APHBIX COCOUHEHUN U3 NIe2KUX CNIAB08 U HeMemalludyeckux mamepuanos. Pazeusaiomcsa
UCCTe008aHUsL C NPUMEHEHUeM HUSKOYACTOMHBIX VIIbIMPA368YKOBbIX 60IH U UCNOIb308AHUEM OECKOH-
MAKMHO20 86€0eHUsI AKYCMUYECKUX 801H 8 00bEeKmbl.

Bnepevie 6 Yrpaune cozoanvl cucmemvl Henpepvl8HO20 MOHUMOPUH2A CBAPHBIX KOHCMPYKYUL, K
KOMOPbIM NPeobABNAIOMCS NOGbIUEHHbLE MPeb08anus 0e30NaACHOCMU IKCHLYAMAYUU.

Co30aHbl MemoouKy npoHOIUPOBAHUS MEXAHUYECKUX CBOUCME, pecypca 6e30nacHOU IKCHIyama-
YUl C8APHBIX COCOUHEHULL U V3108 NPU HATUYUU 8 HUX MPEUUHON0O0OHbIX Oedhekmos u decpadayuu
Mamepuanos 8 npoyecce IKCNIyamayuu.

B uncmumyme na npomsgicenuy MHO2UX j1em NPO80O0SMCs UCCIE008AHUSL NO MAMEPUANOBEOEHUIO.
Paspabamvisaromces Hogble KOHCMPYKYUOHHbIE MAMEPUATIbL, MEXHOLOSUU UX NPOU3BOOCMEA, UCCIle-
0yemcs C6s3b «COCMas—CmMpyKmypa—ceoucmea» NPUMEHUMeENbHO K MAmepualam pasiuyHo20 Ha-
3HaueHus. Uncmumym snekmpoceapku cmai KpYRHbIM Mamepuaio8eoyeckum YeHmpom, 8 Komopom
pabomaiom u nNpoBOOAM CAMbIE CILOANCHbIE MAMeEPUANo8eduecKue UCCIe008aHUS BbICOKOKBANUDU-
YUPOBAHHBIE CNEYUATUCTBL NO (PU3UKE MEeMANN08, MEMALI08e0eHUIO, dNeKMPOHHOU MUKPOCKONUU,
macc-cnexkmpockonuu, Ooice-cnekmpomempuu, aHaiu3y 24308 8 Memalax u C8ApHuIX WEax, peHn-
2eH-CNeKMPAaIbHOMY JJIeMEHMHOMY AHAIU3Y U OPYUM CReYUANbHOCTIAM.

B 1954 2. b. E. I[lamon 60321a6un ucciedoganue no UCnOIb308aHUI0 INEKMPOUIAKOB020 NPO-
yecca 08 YIyuuleHUus Kayecmea Memaiios U Cnidgeos. B umoee 803HUKIO NPUHYUNUATILHO HOBOE
HanpaeneHue 8 Memaiypeuu — 21eKmpouiako8blll Nepenias, KOmopulil 8 KOpomkKue CpoKu Hauen
wupoKoe npumeHenue u nOAY4ul mMupoeoe npuznanue. On UCNONb3Yemcs OJisl YIYUULeHUsl COUCME
HCAPONPOYHBLX, HEPAHCABCIOWJUX, UHCTPYMEHMATIbHBIX, UUAPUKONOOUUNHUKOBLIX U OpYeUux cmainetl u
CneyuanbHulx Cniagos. Memann s1eKmpouLiako8o2o nepensiasa NPUMeHsemcs 6 Hacmosiujee 6pems
npu PoU3800CmEe pomopos MOWHbLLX MYyPOUH, 8AIKO8 NPOKAMHBIX CIAHO8, COCYO08 8bICOKO20 0a6-
JIeHUSl, 3aNOPHOU ApMamypsbl Meni08blX U AMOMHBIX CIAHYULL, TUMO20 WMAMNO8020 UHCIMPYMEHMA
U Opyaux omeemcmeeHHbIX U30eNUll.

Ewe 6 1959 2. 6viiu nHauamovl pabomsl no paguHUpoOBaHUO Memaiios u Cniaeo8 ¢ NOMOUbIO
EKMPOHHO20 yYa. DNeKMPOHHO-TY4e8dsl NIABKA OKA3ANACH I DHeKmMUBHbLM CHOCOOOM NOBbIUEHUS
Kawecmea CneyuaibHulX cmanell U Cnideoe Ha OCHO8e HUKes U dcenesd, I hekmusHviM mexHono-
2UYeCKUM NpoYeccom NONYHYeHUss 0COOOUUCTbIX HUOOUS, MUMAHA U MHO2UX CNIIABO8 HA UX OCHOBe.

B nocneonue 200v1 ycnewino pazeusaemcs 31eKmpOHHO-TY4e8ds MeXHON02UsL NOTYYeHUs. CAUMKO8
mumana. Pazpabomanvl HO8ble 8bICOKONPOUHbIE MUMAHOBbLE CNIABYL, JIe2UPOBAHHbIE AIOMUHUEM,
YUPKOHUEM, HUOOUEM, JHCelle30M, KOHCMPYKYULU NPOMBIULIEHHBIX TeKMPOHHO-TYYE8bIX YCHAHOBOK C NPO-
MeNCYMOUHOU emKrocmulo. MHo2ue u3 HUX He UMerom aHaio208 8 MUposoL NPaKmuxe.

Pazeumvl cnocob, obopyoosanue u mexHonio2uu Nid3mMeHHO-0y208020 Nepeniasa Memaiios u
cniasos. Bosmooicnocmu npumenenuss niasmeHno-0y2080U MexHoN02UU 0COOEHHO PACUUPUTIUCH NO-
cie paspabomru nAasMompoHO8 NePeMeHH020 MOKd, YMo NO360IUN0 CYUWECEEHHO NOBbICUMb HA-
0EHCHOCIb KOHCMPYKYULL NIABUILHBIX A2Pe2amos U UCOYHUKOS NUMAHUS.

B nocneonue 200v1 6 Mupogou memannypeuueckou npakmuke Wupoko UCHONb3Yencs 6HeNneuHds.
0bpabomka memaniypeuieckux pacniagos. B Uncmumyme snexkmpocseapxu um. E. O. Ilamona co3-
O0aHbl HOBbLE MUNBL NOPOUIKOBLIX NPOBOJIOK, KOMOPbIE COOEPIHCAM 8bICOKOAKMUBHbIE dNeMeHmbl Ol
MUKDONe2Upo8aHus, moouduxayuu u oecyivb@ypayuu cmaneu u 4yeyua. Paspabomanvr mexnonozus
u 000pyoo8aHue 0 U320MosieHUsl NOPOUKOBbIX NPOBONOK DONLULO20 duamempa. Imu Ucciedosa-
HUsL NONYYUIU OdbHeliuee pazsumue 6 Mncmumyme npobnem mamepuanoseoenus um. M. H. @pan-
yesuua, Jloneyxom nonumexHuueckom uncmumyme u opyeux uncmumymax u npeonpusmusx. Ce-
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200H5. MEMOO UHHCEKYUOHHOU MEMATypeUull WUpOKO NPUMEHAEMCs Ha MemalIypeUdecKux 3a800ax
Yrpaunwt u Poccuu. C e2o nomowbio obpabomanst 0ecimrku MUIIUOHO8 MOHH CIMANIbHBIX PACHIABO8.

B Uncmumyme snexmpocsapku ycnewiHo pazeusaromest UCCie008aHus 8 001acmu AuKu Memaios u
cnnasos. Hosvie mamepuanvl 1 mexHono2uu RAUKY WUPOKO UCNONb3YVIOMCS NPU U320MOBIeHUU peulemuda-
MbIX KPbLIbes pakem u oemaiiell asUAyUOHHIX dgueameet, KOCMU4ecKol u 6yposou mexHuKu.

B nocnesoennvie 20061 6 CCCP Obiiu OmKpbimsvl eUueanmckue Mecmopoxcoenus nepmu u 2aza. B
ocHosHoM oHu Haxoosmcs 8 Cpeounetl Asuu, 3anaonou Cubupu, na Ceseprom Ypane u 6 opyeux om-
oaneHHbIX pationax. [{na mpancnopmuposku Hegpmu u 2aza 6 sanaonuie pationvt CCCP u 3a epanuyy
npeodycCmMampusanocs CMmpoumenbCmeo MOWHbIX MASUCMPATbHBIX 2A30- U He(hMenpo8oOHbIX CUCHEM.

1100 pyxosoocmeom b. E. [lamona npogeden xomniexc pabom no pazpabomxe mexmonio2utl OJis
ceapxu mpyobonpoeooos. bvinu cozoansvt ynukaivHvle opucuHaibibie MexHonI02ul U 060pyoosanue
0J151 KOHMAKMHOU C8APKU HENOBOPOMHBIX CMbIK08 mpyo — Komniekcol « Cegepy. C nomowpio KoH-
MaxkmHoll ceapku ceapeHo bonvute 70 moic. KM mpyb6onpo8o0os, 8 mom yucie okonio 6 moic. Km 2a3o-
npoB8o0os borvbuioeo ouamempa 6 yciosusax Kpatineeo Cesepa.

Co30ana opucuHanbHAsi MEXHON02Us 0Y2080ll A8MOMAMUYECKOL C8APKU HENOBOPOMHBIX CIbIKOG
mpy6 camo3auumHol NOPOUKO8OU NPOBOIOKOU ¢ NPUHYOUMETbHLIM (POPpMUPOBAHUEM UBA — KOM-
niexc « Cmoiky. C nomowpio 5moii mexnono2uu nocmpoeHo ceviuie 10 moic. KM Ma2ucmpaivhbix
2azo- u Heghmenposooos: «lpyicoar, «Cpeonsn Azus—Llenmpy, «Vpeneot—Ilomapvi—Yarceopooy,
«Xusa—betineyy, «lllebenunxka—HMzmauny, «Aman—3anaonasn epanuyay, «Aman—Ilogonsicve» u op.

IIpogheccop H. K. baiibakos, kpynHeuwuil asmopumem 6 Heghme2azo80M KOMNJLEKce CIMPAHbl, OM-
meuan, umo «bopuc Eecenvesuu [lamon kax npezudenm Axademuu Hayk YKpauuvl, Kak OUpeKmop
Hucmumyma snexmpocsapku um. E. O. [lamona okazan oecpomuoe nusanue Ha npozpecc negpmeaazo-
8020 CMpoOUmMenbcmea, Ha passumue HepmaHou u 2a3060u npomviuneHnocmu ovigue2o Cosemcko2o
Coroza...».

bopuc Eezenvesuu yoensem donvuioe 6HUMAanue peaiusayui 00CMudiCeHull CO8peMmeHHol HayKu U
mexHuxu 6 npakmuyeckou meouyure. B 1990-x co0ax oH npeonoxicun ucnoivb3o08ams Memoowvl CapKu
OJ151 COCOUHEHUSL HCUBLIX MKAHEl U OP2AHU308A] MBOPUECKUL KOJLIEKMUSE C YyUacmuem compyOHUKos8
UDC um. E. O. Ilamona HAH Ykpaunvi, Hncmumyma xupypeuu u mpaucniaumonocuu um. A. A.
Hlanumosa HAMH Ykpaunwi, [Jenmpanvroco ecocnumans CBY u oOpyeux meouyunckux yupexcoenuil.
Omo compyonuuecmeao npuseno K cO30aHU0 HO8020 CNOCoOA coeOUHenUsl (C8apKU) MASKUX MKaHell,
KOMOpblil n0360J51em 6bICmpo U NoYmu OecKpO8HO pazpe3amyv U COeOUHAMb DUONOSUYEeCKUe MKAHU,
COXPAHSISL UX HCUSHECHOCOOHOCMb. 3adcusieHue pan npu Smom nPoucxooum sHadumensHo dvicmpee,
ueM npu UCNONBL30BAHUU MPAOUYUOHHBIX XUPYPSUHLECKUX Memo008, CYUWeCMBeHHO COKpaujaemcs
NPOOONIHCUMETLHOCb ONEPAYULL, YMEHLUUATOMCS KPOBONOMEPU, COKPAWAemcs nepuoo nocieone-
payuonHou peabunumayuu 601bHbIX. CROCOObI 2NEKMPOCEAPKU HCUBLIX MKAHEU NpUMeHsaom bonee
uem 6 50 knuHukax Yrpaunel, a maxoce 6 kiunHukax Poccuu u benapycu. Ycenewno vinonueno cewvi-
we 100 molcsiu xupypeuueckux onepayuii paziuiHo2o npo@uis: 6 ooujel, mopakaibHou U 0emcKou
Xupypauu, OHKOLO2UU, YPOLO2UU, SUHEKONIO2Ul, OMOLAPUHLONI02UL, 0OPMATbMON02UU, TIeYeHUU MPAEM
BHYMPEHHUX 0p2aHo8 u opyeux Hanpagienusx xupypeuu. B UDC um. E. O. [lamona pazpabomaro
cospemenHoe 000py0o8anue 0Jis CAPKU HCUBIX MKAHEU U HATLANHCEHO e20 npouzeoocmeo. Pazpabo-
MAaHvl U NPUMEHAIOMCA Ha npakmuke donee 130 xupypeuueckux memooux.

B 2004 2. komnnexc pabom no ceapxe dHcugblx mKaHel, 8bINOIHEHHbIN NOO PYKOBOOCHEOM U NPU
akmugHom meopueckom yuacmuu bopuca Escenvesuua Ilamona, ovin yoocmoen Iocyoapcmeennoii
npemuu YKpauHl 8 001acmu HayKu U mexHuxu.

IInooomeopno compyonuvecmeo uncmumyma c¢ HayuonanoHolm uncmumymom Xxupypeuu u
mpancnaaumonoauu um. A. A. lllanumosa, JJoneyxum obracmHuulm npomueoonyxonieeulM yeHmpom,
Hayuonanvroti meouyurckoii akademueti nocieouniommo2o oopazosanus um. I1. JI. [llynuxa, Hayu-
OHANbHLIM MeOUYUHCKUM YHUsepcumemom um. A. A. boeomonvya, Boenno-meouyunckum ynpagie-
Huem CBY, Kueeckum 20po0cKum yeHmpom 31eKmpoceapoyHoll Xupypeuu U HO8bIX XUpypeuuecKux
mexHonoauti npu Kuesckoul eopoockotl knunuueckou oonvHuye Nel, Hncmumymom bonesueii enaza
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u mxawnesol mepanuu um. B. Il. Quramosa, Hayuonanbhvim uncmumymom cepoeuno-cocyoucmotu
xupypeuu um. H. M. Amocosa, HUncmumymom uevipoxupypeuu um. axao. A. Il. Pomaoanosa, kueg-
CKUMU 20POOCKUMU KAuHUuYeckumu oonvhuyamu Ne 1, 12, 17, 18 u mrocumu opyeumu meouyuHcKumu
yupesicoeHuAMU YKpaunbi.

b. E. I[lamon yoensiem 6onvuioe HUMAaHue MeNcOyYHApOOHOU 0esimelbHOCIU UHCMUMYMAa U e20
yuenvix. Mucmumym 31eKmpoceapKu A675emcs NOCMOAHHbIM Yienom Medcoynapoono2o uncmumy-
ma ceapku u Esponetickoti ceapounoii ¢pedepayuu. 1100 pykosoocmeom bopuca Eecenvesuua uzoa-
IOMCsl U NepegooAmMCs Ha AHIUUCKULL A3bIK JHCYPHATbL «Aémomamuyeckas ceapkay, « Cogpemennas
anekmpomemaniypausy, « lexnuveckas ouazHOCMuUKa U Hepa3pyumaowuli. KOHmMpouby. Imo no3eo-
Jisilem OOHeCcmu 00 MUPOBOU HAYYHO-MEXHUYECKOU 00U eCm8eHHOCIU UHGOPpMAayUio 0 pe3yibmamax
uUccnedo8anull U HOBbIX pa3paboOmKax UHCMuUmMymad.

B uncmumyme evipocau decsimku u cOmHU MAalaHmaussbix yuenvix u unicenepos. Cpeou namo-
HOBle8 MHO20 aKadeMuros u uienog-koppecnonoenmos HAH Ykpaunvl. Compyonuxku uncmumyma
sawumunu 138 ookmopckux u 716 kanouoamcxux ouccepmayuii. Mnozo pabom, o Komopwix 2080-
PUNOCH 8blue, — MpPYyo0 OONLULO2O U OPYHCHO20 KOJLIEKMUBA, CNIOYEHUI0 KOMOPOo2o 6 DONbULOU Mepe
cnocobcmeyom nudnble Kayecmea e2o pykosooumens — bopuca Eecenvesuua [lamona.

Oonum u3 0CHOBHBIX NPUHYUNOS, 3anodxcennvlx E. O. Ilamonom npu cozoanuu uncmumyma u pas-
sumuix b. E. [lamonom, aeniaemcs nposedenue yeneHanpasieHHblx GyHOaMeHmalbHblX UCCIe008a-
HULL U TMeCHAsl C853b HAYKU C NPOU3BOOCEOM. DMOM NPUHYUN HACMOUYUBO BONTOWAEMCSL 8 JHCU3HD
Ha npomsdcenuu 80-nemuetl ucmopuy UHCMumMymad.

Hayunvie omoenvt uncmumyma, Koncmpykmopckuil omaoe, IKCnepumMeHmaibHvle MacmepcKue,
ONbIMHOE KOHCMPYKMOPCKO-MEXHON02UYecKoe DI0po, UHHCEHEPHbLE YEeHMPbL, IKCHePUMEHMATbHbIE
npouU3800CmMed, ONbIMHbLE 3a800bl CO30ABANUCH HA NPOMSANCEHUU BCEli UCOPUL UHCMUMYMA — MO
HeomwveMieMble 36eHbsl CUCTNEeMbl OP2AHU3AYUU UCCTe008AHUL U BHEOPEHUS UX Pe3VIbMAmos 8 Npo-
u3600cmeo. Peanusayus 3mou cucmemvl NO3601ULA CO30aMb YHUKANbHbIE KOHCIPYKYUU, 000py008a-
Hue, Mamepuaivl, MexHOI02UU, HeOpeHUe KOMOPbLIX 0OKA3al0 DObULOe GIUAHUE HA PA3BUMUE MHOSUX
ompaciei npomMblULIeHHOCMU. MAWUHOCMpPOeHUe, CYOOCMPOoeHUe, PAKemHO-KOCMUYECKULl KOMNLEKC,
asuacmpoenue, 3HepeemuKy, 20PHONPOMbIUULEHHbIN KOMNLEKC, MEMAIYPRUI0 U XUMUYECKOe NPOU3-
800CcmMB0, cucmem mpyoonpo8oOH020 MPAHCNOPMA, CIMPOUMETLHYIO UHOYCIPUIO U Op.

CamoomeepoiceHnblll mpyo KOLIeKmUuea UHCMumyma 8blCOKO OYeHeH 20cyoapcmeom. Mncmumym
Hazpadxcoen opoenamu Jlenuna, Okmabdpwvckou Pesontoyuu, Tpyoosoeo Kpacnozo 3namenu, muozue
compyoHuku uncmumyma nazpasxcoenvi opoenamu u meoaramu CCCP u Yxkpaunol.

Jeeamv pabom, 8 6bINOIHEHUU KOMOPBIX YUACMBOBANU COMPYOHUKU UHCMUMYMA, YOOCMOEHbl
Jlenunckux npemuii ¢ oonacmu Hayku u mexruku, 24 pabomst — [ocyoapcmeennvix npemuti CCCP,
34 pabomwi — [ ocyoapcmeennvix npemuti YCCP u Yxkpauno.

MHozonemuuii camoomeepicennvlti mpyo KOJLIeKMued UHCmumyma noo pykogoocmeom bopuca
Eecenvesuua [lamona nonyuun mupogoe npusHaHue.

B 1962 2. b. E. Ilamon 6vin uzopan oeticmeumenbHuIM YleHOM (aKademukom) Axkademuu Hayx
CCCP. B smom oace 200y yuenvie Axaoemuu nayk YCCP uzopanu b. E. Ilamona npesudenmom Axa-
oemuu Hayk YCCP (uvine Hayuonanvrnoti akademuu nayk Yxpaunwi). I 1yooxkoe nonumarnue ponu Ha-
VKU 8 obugecmae, ee yenetl u 3a0at, 8bICOKUL MeHCOYHAPOOHDIL A8Mopumen y4eno2o, NpeoaHHoCb
HayKe, HEUCCAKAEeMAs IHePIUs U BbICOKUE MOPANbHbIE Kauecmead, 00uecmeenHo-noaumuyeckas oe-
SAMENbHOCMb, ONbIM PYKOBOOCMEA OONbUIUM HAYUHBIM KOINEKMUBOM CMANU Peuarouumu apeymeH-
mamu npu uzopanuu bopuca Eseenvesuua na nocm npesudenma Akademuu Hayk Ykpaumwi. B coom-
8emMCmaUl ¢ yCmMagomM aKkademuu 8bl0opbvl ee npe3udeHma nPosooAmcs Kaxcovle name aem u bopuc
Eecenvesuu oessamn pasz nepeusbupanca na smy oonxcnocmo. Ha smom omeemcmeennom nocmy euje
wupe packpulicsa e2o maiawm opeanuzamopa Hayku. 1100 e2o pykogoocmeom paspabomarna Hoeas
CmMpyKmypa akaoemuu, HO8blll Ycmas, HanpasieHHvlil Ha Hauboiee payuoHaIbHOe UCNONb308AHUe
HAYYHBIX CUTL U CPEOCM8, KOHYEHMPAYUIO UX HA PeuleHul 8anCHetux QyHOamMeHmanbHulx npoorem
HAyKu, Komopwie umerom peuiaroujee 3nadenue 0jisi IKOHOMUKU CIPAHDL.
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Ilo unuyuamuse b. E. I[lamona u npu eco axmuenou noooepicke 6 cucmeme Axkademuu HaAyK
YCCP co30anbl 0Oecamku HOBbIX UHCIMUMYMOG U OP2AHU3AYUU, PACUUUPAIOWUX U YeryONAIouUX UC-
C1e008aHUs 8 HaUOOJLee 8ANCHBIX HAYUHbIX Hanpasienusx. Tax, 1965 2. no unuyuamuese b. E. [lamona
8 [loneyke coz0an akademudeckutl HayuHslli YeHmp 1 OMKpulm yYHugepcumen, no3oHee opyaue Hay4-
note yeumpovt AH YCCP — 3anaousiii (JIv608), FOoxcuwiii (Odecca), Cesepo-Bocmounsiii (Xapvros),
Ipuonenposckuii ([{nenponemposck) u Kpvimckuii (Cumgheponons), komopuwie binoausaom QyHKyuu
PECUOHATILHBIX MENCOMPACTEBbIX OP2AHO8 KOOPOUHAyuu HayuHou oesmenvHocmu. OH NOCMOSHHO
000UBaEMCsl YemK0o20 Onpedenenus HayYH020 NPOPUIL KAHCO020 UHCIMUmMymada, 3a00mumcsi 0 mom,
YmoObl KaXtCObIU U3 HUX CIMATL 6€0VWUM 8 C80eM HANPABLeHUU 8 pecnyOnuKe, 20cyoapcmase, 8 Mupe.

Axademus HayK A6715eMCsl 2IABHLIM HAYYHLIM YEHMPOM CMPAHbL, 20€ WUPOKUM (POHMOM NPO6o-
0AMCA UCCIE008AHUS NO AKMYANbHBIM NPOOIIEMAM eCNeCcmEeHHbIX, MEeXHUYECKUX, COYUOSYMAHUMAap-
HbIX HAYK. Yupescoenus akademuu 3aHUMAlom 00CMOLHble NO3UYUL 8 OMOETbHBIX pa30enax mame-
MAmuKu, meopemudeckou husuxu, huzuxu meepoo2o meia u HUKUX memnepamyp, 8 paouogusuxe u
PaouoacmpoHOMuU, MamepuaiosedeHuu, KubepHemuke u blyUCIUMeNbHOlU MexHuKe, Hetipopu3suo-
Jl02Ul, MONEKVIAPHOU OUOLO2UU, MUKPOOUOTOSUU U BUPYCONIO2UL, 2EHHOU UHHCEHePUL U & pside OpY2UX
obnacmetl 3HaHUIL.

B axademuu cozoaemcs onvimno-npousgo0cmeenHas 6a3a, noiyuarm paeumue Hosvie Gopmul
CBA3U HAYKU C NPOU3BOOCHBOM.

B 1963 2. b. E. Ilamon usdoupaemcsa unenom Ilpesuouyma AH CCCP. Paboma na smom nocmy
no3eonuna emy oznaxomumuocs ¢ pabomoti uncmumymog AH CCCP, uzyuumo onvim pabomsi llpe3u-
ouyma axademuu u ee omoeneHull.

Tecnoe compyonuuecmeo mexcoy AH YCCP, AH CCCP, I'KHT, PAH, akademuamu HAyK COIO3HbIX
pecnyonux cnocoocmeosano pazsumuio ¢ YCCP mHo2ux HO8bIX HaYUHbIX HANPAGIEHULL, CO30AHUIO HOBbIX
UHCTUNY MO8, UHHCEHEPHBIX YEHMPOB, YKPENLeHUIO MeXCOYHAPOOHO20 A8MOPUmMema aKademuu.

bopuc Escenvesuu unuyuuposan cozoanue KpYNHuIX KOMNJIEKCHbIX HAYYHO-MEXHUYECKUX npo-
2pamMm no OmoenbHbIM OMPACIAM NPOMBIULEHHOCIU, MPAHCHOPMA, CEA3U U CeNbCKO20 XO3AUCMEA.
Buinonnss smu npoepammel, yuenvle akademuu 6HeC U 8eCOMblIL 8KIAO HENOCPeOCMBEHHO 8 peuleHue
AKMyanbHbIX NPodIemM pa3eumus SKOHOMUKY Cpansl. Ima hopma opeanuzayuu HayyHou 0esmeib-
HOCMU NOIY4ULA 8ceodujee NPUHaHue.

b. E. Ilamon opeanuzosan Hayumuwiii cosem npu Ilpesuouyme AH CCCP no npobneme «Hogvle
npoyeccvl NoayueHus u oopabomKu Memaniiudeckux Mamepuanoey, Komopwiil 00beOUHUN YYeHbIX
aKaoemMudecKux yupescoeHull co Cneyuaiucmamu MHO2ux Opy2ux 6e00Mcme u cnocobcmeosai pas-
sumuio nayku o mamepuanax 6 AH CCCP, PAH u HAH Ykpaunwvi. Muozue yuenvie-vamepuanogeovl
U Memaniypeu, akmusHo pabomasuiue 6 3mom cogeme, no pekomenoayuu bopuca Eeeenvesuua dOvliu
usopanwvl 8 Axademuro nayk CCCP u Poccutickyio akademuto HayK u 6HeCu OOIbULOL 8KIIAO 8 PA36U-
mue HAyKu 0 Mamepuanax.

bopucy Eecenvesuuy npucywe enybokoe noHumaunue poiu u mMecma HayKu 6 peulenuu 2yMaHu-
mapuwix npoodiem pazeumus oouecmaea. Yoenuss oepomuoe sHUMAHue paspabomke U 6HeOPeHuUIo co-
BDEMEHHBIX MEXHON02ULL 8 NPOU3BOOCMBO, OH OOHOBPEMEHHO 000UBAEMCs OCyulecmeienus 000CHO-
BAHHBIX HAYYHBIX OYEHOK UX GIUAHUS HA OKpYJHcalowyio cpedy u uenoseka. I1oo eco pykoeoocmeom
OONLUUUMU KOJLIEKMUBAMU YYEHbIX aKAOeMuu OblLIU GbINOJIHEHbl NPOSHO3HLIE OYEHKU He2amueHblX
IKONIOSUYECKUX U COYUANbHO-IKOHOMUUECKUX NOCIe0CMEULl KPYNHOMACWMAOHOU OCYWUMENbHOU U
opocumenvrou meruopayuu ¢ YCCP, unmencusHot XumMuzayuu cenbcko2o Xo3aicmed, nepedbpocku
yacmu cmoka pex ynau u [[nenp. llpunyunuansryro nosuyuro b. E. I[lamon 3ansn u 6 6onpoce cmpo-
umenbcmea amomHou nekmpocmanyuu 6 paione Yeproowina. K coocanenuro, uzeecmmuvie 6cemy
mupy coovimusi 1986 cooa na YA9C nonnocmupio noomeepouniu e2o npedoCcmepeHCeHus.

Buioarowuecs cnocoonocmu bopuca Eeecenvesuua [lamona xkax auoepa, yueHo2o u opeanu3amo-
Pa packpuiiuce 6 namamuvle OHu Yepnobwinbckoll mpaceouu. Konnekmuebl MHOSUX UHCIMUMYIOS
Axademuu nayk YCCP, ee [Ipezuouyma yswce ¢ nepsvix OHell 8KIOYUIUCL 8 pabomy NO JNUKEUOA-
yuu nocreocmsuil kamacmpogwi. K evinonnenuio 3moti pabomol Ovliu npueiedensvl COmHU YUeHblX,
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cneyuanucmos Akademuu Hayxk, MUHUCmepcms, eoomcms, npeonpusmuii pecnyonuxu. b. E. Ilamon
PYKOBOOUT NOO20MOBKOLL NpediodiceHull s oupekmuenvix opeanos YCCP u Ilpasumenscmeennoti
xkomuccuu CCCP. Ilozoice, 6 cenmsope 1997 2., b. E. [lamon 6o32nasun 61o6b cozoanuwiii npu llpe-
3udenme Yxpaunvl Koncynomamuemwiii cogem He3a8UCUMBIX IKCHEPNO8 NO KOMNJLEKCHOMY paspeuie-
Huto npoonem YepHoObLILCKOU aMOMHOU CMAHYUU.

B 2004-2005 ee. H30amenvckum oomom «Axademnepuoouka» HAH Ykpaunw 611 uzoan 08yx-
momHuk « Yeprnoowvine 1986—1987 2e.». Ilpueedennvle 6 3mom KanumaibHoM mpyoe OOKYMeHmbl
00beKMUBHO U 0OCMAMOUHO NOAHO ompadicarom poib Axademuu nayk YCCP u camoomeepoicenHulii
mpyo KOLIEKMUBO8 UHCIMUNYMO8 aKademuu noo pyKOBOOCMBOM ee Npe3udeHmd.

Ilocne pazeana Cosemckozeo Corwsa u 06pazo8anus He3asucumol Ykpaurl 8 yciosusx oaumesb-
HO020 DKOHOMUYECKO20 U (PUHAHCOB020 KPUZUCA, KOMOPbILL 3aMpPOoHYI akademuio, npesudenm HAH
Vkpaunwvl cymen coxpanums axademuio, ee OCHO8HblE HAYYHbIE WIKONbL. Y0anoch Ha 3aKOHOOamelb-
HOM YpOGHe 3aKpenums Cmamyc akademuu Kax 8blcuiell Hay4Hol 20Cy0apCmeeHHOU Op2aHu3ayul,
COXPAHUMb NPUHYUNDBL €€ AKADeMUUEeCKO20 CaMOYNpasieHUs, OCYWecmaeunms NepecmpouKy ee CmpyK-
Mypol 8 COOMBEMCMBUU C HOBLIMU YCI0BUAMU, HANPABUMb (DYHOAMEHMATIbHbLE U NPUKTIAOHbLE UCCle-
008aHUsL HA pelleHUe HEOMLONCHBIX 3a0ad CIMpPOUmMenbCmaea 20Cy0apcmaed.

Onpeodenenvl HOBblE NpUOpUMemsl 8 0OIACMU eCMeCMBEHHbIX, MEXHUYECKUX U COYUOYMAHUMAap-
Hoix Hayk. Co30aH pso HOBbIX UHCIUMYMO8 U YEHMPO8 COYUOSYMAHUMAPHO20 NPODUTIAL.

Ilo psdy nanpasnerutl MamemMamuxuy, UHGOPMAMUKU, MEXAHUKU, DUUKU U ACIMPOHOMUL, Mame-
puanosedeHus, Xumuil, MOAeKYJIAPHOU U K1emouHoU OUono2uu, Quuono2uu yoaiocs COXpaHums mMu-
POBoIL yposensb ucciedosanuti. Pacmem 6xnao yuenvix axademuu 8 pazeumue hyHOAMEHMAIbHLIX U
NPUKIAOHbIX ucciedosanuti 8 Yekpaune. Co30amnvl Hogble MexXHON02UU, MAMEPUATbl, BbIYUCTUMETbHAA
MexXHUKA, Hatloenbl HO8ble MeCmopOHCOEHUs NOTIE3HbIX UCKONAEMBbIX U Op.

Co30aHbl u ycnewHo pabomarom uUHCMUmMymsl SIKOHOMUKU U NPOSHO3UPOBAHUSL, IKOHOMUKO-NPA-
808bIX UCCNE008AHUU, NPOONIEM PLIHKA U IKOHOMUKO-IKOLOSUUECKUX UCCIe008aHUU, PECUOHATbHBIX
uccnedosanuil, 0emocpaguu u CoOyuanIbHbIX UCCIe008aHUL, YKPAUHOBEOEHUS, B0CMOKOBEOeHUs, NOU-
MUYECKUX U IMHOHAYUOHAILHBIX UCCIE008AHUL, COYUOLO2UU, VKPAUHCKOU apXxeoepaguu u ucmodHu-
KOBeOeHUs, YKPAUHCKO20 A3bIKA U PAO OpY2uX omoeleHutl, UHCMUNMYmos U YeHmpos.

Huemumymuol akademuu npuHumMalom akmugeHoe ydacmue 8 paspadomke UHHOBAUYUOHHBIX NpPO-
2pamm pa3eumus SIKOHOMUKU YKpaumsl, 8 UCCIE008AHUU ee UCMOPUU, K)TbIYPbl, SA3bIKA.

Cosepuiencmeyemcs opeanuzayus QyHOAMEeHMANbHBIX U NPUKIAOHBIX UCCLe008AHUL, onpedee-
Hbl NpUOpUmMemvl 8 pazeumuy OmMOelIbHbIX HAYYHBIX HANPAGLEHUU U MEeNCOUCYUNTUHAPHBIX UCCTle-
oosanuti. Cpedu nux npoepamma «Hanocucmemul, nanomamepuanvt u mexronoeuuy, « CeHcoprwie
cucmemvly, «HMumeniexmyanvhvle UHGOPMAYUOHHbIE MeXHOIo2UU», «Boodopoouas snepecemuxay,
«OHnepeocoepedicenuey, «lIpobremvl dOemoepaguu u pazsumus yerio8eyecmsay u op.

Mmoo ycunuii b. E. I[lamon npunazaem 0151 COXpAHeHUs U pa3gumus MexicoyHapoOH020 HAYYHO20
COMPYOHUYECNEA, BHEUUHEIKOHOMUUECKUX C853€ell C 0eL08bIMU NAPMHEPAMU 3APYOEHCHBIX CIPAH.

VYuenvie Yrpaunwr yuacmeyrom 6 6vlnoineHuu MHO2UX MeHCOYHAPOOHBIX npocpamm. 1Ipoeooam-
Csl COBMeCmHble KOHKYPCbl HAYYHbIX NPOEKMO8 ¢ YKPAUHCKUM HAYYHO-MEXHOLOSULECKUM YEeHMPOM,
Poccutickum ¢onoom ¢hynoamenmanvuvix uccreoosanuti, Poccutickum eymaHumaphvim Hay4HbiM
gonoom, Cubupcxkum omoenenuem Poccutickoti akademuu Hayx.

b. E. [lamon — 00un u3 uHUyuamopos8 co30anus u COXpaneHus: 00uje2o Hayuno2o npocmpancmed
6 pamxax CHI. B 1993 2. 6vina cozoana Mescoynapoonas accoyuayus axkademuti nayk (MAAH),
00beOUHUBULASL HAYUOHATbHbIEe akademuu 15-mu cmpan Eeponvi u Azuu. bopuc Eseenvesuu yoce 20
nem — beccmenHbll npe3udenm smou accoyuayuu. 1100 e2o pykosoocmeom pabomaem Hayunwiii
coeem MAAH no nosvim mamepuanam.

Axaoemux b. E. I[lamon — nouemmnuwiii npe3udenm MedrcOoyHapOoOHOU UHICEHEPHOU aKAOeMUlL, YleH
Axaoemuu Eeponvi, nouemnuwiil unen Pumckoeo kiyoa, Mexcoynapoonoti akademuu mexHoio2udeckux
Hayk, nouemmuwlil uien MedcOyHapoOHot akademuu HayK, 00pazoeanus u uckyccms, Mescoynapoo-
HOU ACMPOHABMUYECKOU aKadeMuU, UHOCMPAHHBIU YlleH akaoeMull U HayYHO-MeXHUYeCKux ooujecma
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MHO2UX cmpaH. /lecsaimru omedecmseHHbIX U 3apyOedcHblX yHugepcumemos uzopanu akaoemuxa b. E.
Ilamona noyemmuwvim 0okmopom, 6 ux uucie — MocKkosckull 20cyO0apcmeenHblil YHUgepcumenm um.
M. B. Jlomonocosa, Kuesckuii nayuonanvuwiii ynugepcumem umenu Tapaca lllesuenxo, Canxkm-Ile-
mepoypeckuil 2ocyoapcmeennvlii mexnuweckuii ynueepcumem, HTYVY «Kueeckuili nonumexnuueckuti
uncmumympy, Mockoeckuii 20cy0apcmeeHHblll (hu3uKo-mexHuieckull yHugepcumem u op.

b. E. Ilamon eéen u npodondscaem eecmu 6onbuiyio ooujecmeennyio pabomy. Eeo mnocoxkpammno
usoupanu oenymamom Bepxosnoco Cosema CCCP u YCCP, 3amecmumenem Ilpeoceoamens Cose-
ma Corw3sa Bepxosnoco Cosema CCCP, unenom I[lpesuouyma Bepxosnoco Cosema YCCP, unenom
Lenmpanvrnoco Komumema KIICC u Kommynucmuueckoui napmuu Y CCP, on 6wi1 pyxosooumenem u
YIeHOM PA3IUYHBIX 8bICOKUX KoMumemos u komuccutl. Ilepeuens e2o donscnocmeti nopasicaem. On
ycnewno pabomaem Ha IMUX OOIHCHOCMAX O11a200aps 21yOOKOMY Uy8CMEY JUUHOU OMBEEMCMBEEeHHO-
cmu nepeo 20¢y0apcmeom, HapoOOM, COOCMBEHHOU COBECbIO.

Kpome moco, eco omnuuarom evioarowasncs opeanu308aHHOCMb, 0e108UMOCMb, pedKds Cho-
CcobHOCMb 06e30UWUOOYHO CXBAMBIBAMb 2NABHOE, MCHOBEHHO NPUHUMAMb NPABUILHOE PeuleHue.

buviswuii npezuoenm Poccutickoii akademuu nayx akademux FO. C. Ocunos, xapaxmepu3sys bopu-
ca Egeenvesuua, ckazan: «Kuszuo b. E. [lamona — 6 Hayke,  cghepe opeanuzayuti HAy4HblX UCC1e00-
8AHUL U NPAKMUYECKOU Peanu3ayuu HayyHvlx 00CMUNICEHUL, €20 00U eCME8EeHHAs U 20CY0apCMEEeHHAs
0esimenbHOCMb — BOUCIUHY 8EIUKULL NOOBUS 80 UMS pACYBEMA HAYKU, 80 UM 0)0VULe20).

3a oepomuvle 3acnyeu nepeo nHaykou u eocyoapcmeom b. E. I[lamon yoocmoeH 8b1COKUX 36aHUL
0sadcovl I'epos Coyuanucmuuecxkozo Tpyoa, I'epos Yrpaunvi. On — kasanep uemuipex opoenog Jle-
HuHa, opoenos Oxmsobpwckoii Pesontoyuu, Tpyoosozo Kpacroeo 3uamenu, [pysxcovt napooos, Ceo-
000v1, k133 Apocnasa Myopoeo I, IV u V cmenenu, opoenos «3a 3aciyeu neped omevwecmeomy I u I1
cmenenu u «Ilouemay (P®@), opoena «/pysxcovry (KHP), @panyucka Crkopunul u Jpysicovl Hapooos
(Pecnyonuxa benapycs), «Opoena Yecmuy (I pysus), «/Jocmuixky (Pecnyonuxka Kazaxcman), «Illu-
Kkpem» (nouema) (Pecnyonuxa Azepbatiodcan) u muoeux opyeux nHaepao cmpan CHI b. E. [lamon —
naypeam Jlenuncroti u I'ocyoapcmeennvix npemuii CCCP u Yxpaunwvl 6 obnacmu nayku u mexHuxu.
Emy npucyscoena Mesicoynapoonas npemus «I nobanvuas snepeusy. On Hacpaxicoeu 3010mulmu me-
oanamu um. M. B. Jlomonocosa, C. U. Basunosa, C. I1. Koponesa, cepedpsnotl medanvto um. A. Diin-
wmetina FOHECKO u muozumu opy2umu Hazpaoamu u 3HaKamu Omandus.

bopuc Eseenvesuu besepanuuno npedan Hayke, Uncmumymy, Akademuu, Omeuecmay.

Cezo0Hs nenvszsa npedcmasumo Hucmumym snekmpoceapku u Hayuonanvnyto akademuro Hayk
Yipaunwl 6e3 b. E. [lamona. E2o scumetickas Myopocniv, 02POMHbIU ONbII, MENCOYHAPOOHBIU a8MO-
pumem 8 HayKe u obuecmee NO3BONUNU COXPAHUMb HAYYHbIU NOMEHYUAN YKpauHol.

bopuc Eeeenvesuu I[lamon — audep, boey, meopueckas IU4HOCMb, 2NYOOKO NOPAOOUHBIU U 00-
Opblil uenosex, ¢ hanmacmudeckol dnepuell u mpyoocnocoOHOCMbI0, 02POMHBIM ONbIMOM, 271YOOKU-
MU BHAHUAMU 80 MHO2UX 001ACMAX, CNOCOOHOCMbIO NOCMOAHHO YYUmbCs. Y Heeo wupokas namypa,
ocmpulll AHATUMUYECKUL YM, OH 0eMOKpamuyeH, 000poxcerameliet, OmKpoulm 0Jis 00WeHusi, 00Cmy-
neH, 6ce20a 20moe no00epIHCamy Yelosexka 8 bede, NoMoub emy.

Cumeonuuno, umo Bopuc Eeeenvesuy poouncs 6 0env ocnoganus Hayuonanvhou akademuu Hayk
Ykpaunot 6 1918 2. B 1998 2. npu npazonosanuu 6ocbmudecamuiemus akademuu u ee npe3udeHma
02pOMHbILL 341 080pYa « Ykpaunay osayueti ecmpemui coodwerue o npuceoenuu b. E. Ilamomny, nep-
gomy 6 cocyoapcmee, 36anus I epos Yxpaunul.

Takoe naw oopozou bopuc Eecenvesuu!

Toocenaem emy om 6cetl Oyuiu HOBbIX YCNEX08, 00OPO20 300P06bsL U DONLULOCO CHACTIBAL.

Axanemux HAH Ykpaunsr 1. K. [IOXO/IHA
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, CBAPKA W POOACTBEHHBLIE TEXHONOM KA
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NCCIIEJOBAHUA U PASPABOTKH USC um. E. O. [TIATOHA
JIUIS1 COBPEMEHHOM SHEPT'ETHUKU

B. E. IATOH
HNOC um. E. O. ITatrona HAHY. Ykpanna. 03680, r. Kues-150, yn. boxenko, 11.
E-mail: office@paton.kiev.ua

[pencrasnen psin pazpadorok MIC um. E. O. [Natona juist SHEPreTHKH, B YACTHOCTH, TEXHOJIOTHH CBApKH KPyITHOrabapHTHBIX
POTOPOB TypOMH, SIEKTPOHHO-ITY4eBOH CBAPKH 3arOTOBOK OOJIBIIION TOJIIMHEI M3 BBICOKOIPOUHBIX CTAJICH, TEXHOJIIOTUH CBAPKH
11071 (pITIOCOM M KOHTaKTHOW CBapKH ITyJIECHPYIOIINM OIUIABICHUEM TPYO IUIsi MAaruCTPAJIBHBIX Ta30IPOBOIOB OOJIBIIIOTO JIame-
Tpa, TEXHOJIOTHS U 000pYNOBaHUE [T CO3JaHMs SHEProcOeperaronmx TeII000MEHHBIX yCTPoiicTB. OTMEUeHbI pa3paboTKH,
HarpaBJICHHBIEC Ha TTOBBIIIEHIE KOPPO3NOHHON CTOMKOCTH TBAJIOB M Oe30macHoi skciuryaranun ADC Grarogaps IpIMEHSHUIO
JKapOIPOYHON H3HOCOCTOMKOI MEXaHM3NPOBAHHOI HAIUIABKH KOPPO3HOHHOCTONKMMH CIIABAMH TPYOOIIPOBOJHON apMaTyphl.
[IpencraBieHs! IPaKTHYECKUE PEKOMEHIAINH IT0 PEMOHTY MaricTPaJIbHBIX TPYOOIIPOBOOB Oe3 BBIBO/IA UX M3 IKCIUTyaTalllH.
BEImotHeHb! ncce1oBanys, OKa3aBIIne BO3ZMOXKHOCTD IIPUMEHEHHS aKyCTHIECKOW SMHUCCUH JUTI MOHUTOPUHIa CBAPHBIX KOH-
CTPYKIHIi, pabOTAIONINX NPH BEICOKHX TeMIleparypax. Pa3paboran crioco0 ais MpeaoTBpanieH s KaTacTpoGuIecKkoro BhITEKa-
HUsI He(hTH U3 pa3pyLIeHHBIX TPyO CKBaXKHH HedTenoObBatomux miarpopm. Puc. 20.

Knwueswvie cnosa: ceapka noo d)ﬂIOCOM, KOHMAaKmHas ceapka nyabCupyrowum onlaeileHuem, 3/1eKmpoHHo-ly4esds Ce6apKda,
3awumnble NOKpvlmust mesjios, 0pe6p€HHbl€ NJ10CKoOo8dAJlbHble mpy6bl, yﬂbmpa%ykosoﬁ KOHmMPOJIb C6APHBbIX U606, AKyCmu4ecKas
amuccus, UZHOCOCMOUKAS Haniaeka, mexHuveckas ouazHocmuka

Pa3Butne sHepreTMKH BO MHOTOM OIIpENENseT Mac-
mTadbl ¥ TEMIIBI POCTa MUPOBOH SKoHOMHUKH. 1o ca-
MBIM OCTOPOJKHBIM OIleHKaM, B XXI B. oOrmiee sHep-
ronorpedieHue Ha IUtaHeTe ynBouTcs. Hambomee
WHTEHCHBHO OylIeT pacTy MPOU3BOICTBO AIIEKTPOIHEP-
run (puc. 1), koropoe x 2030 1. nocturaer 40 % mu-
POBOTO cIipoca Ha dHepropecypcbl. Yroib, HeQTh U
ra3 OCTaHYTCs INIaBHBIM UCTOYHUKOM SHECPIUU B onu-
xaimme npecstuiaerus. ONHAKO UX MECTOPOXKIEHUS
HCUEPIIBIBAIOTCS, @ pa3Be/ika HOBBIX TpeOyeT 3Ha4u-
TeJIbHBIX UHBEeCTULIUN. [IpH 3TOM 3KONIOrHYECKHUE MO-
CJIC/ICTBUSI OT UCIIOIB30BAHMUSI HCKOIIAEMOI'0 TOILJIMBA
CTaHOBSITCS Bce OOJIbILE YTPOXKAIOIIUMU: aTMochep-
HBIE BEIOPOCHI BEIyT HE TOJIBKO K 3arpsI3HCHHUIO OKPY-
JKaroIIel Cpebl U YXY/IAIIEHUIO 3/J0POBbs HACEIECHHUS,
HO U K II00aJIbHBIM U3MEHEHUSIM KITUMaTa.

Ceromust ycuiaus MHUPOBOTO cOOOIIEeCTBa HampaBs-
JICHBI Ha:

* oBbIIeHNE 3()PEKTUBHOCTH SHEPTONOTPEONICHUSE;

* pa3BUTHE YKOHOMHYECKH 000CHOBAHHBIX UCTOY-
HUKOB SHCPI'UH,
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* CHIDKCHHUE BPETHBIX BBIOPOCOB C TIOMOIIIBIO TIPH-
MEHEHHST HOBBIX TEXHOJOTHH U 00Jiee IKOIOTHUHBIX
BHJIOB TOTUIMBA, TAKUX KaK MPUPOHBII ra3, arToMHast
SHEPrusi U BO30OHOBISIEMblE MCTOYHMKH. PerieHue
ATHX CJIOXKHBIX 3aJlad, HAlPaBICHHBIX Ha CO3aHUC
SHEPreTUKH OyayIiero, 0ojee 4eM Koraa-iudo 3aBH-
CHUT OT Pe3yJITAaTOB HAyYHBIX UCCIICOBAHUHN, UX ObI-
CTPOTO U A3PPEKTUBHOTO MCIIOIb30BaAHMSI.

Becomplii BKJIag B CO37aHUE IHEProdPPeKTHB-
HBIX, DKOJIOTMYECKH YHUCTBIX TEXHOJIOTUHA U TPO-
JYKTOB BHOCST YYCHBIC M CICIHAIUCTBI-CBAPIIUKH.
CoBpeMEHHOE CBapOYHOE TIPOU3BOJICTBO SIBIISETCS
OZIHOM W3 HAyKOCMKHX, MEXOTPACIECBBIX COCTABIIS-
FOIIMX MHUPOBOM 3KOHOMHUKHM. B pa3BUTBHIX cTpaHax
C TPUMCHEHUEM CBAapPOYHBIX TEXHOJIOTHI MPOU3BO-
JIUTCsL OoJiee MOJIOBUHBI HAIMOHATBHOTO BAaJIOBOTO
MpOayKTa. PBIHOK CBAPOYHON TEXHHKH, HECMOTPS Ha

. Cyaocrpoetie 9%
[ TRONTE IR THO s

18%

AnepreTika
, 25N

Bee apyrine

BT Advrrosodnae

crpocime 14%

Puc. 2. PeiHOK cBapo4HOH TeXHHUKH 0 cocTossHMIo Ha 2011-2012 11
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KpPaTKOBPEMEHHBIE CHaJbl B MEPHOI MHUPOBBIX KPH-
3HWCOB, MTPOIOIDKAET yBepeHHO pacTtd. B 2012 . 00b-
€M MHPOBOTO PhIHKA CBapOYHOW TEXHHKH COCTaBHII
17 mapa mon. CILA u, o omieHKe SKCIepToB, B OIH-
JKalIme msaTh JIeT Bo3pacTeT a0 22 mupx gon. CHIA.
HauOonbiryto ero 100 cocTaBisieT PhIHOK CBapoy-
HOW TeXHHMKH B 3Hepretuke (puc. 2). [Ipornosupy-
eTcs, YTO B OJMIKAMIINe TPH rofia OH YBEIUYUTCS Ha
30 %.

CeromHst IMeeTCs MOITHBIN apceHa TEXHOJIOTHHA,
KOTOpBIE TIO3BOJISIIOT TIOJTy4aTh HEPa3hbeMHBIE COE/IU-
HEHHS Pa3IMYHBIX KOHCTPYKIIMOHHBIX M (YHKIHO-
HaJbHBIX MarepranoB. CBapOYHbIE TEXHOJIOTHH AAI0T
BO3MOYXHOCTH CO3/]aBaTh YHWUKAJIbHBIE KOHCTPYKIIUN
SHEPTeTUYECKOT0 000pyIOBaHMs — TypOWH, SHEpre-
THYECKUX KOTIOB, KOPITycOB peakTopoB ADC u ap.

WncrutyT 3nexrpocsapku uM. E.O. Ilatona Bbinon-
HsieT OOMNbLION KOMILIEKC paboT B 00MacTh CBapKH M
POIICTBEHHBIX TEXHOJIOTHI /ISl SHEPTeTHYECKOH OTpac-
. [IpumeHuTensHO K TypOOCTPOSHHMIO pa3padoTaHa
1 BHEAPEHa B POM3BOACTBO TEXHOJIOTUS U CIICLUAIIH-
3UpoBaHHOE 00OpYyNOBaHUE IJIsI COOPKH M aBTOMAaTH-
YeCKOl CBapKH 1of (IFOCOM B Y3KYIO Pa3lelKy KpyIl-
HOT'a0apUTHBIX POTOPOB MOIIHBIX MAPOBBIX TYPOHH
JUTSL TETUIOBBIX M aTOMHBIX 2JIEKTPOCTAHIMH HAa OIHOM
cOOpoYHO-cBapOUHOM cTeHe. [Ipu AToM poTophl 1H-
JIUHAPOB HU3KOTO M CPEHErO MAaBJICHHS M3TOTaBJINBa-
FOTCS M3 OT/CNBHBIX JIUCKOB, YTO MCKITFOYAET JIOCTATOYHO
CIIOKHYIO TIpOOJIeMY TONTyYEHHUsI KpPYITHOTaOapHUTHBIX
TSDKEITBIX 1IeTTbHOKOBAHBIX 3aTOTOBOK JUIST POTOPOB Mac-
coit 10 200 T u gnmHOM Ootee 10 M. YcTaHOBKa COOpKU
Y CBAPKH YKOMIUIEKTOBAaHA YETHIPhMS amllaparamMu s
ABTOMATHYECKOH CBAPKH MO/ (MITFOCOM C TIPOrPaMMHBIM
YIpaBICHUEM IpoLiecca PACKIIAIKH BAJIMKOB B Y3KOH
pasaenke U CUCTEMOM CIICKEHHS SJIEKTPOAa 33 JTHOM U
CTEHKaMU Pa3/IeKi KPOMOK (puc. 3).

Jist mpon3BOACTBA M3EITUI SHEPreTUIECKOrO Ma-
LIMHOCTPOCHUSI HEOOXOIMMO CBAapUBaTh 3ar0TOBKH U3
BBICOKOIIPOYHOU CTayid OOJBIION TONIIMHBL. BecbMa
3¢ deKTHBHA I STOTO HJIEKTPOHHO-Ty4YeBas CBapKa
(DJIC), koTopas oOecreYrBaeT BBICOKYIO ITPOU3BOJIN-
TEJBHOCTh CBAPOYHOTO MPOLIECCa, BHICOKOE KaueCTBO
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COoeMHEHNH 1 MUHUMaJbHbIe nedopmarmu. B UDC
uM. E. O. IlaroHa BBINTOJIHEHBI CCIEN0BAaHUS U pa3-
paboTKH 1O CO3AaHUI0 TEXHOIOTHH U 000PYIOBaHUS
1715 DJIC KOHCTPYKIMOHHBIX CTalIed TOJIIIMHON 10
210 MM (puc. 4). CtabwibHOe GOpMHUPOBAHUE CBAP-
HBIX COCIMHEHUH U MpeJoTBpalleHne 1e)eKTOB B Me-
Tajuie IIyOOKUX [IBOB JOCTHIAETCS C IOMOIIBIO pas-
BEPTKH JIyya C €ro napajuielbHbIM IIEPEHOCOM B/IOJIb
Y TIONIEPEK HaIpaBJICHUsI CBApKH.

3ajiaua MoyryuyeHus CBapHbIX COEAMHEHHH BBHICOKO-
IO KauyecTBa 3HAYUTENbHO YCIOXKHIETCS Ha y4acTKe
3aMBIKaHUS KOJIBIIEBOTO IIBA, I/I€ BOBHUKAIOT KOPHE-
BbIe AeexThl. OHa pelieHa ¢ MOMOIIBIO TPUMEHEHHS
pa3BepTKH Jyya, POKYCHPOBKH ITyYKa B IJIOCKOCTH
Ha 10 MM BbIlIE CepeMHBI 1IBA U HAKJIOHA MJIOCKO-
CTH CTBIKA U CBApOYHOTO Iy4ka Ha yros 10° oTHOCH-

-
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Puc. 4. Makpouutudsl MONEPEUYHOTO CEUCHHS KOIbIEBBIX HIBOB
HU3KOJIETHPOBAHHOM CTaIHM OOJBIION TOJIIHNHBI, BBIMOJHEHHBIX
MHOTOCJIOHHOW TyroBOW CBapKoi mox (IIocoM (@) U OJHOMPOXO/I-
noit DJIC (6)

_ : SRS
Puc. 3. ABromaruueckas cBapka oz (II0coM poTopa ImapoBoi TypOuns! MomHocTEI0 1000 MBT mnst ADC (@) u Makpomutig MeTaua cap-
HOTO 11IBa POTOPA NMapoBOil TypOUHBI (0)
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Puc. 5. Makpouutndsl y4acTka 3aMbIKaHUs KOJBIEBOTO IIBA TIPU
OJIC cramm 15X2HM®A Tommunoi 150 Mm

TEJIbHO ropu3oHTa. Ha puc. 5 Xopoiro BUJHO Kaude-
CTBEHHOE ()OPMUPOBAHKE 3aKPYyTIICHHS B KOPHE IIBa
1 TIOJTHOE OTCYTCTBHE JIe(DEKTOB.

Co3zanbl HOBOE TTOKOJIGHHUE KPYITHOTa0apUTHBIX
BaKyyMHBIX Kamep, TeXHojoruu ux coopku u DJIC
(puc. 6). OCHOBHOH OTIMYUTEIIHPHON YEPTOH ITUX Ka-
Mep SBISICTCS UCIONb30BaHKUE JIBYX BaKyyMHO-TLIOT-
HBIX W IPOYHBIX 000JIOUEK, COSTUHEHHBIX MEXTY CO-
0ol peOpamu skeCTKOCTH. Bricokas reomerprudeckas
TOYHOCThH CTEHOK Kamepbl 00eCieYrBaeT HOBBIC BO3-
MOKHOCTH MOCTPOCHHUSI BBICOKOTOYHBIX MaHUITYJIsI-
TOPOB IYIIKH U U3aenusi. J{Js yrpaBieHus MaHUITy-
JISITOpPAMU U BCEM IPOIIECCOM CBapKH pa3padOoTaHo
porpaMMHoOe o0ecIiedeHrne ¢ yIo0HbIM Ipaduue-
CKUM HHTEpdeiicoM orneparopa.

Kassepa
T HRYTPCINHSA iiasscpasn
SO M SO0 8130
Muexaniam
e MC I
Y IIER

Bakyymian
CHETeMA

Ty

MuocTo

TP

a TLampopsa

Puc. 6. O6opynosanue DJIC, usrorasnusaemoe B UOC um. E. O.
[latona

Pa3zpaborannas rexnonorust DJIC BeicOKOTIpOU-
HBIX CTasleil OONBIION TOMIIMHBI UMEET MEPCIEKTHUBBI
MIPUMEHEHHUsI TPU U3TOTOBJIEHUH KOPIYCOB PEAKTO-
poB ADC. Kak nmokas3bsIBaeT MpakTHKa, MPOJIOJKH-
TEJIBHOCTH JYTOBOM CBapKH KOJBIIEBBIX IIBOB B KOP-
Iyce peakTopa COCTaBJseT COTHU YacoB, TOTJa Kak
OJIC taxoro mBa — HecKOJIbKHUX YacoB. [IpuHummu-
aJibHas cXeMa IpeasiaraéMoi MpOMBIIUIEHHON ycTa-
HOBKH JUIsS CBAPKH KOJIBLIEBBIX IIIBOB KOPITyCa PEaKTO-
pa BBP-1000 noka3ana Ha puc. 7.

Pa3BuTHe aTOMHOI SHEPreTHKH HEPa3phIBHO CBA-
3aHO C MOBBIIICHHEM 0€30MaCHOCTH aTOMHBIX peak-
TOPOB M CHID)KEHHEM 3aTpaT Ha MX JKCILTyaTaluIo.
IIprunHOM aBapuiiHOM CUTyal Uy HA ATOMHOW CTaH-
unu Oykycuma-1 cramo XMMHYECKOE B3aUMOJEH-
CTBUE IIUPKOHUEBBIX 000JIOYEK TBAJIOB C MAPOM.

L EERTTICT]

Puc. 7. llpuniunuansHas cxema npoMsbliuieHHOH ycranoBkH it DJIC konblieBbIX MBOB Kopiyca peaktopa BBP-1000 (@) u cxema kopiyca pe-

akTopa (0)
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[TapounpkoHueBast peakuus NpuBeja K reHepanuu
BOZOPOJA, BCIEACTBUE YETO U IPOU30LIEN B3PHIB.
OnHUM U3 IyTel CHIKEHHUS 3aTpaT Ha SKCILTyaTalHio
ADC sgBnsgeTcs yBeIWUICHHUE IMUKJIA TEPe3arpy3Ku
SIIEPHOTO TOIUIMBA, YTO TAKXKE TPEOyeT IOBBIILICHUS
KOPPO3HMOHHOM CTOMKOCTH LIMPKOHUEBBIX CILJIABOB B
BOJIE B LITAaTHOM pexuMe paboTel peakropa. IlosTo-
My pa3padoTKa METOJOB M TEXHOJIOTMH U3TOTOBICHUS
TB3JIOB, 00€CIIEUNBAIOLINX MTOBBILICHUE KOPPO3UOH-
HOM CTOWKOCTH MUPKOHUEBHIX 000JIOYEK B BOAC U
rape B LITaTHOM M aBapUHHOM PEXHMMax paboThl pe-
aKTOpa, SIBISIETCS aKTyaJIbHOM.

OpHAM 13 Ty Tel pereHns 3TOH 3a/1a9d SIBISETCS
CO3/laHUE Ha [TOBEPXHOCTU LIUPKOHUEBON 000I0UKH
TB3JIOB 3aLUTHBIX HOKPBITHHA, KOTOPBIE 1OJKHBI 00€-
CTICUNTH it OoJiee JTUTENBHBIN CPOK IKCIUTyaTaIlH B
LITaTHOM PEKHUME, a B Cllydae aBapuiHON CUTyaluu
CYIIECTBEHHO CHU3UTh BEPOSITHOCTH BO3ZHUKHOBEHHUS
MapoOIMPKOHUEBON PEAKITUH.

s pemieHus MOCTaBICHHON 3a1aqu OBLTH TIPO-
BEJICHBI HCCIIEIOBaHUs, HAPABJICHHbIE HAa pa3pa-
0O0TKYy METOIa OCaXXIEHHUS TOJICTBIX INOKPBITUN Ha
OCHOBE KapOua KpeMHHUS Ha ITUPKOHUEBBIE 000104~
KU TB3JI0B. IIpeanaraeMslii METOI OCHOBAH Ha UC-
[10JIb30BAHUM Pa3pabOTaHHOIO B MHCTUTYTE BBICO-
KOCKOPOCTHOTO 3JI€KTPOHHO-IYY€BOI0 OCaXICHUS
TOJICTBIX IOKPBITHIl HEOPraHUYECKUX MaTEepHAaJIOB.
Hcnonp30BaHne MOLIHBIX 3JIEKTPOHHO-TIYUYEBBIX IIy-
LIEK B CTALMOHAPHOM PEKUME I03BOJISIET UCIIAPSThH
B BaKyyMe C OOJIbILIOH CKOPOCTBIO METAJUIMYECKUE U
KepaMHUEeCKHe BELecTBa U (OPMUPOBATH HA UX OC-
HOBE MTOKPBITHS C 33JaHHOU CTPYKTYPOH. DTOT METOJ
MOXET 00€CIIEeUUTh OCAXKACHUE OKPBITHH HAa OCHOBE
KapOma KpEMHHUsSI CO CKOPOCTAMH 5...10 MKM/MUH 1
[IOJIyYUTh IOKPBITUS HA JUIMHHOMEPHBIX 000JI0UKax
TBAJIOB CO CKOPOCTHIO mopsiaka 1 m/MuH. OTandn-
TEJTHHON 0COOCHHOCTHIO pa3pabOTaHHOTO METOA SB-
JISI€TCsl BO3MOXKHOCTh COBMEIIIEHUS IIPOLIECCca OCax-
JCHMsI TIOKPBITUH € APYTUMH IPOLECCaMH, KOTOPbIE
HEOOXOUMBI [T 00ecTiedeH s BEICOKOW MPOYHOCTH
CLICTIJICHUS HOAJIOKKH U MTOKPBITUS, MOAU(HULIMPOBA-
HUS CTPYKTYPbI HOKPBITHUS U T. II.

OO0muit BuI pparMeHTOB IUPKOHUEBHIX 000JI0YEK
TB3JIOB 0€3 MOKPBITHS M C IOKPHITHEM MPEACTaBIICH
Ha puc. 8. Pa3zpaboTtanHas MeTonMKa OCaXIeHUs 00e-
CIIEUMBAET MOJyYEHUE OJHOPOIHOTO 110 TOBEPXHOCTH

L)

Puc. 8. O6mmii Bu (hparMeHTOB HUPKOHUEBIX 000JIOUEK O€3 MOKPBITHS
(a) u ¢ moKpbITHEM (0) Ha OCHOBE KapOuia KpeMHHUS

g—
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3 MEM

Puc. 9. MuUKpOCTpYKTypa IOKPBITHIT Ha OCHOBE KapOuaa KpeMHHS

0e31e(heKTHOTO TIOKPBITUS C MAJIOH MIEPOXOBATOCTHIO
U BBICOKOH aJre3MOHHON MPOYHOCTHIO, C BHICOKOU
TBEPAOCTHIO, 0e3 Me(eKTOB Kak B CaMOM IOKPBI-
THH, TaK U Ha TPaHUIle pa3/ieia MOKPhITHEe—TIOII0KKA
(puc. 9).

NUDC um. E. O. Ilarona comectHo ¢ BHUMHM
uM. A. A. bouBapa npoBeACHBI UCCIEIOBAHUS KOP-
PO3UOHHOM CTOMKOCTH MOKPBITUM MPU BHICOKUX TEM-
nepaTtypax (aBapuiHBIA PEKUM pabOTHI TBAJIOB), KO-
TOpBIC MTOKa3aJdu X CTOMKOCTh K OKHCIeHHI0. Kak
BHJIHO U3 puc. 10, B mpolecce UCIbITaHUS TTOKPHI-
THE COXPaHSET IEeIOCTHOCTh U XOPOIIee CIEIUICHHE
C TIO/ITIOXKKOH, TOTJIa KaK 00pa3Ilbl 0€3 MOKPBITHS TPU
TEX K€ YCIOBHSX HCIBITHIBAIOT UHTEHCUBHYIO KOPPO-
30 B HEMTOKPHITON 00JIaCTH IUPKOHUEBOTO 00pasiia.

HUDC mm. E. O. Ilarona coBmectHo ¢ KueBckum
MOJINTEXHUYCCKUM UHCTUTYTOM pa3padoTall TeXHO-
JIOTHIO ¥ 000PYIOBaHUE JUISI [TOTIEPEYHOTO OPEOPEHHUS
IJIOCKOOBAJILHBIX TPYO CIIOCOOOM KOHTaKTHOM CBap-
KH M CO3/IaHHS Ha UX OCHOBE IIMPOKOH HOMEHKJIATY-
PBI PHEProCcOEpEraroIIUX TEINIO0OMEHHBIX YCTPONCTB
(puc.11). Ilonepeunoe opedpeHHEe MI0CKOOBATIBHBIX
TpyO crocoOOM KOHTaKTHOW CBapKHU MMEET psij] He-
OCIOPUMBIX MTPEUMYIIECTB: BEICOKYHO TEXHOJOTHY-
HOCTBh 0€3 MPUMEHEHUS PACXOAYEMbIX MaTePUAIIOB;
MPAaKTHYCCKUA UJICaTbHBI TEPMUYECKUH KOHTAKT
MeXly peOpaMu U TpyOOIi; BBICOKYIO MHTCHCUBHOCTh

Ilnpeonnenan
PO () et
IO BETI

MokpraTie SiC wa
IHPEONHEBOT

LK, e
TRV HEHHOE METO/IOM
ANCKTPOHHO-TYHCBOTT

UL ACIIA,

TOMUEHHON 35 MEM

i [
Puc. 10. O6mumii Bua HUPKOHUEBBIX 00pa3noB 10 (a) u mociae (6) uc-
NBEITAHUS. Ha KOPPO3HOHHYIO CTOHKOCTH IOKPBITHIH IIPH BBICOKOI
TeMIeparype
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Puc. 11. [TnockooBanbHbIe TPYOBI C MOMEPEUHBIM OpeOPEHHEM TSl SHEProcOeperarIuX TEII000MEHHBIX YCTPOICTB: ¢ — CXeMa IMOTOKa Te-
TUTOHOCHUTEIS; 6 — 3IIEMEHTHI TPYO; 6 — CEeKIUsI SKOHOMa3epa-yTHiIn3aTopa MomHocThi0 0,2 MBT; 2 — aBTOMaTH3upoBaHHAsT YCTAaHOBKA JIJIsI

KOHTAaKTHOM CBAaPKH IIOCKOOBAIbHBIX TPYO

KOHBEKTHBHOTO TEIUIOOOMEHA; HU3KOE a3pOAMHaAMU-
yeckue conporusieHue. [Ipu MogepHu3anmuy KOTJIOB
CpeaHel U Majoi MOITHOCTH BechMa () ()EeKTUBHBIM
CII0cO0OM 3KOHOMUH TOIUIMBA SIBIISICTCS IPUMEHEHHUE
9KOHOMAH3epOB C IUIOCKOOBAJIBHBIMU OPEOPEHHBIMU
TpyOamu. Ilpu 3ToM gocturaercst GONbLION SKOHOMHU-
yeckuit 3pPexr.

B cBs3u ¢ Bo3pacTarouieil noTpeOHOCTbI0 MUPO-
BOH SKOHOMHUKHM B 3HEpropecypcax 3ajgada odecre-
YeHHs HAaJIeKHOW TPaAaHCIIOPTHUPOBKH YITIEBOJOPOI-
HOTO TOIIJIMBA U3 PallOHOB €ro 00BN K OCHOBHBIM
MOTPEeOUTEINAM SABISCTCS YPE3BbIUANHO aKTyaabHOH.
HecMmotps Ha pa3BuTHE adbTEPHATUBHBIX CIIOCOOOB
(mepeBo3Ka CKMKEHHOTO raza TaHKepaMH WM KOM-
MPUMUPOBAHHOTO r'a3a B CIELHANbHBIX COCYIAX),
TPYOOIPOBOAHBII TPAHCIIOPT MO-MIPEKHEMY OCTAET-
Csl IPEUMMYLIECTBEHHBIM CPEICTBOM AOCTABKH IPH-
POAHOTO Ta3a K MOTPEOUTENSIM.

HccaenoBana HOBass MHOTOAYTOBasi TEXHOJIOTHS
CBapkH 1ox (GarocoM ¢ KOMOMHUPOBAHHBIM MTUTAHU-
€M YT Ui yAy4lICHUS] KaueCTBCHHbBIX MTOKa3aTesei
CBapHBIX COCIUHEHHUH 3a CUeT ONTUMH3anuH (has3u-
POBKH YT, PEKUMOB UX FOPEHHS U YCTaHOBOYHBIX
apaMeTpoB IEKTPOAOB. [l 3aBOICKOTO U3TOTOB-
neHus TpyO paspaboTanbl 4- U 5-IyroBble MIPOLECCH
CBapKHu C NoBbIIeHHBIM 10 1900 A TokoMm nepeaneit
IYTH, YTO TO3BOJIMIIO YMEHBLINTE pa3Mephl Pa3aeiKH
KPOMOK, ITOBBICUTb CKOPOCTh CBApKU U CHU3MTH pac-
XOJIbl CBapOUHBIX MaTepuainos (puc. 12). Jononnu-
TEJIBHBIM MPEUMYILECTBOM B ATOM CIIydae SBISETCS
OnaronpusiTHast KOHQUTYpauKs JIMHUU CIUIABICHHUS,
YTO yAy4IIaeT Pe3ylbTaThbl UCIBITAHUS Ha YIapHBIHA
n3rud MeTasuia CBapHBIX COSANHEHUH, 0COOEHHO TOJI-

CTOCTEHHBIX TPYO. TeXHOJIOruss peKOMEHI0BaHa ISt
CBapKu TPYO C TOJMILMHON CTEHKH OT 25 10 50 MM.

[Ipu usroroBneHuun TpyO ¢ HeOONBIIONW U cpen-
HEl TOJNIUHON CTEHKH MOXXHO IMPHUMEHSTh MHOTO-
IYTOBYIO CBapKy C 3JIEKTPOIOM MEHBILETO TUaMeTpa
(3,2 MM) Ha nepBOi ayre, OTIMYAIOILYIOCS [ITyOOKUM
MIPOBapPOM, TOCTAaTOYHO OJArONMpHUSATHBIM (OPMHUPO-
BaHHEM IIBOB U HEKOTOPBIM CHUXCHHEM IOTOHHOM
SHEPTUH.

Jis obecnieueHUs! BHICOKUX IOKa3aTeaei BA3KO-
CTH B MHCTUTYTE pa3paboTaHa cucTeMa YIpaBICHHS
XUMHYECKUM COCTaBOM M CTPYKTYpPOH MeTajula LiBa
Tpy0. OHa OCHOBaHa Ha MCHOJIB30BAaHUH MHOTOLYTO-
BOH cBapku mox (QIrocoM, Ipu KOTOPOH Ha OTAEIb-
HBIX Jyrax YCTaHABIMBAIOTCS CBAPOYHBIEC POBOJIOKH
Pa3HOro XMMHUYECKOTO COCTaBa, YTO MO3BOJISIET 03U~
POBaHHO C OOJBIION TOYHOCTBIO PErYJIINPOBATH CO-
JiepXKaHKue JIETHPYIOLINX JIEMEHTOB B METaJlJIe LIBa
B 3aBHCHMOCTH OT COCTaBa MpUMEHSIEMON TpyOHOM
CTaJIM, PSKUMOB CBapKH U Apyrux (axropos. [Ipu
W3TOTOBJICHUH TPYO HauOoIbIIee pacpOCTpaHeHUE
MOJIyYUJIO COYETaHUE arlIOMEPUPOBAHHOTO ATIOMU-
HaTHOTO (uItoca HEOOIBIIONH OCHOBHOCTH M CBapOU-
HBIX MTPOBOJIOK, COAEPIKALINX MapraHel, MOJIHO/IeH,
WM MapraHel, HUKelb, MOJTHOACH, WM MapraHell,
MonnbaeH, TutaH, Oop. TpeOyemblil XuMUUeCKHUH
COCTaB MIBA JJOCTUTACTCS IIyTEM W3MEHEHHUS KOJIMYe-
CTBa JIyT CO CBAPOYHON MPOBOJIOKON TOU MU HMHOU
CUCTEMBI JICTUPOBAHMS U PA3JIMYHONH CKOPOCTH €€
MoJa4yy Ha OTAENbHBIX Ayrax. YIOpaBieHHE XUMHYe-
CKHM COCTaBOM MeTajula 1Ba TpyO oOecreunBaer mo-
nydyeHue HanOosee OJaronpusTHOH €ro CTPYKTYPHI.
Ha puc. 13, ¢ mokaszana MUKpOCTPyKTypa MeTaiia

18 VA gy caliy 10-11/2013



Puc. 12. Muoroayrosasi cBapka moja (arocoMm TpyObl AHaMeTpoM
1420 MM ¢ TonmuHOM creHku 40 MM: a — 5-1yroBasi cBapKa Hapyx-
HOTO 1IBa, ckopocTh 110 M/4; 6 — 4-ayroBas cBapka BHYTPEHHETO
urBa, ckopocth 100 M/4; 6 — MaKpouLTH( CBAPHOTO COCAMHECHUS
TpyObI

MPOIOJIBHOTO TIBA Ta30- U HEPTENPOBOIHON TPYOBI
nuaMeTpoM 1420 MM ¢ TONMIIMHONW CTEHKH 25 MM U3
ctanu kiacca nmpognoctu K60 (kareropuu X70), co-
crositiedd u3 85...90 % uronsyaroro geppura u me-
Hee 1 % MeX3epeHHOro MOJIMTOHANBHOTO (eppuTa.
Taxkast CTpyKTypa rapaHTHPYET BBHICOKHE BSI3KHE Xa-
PaKTEepPUCTUKHN METajia IIBa, HAaIpUMEp, YAAPHYIO
BA3KOCTh B mipesenax 180...200 /Ix/cm? Ha obpasmax
C OCTpBIM Haapes3oM mpu Temmeparype —30 °C.
Pa3zpaboranHoe coueTaHne CBapOYHBIX MaTepua-
JIOB ¥ HOBBIE TIPOIECCHl MHOTOAYTOBOW CBapKH IO/
(irocoM, B TOM YHCIIE C MTOBBIIIEHHBIM TOKOM TIepe/I-
HEeH AyrH, BKIIIOYast pEKOMEHIAIMHU 110 ONTUMHU3ALNN

4 : ....-'- "1 .':L i_.'. 3 Tpy ,_*_...Epi_-:
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PEXMMOB U YCTAaHOBOYHBIX MapaMeTPOB, pean30Ba-
HBI Ha pa3InYHBIX TPyOOCBApOUYHBIX 3aBO/AaxX YKpa-
unbl U Poccuiickoii @enepanuu npu U3roTOBICHUU
TpyO ¢ TONMIMHOM CTeHKH OT 16 10 40 MM U3 cTanu
kimacca npounoctu K60-K65 (xareropun X70-X80)
JUTSE MAaTHCTPAJIbHBIX TPYOOIIPOBOIOB.

[Ipu cTpouTENbCTBE MATUCTPAIBHBIX TPYOOITPO-
BogoB MDC um. E. O. IlatoHa cCOBMECTHO C OpraHu-
sarusimMu OAO «"a3mpom» HAKOTUI OOJIBIION OIBIT
HCTO0JIb30BAHUS KOHTAKTHOM CTBIKOBOM CBapKu He-
MOBOPOTHBIX CTHIKOB TPYOOTPOBOJIOB B IMOJEBBIX
YCIOBHSX B Pa3IMYHBIX KJIUMAaTHYECKHX 30HAX, B
gacTHOCTH B paiioHax Kpaitnero Cesepa. Komrmiek-
camu «Ceep» (puc. 14) u npyruMu CBapOYHBIMHU
MalImHaMH KOHTAaKTHBIM CIIOCOOOM OBLIO cBape-
HO Oosiee 70 THIC. KM pa3IUYHBIX TPyOOIPOBOIOB, B
TOM YHCIie OOIBIINX UAMETPOB, KOTOPHIE YCIIEITHO
IKCIUTYaTUPYIOTCSI.

B mactosimee BpeMst HHCTUTYT pa3pabarbiBa-
€T HOBBIU MpOIlecC KOHTAKTHON CBapKU TPyO, TOITy-
YUBIIWA HA3BaHUE «IYJIbCUPYIOIIEE OTUIABICHUE)
(KCO). HoBu3na 3akimtogaeTcst B TOM, 4TO Oaromapst
MIPUMEHEHUIO OBICTPOIEHUCTBYIONINX CHCTEM YTIPaB-
JICHUS] CBApOYHON MAIIMHOW W HOBBIX aJTOPUTMOB
yIpaBJicHHS BO3MOXKHA 3HAYNTENbHAS HHTEHCH(PHKa-
LIMs1 HarpeBa Mpu OJJMHAKOBOW YCTaHOBJIEHHOW MOIII-
HOCTH WCTOYHHKA HJIEKTPHYECKOTO MTUTAHMUS.

[Ipomecc mynbCcUpYyIOMIETo OIJIABICHUS HUMeE-
€T PsI/I IPEUMYIIECTB 110 CPABHEHHUIO C HETPEPhIB-
HBIM OIlIaBJIeHHuEM. Tak, peKuM CBapKH C MCIIOIb-
30BaHHEM ITyJIBCUPYIOIIETO OIJIABICHNS YMEHBIIIAET
BpeMsI CBapKH KOJBIIEBOTO CTHIKA MO CPAaBHEHUIO C
HEeIpepBIBHBIM € 3,5...4 MHUH A0 2 MUH, a MIPUITYCK
Ha OTUTaBJICHHE COKpaliaercs moutu B 2 pasa. [lo-
cJeaHee BEChMa CYIIECTBEHHO, TaK KaK MPU 3TOM
CHIKAIOTCSl COOTBETCTBEHHO TOTEpH MeTasa. bia-
rojiapsi WCIOJIB30BAHUIO CHCTEM aBTOMAaTHYECKOTO

pPerynupoBaHUs CKOPOCTH OIJIABICHUS YJAT0Ch TO-
JYYUTh Ka9€CTBEHHYIO CBAPKY NMPH MEHBIINX YIEITh-
HBIX MOIIHOCTSX, YeM TIPH CBapKe TpyO KOMILIeKca-

= e S

Puc. 13. Mukpoctpykrypa (x500) meTaiuia mBoB TpyO U3 cranu kiacca npounoctu K60,

POYHBIX MarepuaioB: @ — Mn—Mo cucTema JIernpoBaHHsl, KHCIIBIH IJIaBIeHbIi (uiroc, monuroHanbuoro dpeppura 20...25 %; uroas4aroro
35...45 %; KV = 27...30 Jlx/cm*; 6 — Mn-Ni-Mo cucTema JIeTHpOBaHNs, aMOMIHATHBIN arTOMEpHPOBAHHEIN (IIIoC HeOOMBINOiH OCHOB-
HOCTH, TIOJUTOHANTBHOTO (eppuTa 3...5 %, uronsaaroro 75...80 %; KV, = 80...100 Jlx/cm*; 6 — Mn-Mo-Ti-B cucrema meruposanms,
aJIFOMUHATHBIH arioMepUpOBaHHblil (Guitoc HEOONBIIOH OCHOBHOCTH, MONMIOHANILHOTO (epputa Menee 1 %, urompdaroro 85...90 %o; KV, =
=180...200 Tx/cm?

oo,
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Puc. 14. Kommeke «CeBep» UIst CBApKH TPYO MarucTpagbHBIX
HedTe- ¥ ra30MpOBOI0B

mu «CeBepy. [loaTomy mipu cBapke TpyO AraMeTpoM
1420 MM C TOJNIIMHOW CTEHKH 27 MM NPUMEHUM
WCTOYHHK C YCTAHOBICHHOW MUKOBOW MOIIHOCTHIO
1o 1300 x'B/A.

B cootBeTcTBHU ¢ TpeOOBAHHUSIMU MEKTyHAPO/I-
Heix ctangaproB AP11104 u DNV-OS-F101 6butn
oTpesieNieHbl MEXaHMYECKHE CBOWCTBA CBAPHBIX COE-
JTUHEHUH B COCTOSIHUH TIOCTIE CBAPKH U MTOCIIE TEPMO-
00paboTku. Tak, B COCTOSIHMM [10CJIE CBAPKH MPEIb-
SIBJISIEMBIM TPEOOBaHUSIM Y/IOBJICTBOPSIIOT IIOKA3aTeIIN
npounoctu (o, = 516,0...523,6 MIla) u yron 3aru-
0a (180° mpu OTCYTCTBUU TPEIIUH), a yaapHas Bsi3-
KOCTh HMJKE HOPMAaTUBHBIX TpeboBanuii (KCV =
=13,3...17,1; KCV ,, = 6,1...9,7 JIx/cM?) n3-3a Ha-
JINYUS B 30HE TEPMHYECKOTO BIHMSHUS KPYITHO3EP-
HHUCTOW CTPYKTYPHI C MOBBIIIEHHBIM COJEpKaHUEM
(heppura.

Jns yBenuueHUs yaapHOW BS3KOCTH pa3pabo-
TaHa TEXHOJOTHUS TePMOOOPaOOTKU COSIMHECHU,
BeinoHeHHbIX KCO, ¢ uCnoap30BaHUEM JOKab-
HOTO MHIYKIMOHHOI'O Harpesa rnocie cBapku. Me-
XaHUYECKUE CBOMCTBA CBApHBIX COEIMHEHHH B CO-
CTOSIHMHM IIOCJIE TEPMOOOPAOOTKH CIEAYIOMIHUE: G, =
= 550,6...561,4 MIIa, yroxn 3aruba 180°, KCV =
=147,9...219,5, KCV ,, = 86,8...171, Jlx/cm*. Ycra-
HOBJICHO, YTO HanOoJiee BBICOKHE ITOKa3aTelu yaap-
HOW BA3KOCTH CBapHBIX COCJMHEHWH, BHITIOJHEH-
HbIX KCO Ha cranu knacca npounoctu K56, moryr
OBITH TIOJYUYEHBI TIPH TEMIEPATypax HOPMAJIU3aIIU
950...1000 °C 1 nAUTeNnbHOCTH HarpeBa B Mpeaeaax
2,5...3,0 muH (puc. 15), a oxyaxjaeHue nocie Harpe-
Ba JIOJDKHO MPOBOJUTHCS CO CKOPOCTBHIO HE MEHBLIE
8 °Cle.

[Ipn ucnpITaHUSX KOHTPOJIBHOW NapTUU COENIHU-
HEHUI, CBApPEHHBIX HA ONTHMAJIbLHOM PEXHUME C I10-
clleIyIolel TepMruuecKoii 00paboTKOM, KauecTBO CO-
CIMHEHMI MTOJTHOCTHIO YIOBJIETBOPSET TPEOOBAHUIM
CTaH/apTOB.

OnHOBpEMEHHO ¢ pa3padOTKOil TEXHOJIOTHHU CBAp-
K1 OBUTH ONpeesIeHbl aITOPUTMbI BBISIBIISIEMOCTH Jie-
(exroB coenuuennid, BemomHeHHbIX KCO ¢ ucmoinb-

20 ” ﬁm

KCVyy, bk cm?

80 |

60

40

1

250

20 1 1 1 1
0 30 100 150 200

Bpeys BuIcp®Ed, ©

300

Puc. 15. 3aBUCUMOCTH CpEIHUX 3HAYCHHUH yIapHOU BSI3KO-
CTH OT BPEMEHH BBIJIEPKKH IIPU TEMIIEpaType TEPMUUECKOI
obpadorku 1000° C

30BaHUEM CPEJCTB COBPEMEHHOM YJIbTPa3BYKOBOMH
nedexrockonuu. PazpaboTaHsl Takke CHCTEMBI U all-
TOPUTMBI ONEPALIMOHHOTO KOMIIBIOTEPU3UPOBAHHOIO
KOHTPOJISI IApaMEeTPOB CBAPKHU, O3BOJISIOILETO OLie-
HUBATh Ka4€CTBO COEANHEHUH Cpa3y e I10CJIe OKOH-
yaHus cBapku. Ilpu 3ToM aBTOMaTHueckas cuctema
JlaeT B IEYaTHOM BUJE JOKYMEHT Ha KaXIbli CTHIK, B
KOTOPOM YKa3bIBalOTCs peajlbHble 3HAUCHHs BCEX I1a-
paMeTpoB mpoLecca CBapKH, UX OTKIOHEHHs OT 3a-
JIaHHBIX NMPOrpaMMON 3HAUY€HUN U OllEHKAa KayecTBa
COECIUHEHHH.

Pa3zpaboTana TexHOJOTUs Hepas3pyLIAIOLIETro
KOHTPOJISI KOJBLIEBBIX IIBOB TOJICTOCTEHHBIX TPYO,
BeimosHeHHBIX KCO. Texnomorus 6asupyercs Ha
HCIOJIb30BAHUH 3X03€PKAJILHOIO METOA YIbTPa3BY-
KOBOT'O KOHTPOJIsI, KOTOPBIN PeaIn3yercs: C IOMOLIbIO
peoOpasoBaresieil, BKIIOUEHHBIX 110 CXEME TaHIIEM.

Xapaktepso, uto nedexrsl mpu KCO pacrmono-
’KeHbl B 01HOH minockoctu coeauHenus. IIpu KCO
TOJICTOCTEHHBIX TPYO 3Ta IJIIOCKOCTh BCEr/a MepIeH-
TUKYJISIpPHA OCH TPYOBI, YTO 0OJIETYaeT JIOKAINIO JIe-
(beKTOB, IPU KOTOPOH MOJKHO HE YUHUTHIBATh BCE CHT-
Hajibl OT CTPYKTYpPHOH HEOJHOPOAHOCTHU MeTallia,
MOCTYTAOLIIE OT Y4aCTKOB, KOTOPBIC PACIIOIOKEHBI
3a mpeneiaaMH IJIOCKOCTH coequHeHus. Boiaenensl
JIBE KaTeropuu Ae(eKToB, KOTOPhIE MOTYT OBITH BbI-
SIBJICHBI YJIBTPa3BYKOBBIM KOHTPOJIEM: 1€(EKTHI, CBS-
3aHHBIE C XUMHUYECKOM HEOIHOPOIHOCTHIO METaa,
1 1e(eKThl, BbI3BAaHHBIC HAPYILICHUAMH PEXUMa CBap-
ku. Onpenenensl aaropuTMbl OLCHKH Je(EKTOB coe-
nuHeHuH, BeinoiaHeHHbIXx KCO, KoTopble rapMOHU3U-
POBaHBI C 3TAJIOHAMH IIPH YJIBTPA3BYKOBOM KOHTPOJIE
COCAMHEHHH, BBIIOJHEHHBIX AJIEKTPOLYTOBBIMH CIIO-
co0aMu CBapKHu.

B pesynbraTe 3THX HCClIel0BaHUN CepTHULU-
pOBaHa TEXHOJIOTHSl HEPa3pylIAoMero KOHTPOIIS
coequHeHnit TpyO, momyueHHsx KCO, TpeOyemas
B COOTBETCTBUHU C HOPMATHBAMHU KakK 00s3aTesIbHAS
oreparys.

B pesynbrare BbimonHeHHbIX uccneaoBanuii 1OC
uM. E. O. Ilarona coBmecTtHO ¢ 3aBogoM «IIckoBanek-
TpOocBap» pa3zpaboTan KOMIUIEKC 000PYIOBaHUS IS
KCO mopckux TpyOorpoBonoB auamerpoM 1219 Mmm
C TOJIIUHOM CTEHKHU 27 MM JJisl UCIIOJIb30BaHUS Ha
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Puc. 16. Kommuiekce 1i1si KOHTaKTHO# CTBIKOBOH CBAapKH OIUIABIIE-
HHEM MOPCKHX TPyOONpoBOIOB AuameTpoM 1219 MM ¢ ToNIMHON
CTCHKH 27 MM

TpyOoyKIamouHoi Oapxe (puc. 16). Komrieke usro-
TOBJIEH U MPOXOANUT UCHBITAHHUS.

OKCIUTyaTallOHHAsl HAaJleXKHOCTh pabOThlI TETIO0-
BBIX U aTOMHBIX 3JEKTPOCTAaHUUI B 3HAUYUTEIbHOU
Mepe 3aBHCHUT OT F€pPMETHYHOCTH U BBICOKOH M3HO-
COCTOMKOCTH YIUIOTHUTEJBHBIX IOBEPXHOCTEH TPy-
OOMPOBOIHON apMaTyphl. DPO3HOHHBIN U KOPPO3H-
OHHBIA U3HOC, TPEUIMHBI TEPMUYECKON YCTAJIOCTH, a
TaKKe MOSBJICHUE 3aJUPOB HA TPYLIUXCS TOBEPXHO-
CTAX — OCHOBHBIC IPUYMHBI BBIXO/Ia TPYOOTIPOBOIHOM
apMarypsl U3 CTPOS.

Pa3paboranbl MaTepuabl, TEXHOJIOTUS U 000py-
JOBAaHHE Ul MEXaHU3MPOBAHHOMN HAIUIABKH JeTalel
SHEPTETHYECKON TPyOOTPOBOIHOW MTAPOBOISTHON ap-
MAaTypbl BBICOKHX I1apaMETPOB BCEX THIIOPA3MEPOB.
[Inpoko UCHoNb3yeTcs HaIJIaBKa XapolpOYHBIMU
HU3HOCO- U KOPPO3MOHHOCTOWKMMH CIUIaBaMH, YTO
[IO3BOJIMJIO CYLIECTBEHHO IPOAJIUTH CPOK CIIYKOBI
apMaTypbl U MOBBICUTH €€ Ha/lexKHOCTh. COBEpILICH-
CTBOBAaHME IIPOLIECCOB HAIUIABKU YIIJIOTHUTEIbHBIX
MMOBEPXHOCTEH apMarypbl OyIeT WATH MO IYTH ee
aBTOMATU3aLN{ U CO3JaHMsI HOBBIX U3HOCOCTOMKHUX
CILJIABOB.

B unctutyte paspaboTaHbl NIPAaKTUYECKUE PEKO-
MEHJALMH 10 PEMOHTY CBapKOH MarucTpaibHbIX TPY-
0ompoBoI0B 0€3 BbIBOAA UX M3 AKCIUTyaTanuu. OHH
BKJIIOUAIOT KOMITJIEKC METOIMK U MH)KEHEPHBIX PYKO-
BOJICTB I10 OLICHKE COCTOSIHMSI MarucTpajJbHBIX TPY-
OOIPOBOIOB C OOHAPYKEHHBIMH Je(PEKTaMH, a TAKIKE
10 TUIAHUPOBAHUIO PEMOHTA CBAPKOH O[] AaBJICHU-
eM. [IpuMeHuTeNbHO K TUMHYHBIM Je(eKTaM Maru-
CTPalbHBIX TPYOOTIPOBOIOB (JOKaJbHBIE U OOIINE
KOPPO3UOHHBIEC MOBPEKACHUS METaJlla, TPEIIUHBI,
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Puc. 17. 3aBUCHMOCTD KPUTHYESCKOH JITHHBI le(eKTa TUIIA JTOKaIIb-
HOTO yTOHEHHs S _ OT MUHMMAJbHON NOMYyCTUMOM TONIIMHBI O
creHku TpyOsl 1420%20 mm u3 cranu 17T'1C npu pa3iudHOM BHY-
TpeHHeM nasnenuu: [ —4,5; 2 —5,25; 3 —6,0; 4 — 7,5 Mlla

neeKThl GOopMBbl) IPEIIOKEHBI KPUTEPUH IS OLICH-
KH HX JOMYCTUMOCTH C MO3HIHMHA CTEIEHH CHUXKE-
HUS HeCylel crocoOHOCTH TPpyOOpOBOAA KakK MpH
JKCIUTyaTalllK, TaK U BO BpeMs peMoHTa (puc. 17).
Oco0oe BHMMaHHUE yIEeJIeHO BOIIPOCcaM IIaHHpPOBa-
HUSl PEMOHTHBIX pa0OT C UCTIOJIB30BaHUEM Pa3IHy-
HBIX YCHJIMBAIONIMX KOHCTPYKIIMI: CBapHBIX OaH-
Jaked, TepMETHYHBIX MyPT, MyQT ¢ KOMIayHIHBIM
HaIOJIHUTEIIEM.

[MockonbKy 000pyaOBaHHE AJISi TETUIOBBIX U aTOM-
HBIX 2JIEKTPOCTAHIUI paboTaeT Npu BBICOKUX TEM-
neparypax M AaBIEGHHUAX, TO MPUMEHEHUE Tpaau-
LIMOHHBIX CPEJCTB HEpa3pyIIaloIlero KOHTPOJsd B
mpolecce dKCIUTyaTalluid HeBO3MOKHO. [loaTomMy He-
00X0JIMMO CO3/JaHUE METOJIOB U CPEJCTB JIJIi MOHU-
TOPUHIa TEXHUYECKOTO COCTOSHUS SHEPreTUYECKUX
00beKTOB. BBUTH IPOBEIEHBI HCCIIEIOBAHMS, KOTOPHIC
BIIEpBBIE TIOKA3aJIM BO3MOKHOCTH TPUMEHEHHS METO-
Jla aKyCTHUY€CKOM SMHUCCUU JJIsl 3TOM LETH.

Ha puc. 18 npuBenensl rpaduku UCIBITAHUH Ha
pactsbkerune o0pasios u3 cranu 15X1M1® npu kom-
HaTHOU Temmeparype u 500° C. Kak BuaHO, coxpa-
HSETCS aKyCTHUecKas aKTUBHOCTh Ha BCEX CTalUsAX
neGOpMUPOBaHUs MaTepralla MPH BEICOKOH TeMIlepa-
Type, YTO MO3BOJISIET MPOTHO3UPOBATh pa3pylIaIore
Harpy3KH ¢ JOCTaTOYHOI TOCTOBEPHOCTHIO.

Paspaborana u peanusyercs «[Iporpamma pa-
00T HEMPEPHIBHOTO aKyCTHKO-YMUCCUOHHOTO MOHHU-
TopuHra Ha obopynoBanuu TOL «Kuessnepro». Ha
[IEpBOM 3Talle UCCIEI0BAaHbl 1HarHOCTUYECKHE KOH-
TPOJILHBIE MTApaMETPhI TPYyOOIIPOBOIOB TOPSIUETO TPO-
MEXYTOYHOTO TIeperpena, 1mojiorpeBaresieil BRICOKOro
JABJIEHUS U Jlea’paropa, co3JaHa U CMOHTHpPOBaHa
cucTeMa HelpepbIBHOIO MOHUTOPHHTA TPYOOIIPOBO-
JIOB ITPOMEKYTOHYHOTO ITEPETPeBa.

Cucrema 3amyiieHa B ONBITHYIO dKCIUTyaTallHIo
(puc. 19). [Ipunsaro penieHre 1Mo BHEAPEHHUIO CPENICTB
Y TEXHOJIOTMH HEMPEPHIBHOTO aKyCTUKO-3MHUCCHOH-
HOTO MOHHTOpHHTa 00opynoBanust qpyrux TOLI.
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Puc. 18. ConocraBieHue CUTHaJIOB aKyCTHYECKOM 3MHCCUU B
pacTaruBaeMblx o0Opasuax u3 cranu 15X1M1® npu koMHaTHOH
temneparype (a) u 500 °C (6) (4 — ammutysa; 4 — aMILIATYRa
HETpepbIBHOU dMUCCUU; P — Harpyska)

Kak HU3BCCTHO, K TAXCIIBIM 3KOJOTUYCCKUM II10-
CJCJCTBUSAM IMPHUBOISAT aBapuM Ha He(TEerazoBbIX
npomeicnax. OMHAa U3 TaKUX aBapUi MPOU30IIA B
2010 r. B MekcukaHCcKoOM 3ajiBe Ha HedTe100bIBa-
tolieit mwiardopme, I1e U3 MOBPEKACHHON CKBAYKUHBI
Ha nryouHe 1500 M mpon301110 HEKOHTPOIUPYEMOE
BeITekaHue He(pTH. CrenuanucTbl HHCTUTYTA pa3-
pabortaiu crnocod CoOCAMHEHUS Pa3pyIICHHBIX TPYO
CKBa)XMH BO BpeMs BbITekaHus HeQTU. BbuT pa3pa-
0OTaH U U3TOTOBJICH COCAMHUTEIbHBIN MOIYJb, KO-
TOPBIN yCIEmHO Tpomien ucnsiTanus (puc. 20).
OyHKIIMOHABHAS CXeMa €ro padoThl 3aKJIF0UAeTCS
B cienyromieM. C MOMOIIBIO TPY30MOAbEMHBIX Me-
XaHU3MOB OIYCKAETCs MOJYJIb K TOBPEXKJICHHOM Ya-
CTH CKBaKnHBI. OH 3aXBaThIBACTCS TEXHOIOTHYECKH-

22
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Puc. 19. Ogna 13 Touek U3MepeHus aKyCTUKO-AIMUCCHOHHON aKTHB-
HOCTH TPYyOOIPOBOZIa MPOMEKYTOUHOTO Ieperpesa napa Kuesckoit
TOII-6

Puc. 20. Moxyns a5 coeAUHEHUS Pa3pyILICHHBIX TPYO CKBaXUH

MH yCTPOMCTBAMHU, KOTOPHIC YACPKUBAIOT MOIYJb B
BEPTUKAILHOM IOJIOKEHUU U HE TAI0T BO3MOXKHOCTH
BBITEKAIOIIEMY TIOTOKY COPOCHUTB €ro B cTopoHy. [Ipu
9TOM HE MPOUCXOAUT AMHAMUYECKOTO y/iapa u CpbIBa
MOJIyJISl C MECTa 3aKperuieH sl Ouarogapsi HMEIOIIHM-
Csl B KOHCTPYKIIUH MOJYJISI HEOOXOIMMbIM OTBEPCTHU-
sIM, KOTOPbIE 00CCIIEYMBAIOT CBOOOIHOE BHITCKAHHE
WHTEHCHBHOTO TIOTOKA HEPTH B OKPYKAIOIIYIO CPEy.
3areM 3T OTBEPCTHS MOIYJIS MepeKpbiBatoTcs. Jis
3TOTO UCHOIB3YIOTCA THAPOUMIUHAPHI U CTIeIHAIIb-
HBIE IITOPKH, MPEAYCMOTPEHHBIE KOHCTPYKIIUEH MO-
nynst. [locnme 3aBepiienus padoOThl THAPOIIIMHAPOB
U MEPEKPBITUS OTBEPCTHIH MOAYJIS HE(DTh HAIIPABIIS-
eTcs B HY’)KHOM HaIlpaBJIeHUH 110 TPyOOIIpoOBOY.
TakoBbI pa3paOOTKH MHCTUTYTA, MPEIHA3HAUCH-
HBIE JUUISl COBPEMEHHOH 3HepreTuku. Mccnenosanus u
CO3/1aHKME HOBBIX TEXHOJIOIUI MPOIOJIKAIOTCS.

[octynuna B pegaxuumio 01.07.2013
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CTPATETMYECKUE HAITPABJIEHU A PASBUTHA
KOHCTPYKIIMOHHBIX MATEPUAJIOB U TEXHOJIOI' M
X IEPEPABOTKU JIJISI ABUALTMOHHBIX JIBUTATEJIEN

HACTOSALLEI'O 1 BYAYLIETO

E. H. KABJIOB, O. I. OCIIEHHUKOBA, b. C. JOMBEPI'
OI'VII «Beepoccuiickuil HayuyHO-HCCIIEA0BATEIbCKUM HHCTUTYT aBUAIIOHHBIX MaTEPHUAIOB.
P®. 105005, . Mocksa, yi1. Pagno, 17. E-mail: admin@viam.ru

OmnpeneneHsl CTpaTernyeckne HapaBiIeHUs Pa3BUTHSI MaTePHAIOB M TEXHOJIOTHH MX TepepadOTKH Ul OCHOBHBIX AeTaeit
I'T/A HoBOrO nokosnenust Ha nepuox 10 2030 r. M3noxeHs COBpeMEHHBIE TeHICHIIMU Pa3BUTHS IUTEHHBIX U 1e(OPMUPYEMBIX
JKapOINPOYHBIX CIJIABOB, B TOM UYHCJIe HHTEPMETAJIJIMIHBIX HA OCHOBE HUKENS U TUTaHA. [IpuBeIeHbI XapaKTepUCTUKH yCTa-
HosienHoro B ®I'YIT «kBUAM» HOBOro BakyyMHOro 00OpyIOBaHUS JUIS BBIIUIABKH JKapOIIPOYHBIX CIUIABOB U JedopMannn
BBICOKOTEMITEPATypHBIX MaTepHAJIOB B YCIOBHIX M30TEPMHUH Ha BO3/YyXe, a TAKKE Pe3ylbTaThl pa3paboToK B 00IaCTH HOH-
HO-IUTa3MEHHOTO HAHECEHHUS 3allUTHBIX JKapOCTOMKUX, YIPOUHSIOUUX U TEMIO03aLIUTHBIX IOKPBITUI Ha JIONATKU U ApYyrHe
neranu ['T/1 u co3naHust HOBOTO MOKOJICHHS TIIa3MOXUMHYECKOro 00opynoBanus. Pazpaborana TEXHOIOTHs MOTYyYSHHUS IIH-
POKOTO CIIEKTpa CBEPXUNCTHIX YJIBTPAAUCIIEPCHBIX MOPOIIKOB METOJIOM aTOMH3AIMH JUIsl BAKYyMHOH An(dy3HnOHHOI naliku 1

aJJIMTUBHBIX TexHonorui. bubnuorp. 24, puc. 10.

Kniouesvie cnoea: mamepuansl u mexHonro2uu nepepadbomru, 0emanu ea30mypouHHuIxX osuzamenel, iumetinsie u 0epop-
Mupyemble HaponpouHvle Chiaesl, UHMEPMemaniuobl, 6aKyymMHoe 060pyoosanue, TI0ONAmKY, MexHON02UYU UOHHO-NAASMEHHO20

HanoljleHus noprzmuﬁ, nojiy4erue ceepx4ucmslx nopouKos

AHanu3 HayYHO-TEXHHUYECKOTO Pa3BUTHUS B OOJIACTH
pa3pabOTKK M KMCIIOJIB30BaHMsI CILUIABOB M CTaje CO
CIICIUATPHBIMA CBOMCTBAMHU, CIIOKHUBIIHECS MHUPO-
BBIC TCHIICHIIUU, a TAaKXKe CBHIPHEBHIC U PECYpCHBIC
BO3MOXXHOCTH TIOKA3bIBAIOT aKTYaIbHOCTD 3a[aud 110
pa3paboTKe KOMIUIEKCA TEXHOJOTHUYSCKHUX PEIICHHIMA
JUIS CO3JaHMs HOBOI'O ITOKOJICHMS JIMTCHHBIX U Jie-
(hopMHpYyEeMBIX CIUIABOB M CTAJICH CO CTICIHAIEHBIMHU
CBOMCTBaMU, BKJIIOUasi KOMILJIEKCHBIE CHCTEMBI 3all[1-
THI U TETUTO3AIINUTHBIE TIOKPBITHSI.

OCHOBHBIC IPUHITUIIBI CO3JaHUSI COBPEMEHHBIX
MaTepualoB IS CIOXHBIX TEXHUYECKUX CHCTEM
JIOJDKHBI OBITH OCHOBaHBI Ha pe3ylibTarax (pyHmIaMeH-
TabHBIX U (YHJAMEHTAIbHO-OPUESHTUPOBAHHBIX HC-
CIIEIOBAaHUM, MOTYUYCHHBIX BEAYIIUMU HAYUYHO-HUC-
CIIeIOBATEILCKUMHU OPTaHU3AIUSIMU COBMECTHO C
nHctutyTamMu PAH u 6a3zupoBaThCs Ha cielyroleM
MOCTYJaTe — HEPa3pPBIBHOCTh MaTEPUAIOB, TEXHOJIO-
Ui U KOHCTPYKLHM, BKJIIOYAsl UCIIOJIb30BaHUE «3€-
JICHBIX» TEXHOJOTHH MPHU CO3MaHUU MATCPHUATIOB U
KOMIUIEKCHBIX CHCTEM 3aIllUThI, & TAKIKE PEATH3AITUIO
TTOJTHOTO >KM3HEHHOTO ITMKJIa (¢ ucmoyib3oBanuemM IT
TEXHOJIOTHH) — OT CO3JaHUsI MaTepuaia J0 ero dKc-
ITyaTalui B KOHCTPYKITUH, TUarHOCTHKHU, PEMOHTE,
MIPOIEHUH pecypca U yTHIH3aIlHH.

C y4eToM MPUOPUTETHHIX HAIIPABICHUIN U KPUTH-
YECKHUX TEXHOJIOTHI Pa3BUTHs HAyKH, TEXHOJIOTHIA H
TexHuku B Poccuiickoit @enepannu, yTBepKICHHBIX
VYkazom [pesunenta Poccuiickoit @enepanuu Ne 899

© E. H. Kabnos, O. I'. Ocnennuxosa, b. C. Jlombepr, 2013
10-11/2013

ot 7 urons 2011 r., npuOpUTETOB rOCY1apCTBEHHON
MOJIMTUKY B TIPOMBITINIEHHON cepe, CTpaTreruit pas-
BHTHS TOCYAapCTBEHHBIX KOPIIOpAIUi, HHTETPUPO-
BaHHBIX CTPYKTYp aHaju3a TEHICHIUH pPa3BUTHUA
MatepuasnoB B mupe OI'VII «BUAM» onpeneneHsl
CIICAYIOIINE CTPATETHIECKNUE HAIIPABICHUS PA3BUTHS
MaTepualioB U TEXHOJOTHH UX MepepadOTKH Ha Mepu-
om0 2030 [1, 2]:

* «YMHBIC» KOHCTPYKIIHH;

* pyHIaMEHTaJIbHO-OPUEHTHPOBAHHBIC HCCIIE0-
BaHUs, KBATH(QUKALUS MaTepHalioB, Hepa3pylIaro-
LMHA KOHTPOJIb;

* KOMITBIOTEPHBIC METOJIbI MOJICITUPOBAHHS CTPYK-
TypBI I CBOHCTB MaTepHaJIOB MIPH UX CO3IaHUU U pa-
00Te B KOHCTPYKIIHH;

* UHTEJUIEKTyaJIbHbIE, aAallTHBHBIE MaTEPHAIIbI U
MTOKPBITHS;

* MaTepuabl ¢ 3PPEKTOM MaMATh GOPMBI;

* CIIONCTHIE METAJUIONOIMMEpPHBIC, OMMeTaTHye-
CKHUE U THOPUIHBIE MaTepHAIIBI;

* UHTEPMETAIUIMIHBIC MaTepHalbl;

* JIErKH€, BHICOKOTIPOYHbBIE KOPPO3HOHHOCTOMKHE
CBapuBaeMble CIIJIaBbl U CTAJM, B TOM YHCJIE C BBICO-
KOH BSI3KOCTBIO pa3pyLICHUS;

* MOHOKPHUCTAJNINYECKHE, BBICOKOKAPOTIPOUHBIC
CYTIEPCIUIABbI, €CTECTBEHHBIC KOMITO3UTHI;

* 3Hepro3PheKTUBHbBIC, pecypcocOeperamInmue u
aJIMTUBHBIC TEXHOJIOTHHU MOJTYUCHUS JIeTale, oiy-
(habpuKaTOB M KOHCTPYKITHIA;

* MarHATHBIE MaTEePHAIIEI,

23



, CBAPKA W POOACTBEHHBLIE TEXHONOM KA

T, °C

12(W)

o

DBTEKTHNECKHE

- TIC- 20
1150 . BRJIC-20F

BAM-1{BHAM) i
Nb-5i T3I1 1 nokoaenns
fr o oy e l EPM-102 (GE&PW )
LR K C-36KC-40 MC-NG (Snecmalg BAM-5¥ (BHAM)
1100 L ] . S _T-...-l Muck :
Rene Mo CMSX-4 (Cannon Muckegon Corp. )
AC-32V
AKC-30M

1050
MC-6a, FHC-26

Rene Mad

Crumapm ¢ paBHooe o
CTPYETY poil
) HC-BK, }h:t;'-r;‘.f. BaARI-12Y, H?!C.'f—ll}.'!

100K

M FHOKPHCTA LT YT KHe
AT P KT I PO e

Cnangsl ¢ HANPARTEHHO

, RC-26Y,

Nb-5i T3I1 3 nokoserns

MNb-5i T3l 2 noxkosenins

ILTARE

BACM-GEBHAM)
BAM-4(BHAM)

CTPYETY poil
AC-30, HC-32

5 mowonenne [T/1 6 moxoaenne 17T/1

1956 1980 1990
Puc. 1. Jlunamuka pa3BUTHs JIMTEHHBIX jKapOIPOYHBIX CIIIIABOB

* METAJJIOMATPUYHBIE U MOIUMATPUYHBIE KOMIIO-
3ULIMOHHBIE MaTepUabl;

* IOJIMMEPHBIC KOMITO3ULIMOHHBIE MaTEPUAJIbL;

* BBICOKOTEMIIEPATypPHbIE KEpaMUUYECKUE, TEII03a-
IIUTHBIC U KEPaMOTIOI00HbIC MaTepUAITbI;

* HAHOCTPYKTYpUPOBaHHBIC, aMOp(HBIC MaTepHa-
JIbI U IOKPBITHUS,

* CBEpXJIETKHE IIEHOMATEePUATIbI;

* KOMIUJIEKCHAsi aHTUKOPPO3UOHHAS 3alluTa,
YIPOYHSIONMINE, U3HOCOCTOWKHUE 3AIUTHBIC U TETLIO-
3aIUTHBIC TIOKPBITHS;

* KIMMaTHYECKHUE WCTBITAaHUSA IS oOecrede-
HUS 0€30MTaCHOCTH W 3aIlUTH OT KOPPO3WH, CTape-
HHS 1 OMOTIOBPEXJAEHUH MaTepuaioB, KOHCTPYK-
LHUHA U CIOXKHBIX TEXHUYECKUX CHUCTEM B IPUPOIHBIX
cpenax.

CoBpeMeHHas TEHACHUUS PAa3BUTHUS JIUTEHHBIX
JKapOIPOYHBIX HUKEJEBBIX CIIJIABOB 3aKJIIOUAETCS B
MCIONIb30BaHuU JeuunTHbIX meMenToB VII u VIII
rpynnsl [lepuoanueckoii cucremst J. . Mennenee-
Ba, TAKUX KaK PEHUH u pyTeHui (puc. 1).

Hns muths MmoHOKpuUcTanueckux gonatok ['TJT
pa3paboTaiu CrelnuaibHy0 BBICOKOOTHEYTTOPHYIO Ke-
pPaMUYECKYI0 000JI09KOBYIO (hopMy, paboTOCTIOCO0-
Hy10 10 Temieparypsl 1750 °C [3].

CoBpeMeHHbIE HUKENEBbIC KAPOINPOUHbIE CILIA-
BbI (OKC) mnst mutes onarok [Tl mocturmu nmpenena
pabouux temneparyp 1100...1150 °C, yto cocrasmus-
eT 80...85 % ux Temmneparypsl MJaBIeHUs. DBOIIOLH-
OHHOE€ Pa3BUTHE JKAPOIPOUHBIX HUKEIEBBIX CILJIAaBOB
npusesio k coznanuto crnasos I, 1T, III, IV u V no-
KOJICHUM, TeMIepaTypa IMIaBICHUS KOTOPHIX MMOBBI-
[I1a1ach 3a CYET JIETUPOBAHUSI TyTOTLIABKIMH JIEMEH-
TaM# BOJIb(PAMOM, PEHUEM U PYTCHHEM, IOCTUTHYB
1350...1370 °C. B nacrosmiee BpeMs BHEIPSETCS B
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1995 2000 2010 202C
MIPOM3BOACTBO AJISI U3TOTOBJICHHS Pa0OYNX MOHOKpH-
CTAJUIMYECKHUX JIONATOK XapONpPOYHbIN HUKEJIEBbII
peHuil-pytenuil cogepkamuil cras [V nokonenus
BXXM4 ¢ yposaeM anutensHOU npouHoctu 120 Mlla
mipu 1150 °C nHa 6aze 100 4. [4, 5].

OpaHUM U3 MHOTOOOCIIAIONINX HapaBIeHUH pas-
pabOTKM BBICOKOKAPOIIPOYHBIX CIUIABOB JUISI JIOTA-
TOK, paboTarouux rnpu Temmneparypax soime 1100 °C,
SIBIISIETCS CO3/ITaHNE €CTECTBEHHBIX KOMITO3UITMOHHBIX
MaTepHuaioB, MOITYyYaeMbIX METOJOM BBICOKOTPAIH-
€HTHOI HaNpaBJICHHOW KPUCTAJIU3ALMNH CIOKHOJIE-
TUPOBAHHBIX IBTEKTUYECKUX CIUIABOB HA HUKEJICBOH
ocHoBe. Takue pa3paOOTKH OBUIA OCYIIECTBICHBI
CO3JJaHUEM 3BTEKTHYECKHUX CIIJIABOB C €CTECTBEH-
HO-KOMIO3HUITMOHHON CcTpyKTypo#t y/y —MeC. Jlns
JOCTHOKEHUsI paboyeil TemMIeparypbl JIOATOK C ecTe-
CTBEHHO-KOMIIO3ULIMOHHON CTPYKTYpO#l, paBHOU
1250 °C, u3 XXC Ha 0CHOBE HHKEJIEBBIX IBTEKTHK HE-
00X0/IMMO B Ka4eCTBE MaTPHIIbI HCIIOIb30BaTh HUKE-
JIEBBIE KAPOIPOUYHbIE PEHUM-PYTEHUN COAEPIKALLHE
criaBel. Pa3paboTKy TaKuUX IBTEKTHYECKUX CILIA-
BOB C TIOBBIIICHHBIM COJIEP’KaHUEM PEHUS U PYTCHHS
MpenoiIaraeTcst ocymecTBuTh k 2025 1. [2, 6].

C 1enblo MOBBINIEHUS TEMIIEPATyp ras3a mnepen
TypOuHO# U, kak cneactsue, KI1/ aurarens co3man
HOBBIH KJIACC JIUTEHHBIX KOHCTPYKLMOHHBIX BBICOKO-
TEMIEPaTYPHBIX 3KOHOMHOJIETUPOBAHHBIX MaTepHa-
7108 Ha ocHoBe unTepmeramaa Ni;Al cepun BKHA,
MpeHa3HaYEeHHbIX JIUIsl U3TOTOBIEHUS AeTallell ra3o-
TypOWHHBIX JABHUTATENEH, IKCILTYyaTUPYyEMBbIX B AHUama-
3oue Temneparyp 900...1200 °C.

WHTepmeTannuHble CIUIaBbl OTJIMYAeT HU3Kas
r1oTHOCTH (Ha 10...12 % HIKe, yeM y KapompOIHBIX
HUKEIIEBBIX ), BRICOKAs KAPOCTONKOCTh MPU PabOUHX
temmeparypax. [I[ppMeHenne Jerkux CriaBoB Ha OC-
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Puc. 2. Pa3BuTne MUTEHHBIX CIIJIABOB HA OCHOBE MHTEPMETAJUIAI0B HUKEIS

HOBE MHTEPMETAIINAA HUKEIs B KauecTBE pabodnx
JIOTIATOK MO3BOJIUT CHU3UTDH HArpy3Ky Ha IUCKHU Typ-
Ounsl ¥ nosicuTh pecype I'T/ B 2,5...3,0 paza.

B cooTBeTcTBUU C KOMIUIEKCOM (PU3UKO-MEXaHH-
YECKUX CBOICTB MHTEPMETAIIMIHBIC CIUIaBbl MapKu
BKHA pexomeH1ytoTCsl 1715 IUTHIX COIUIOBBIX JIOMA-
TOK, AeTalieil )KapoBbIX TPyO, CTBOPOK U MPOCTABOK
PEaKTUBHOTO COIJIa C MOHOKPUCTAJUIMYECKON CTPYK-
TypoOH, JJINTEIBHO IKCILTyaTUPYEMBIX P TeMIepa-
typax 900...1200 °C. BrnepBbie B MUpE CIIJIaBBI Ha
OCHOBE MHTEPMETAJNINJ0B HUKEJS IPUMEHSIOTCS B
aBHAIIMOHHOW TexHUKe (puc. 2) [7-9].

Co3pnanue HOBbIX nepcneKkTuBHbIX ['TJ[ cBsizaHo
C MOBBILICHUEM PabounX TEMIEparyp, 4yTo TpedyeT
pa3pabOTKH BBICOKOTEMIIEPATYPHBIX CIUIABOB HA OC-
HOBE TYTOIUIaBKMX MaTpull. s pemeHus 3Toi npo-
071eMbI HEOOXOMMO pa3padaThIBaTh BHICOKOTEMIIEPa-
TypHBIE MPOILECCHl HAIPABIEHHON KpHUCTANIN3alii
C UCTIOJIb30BAHMEM PACUETHBIX METO/IOB yIPABICHUSA
MIEPEMEHHBIM TeMIIepaTypHbIM I'PaIUEHTOM, ClIeLra-
JM3UPOBAHHOE BBICOKOTEMITEpATypHOE 000pyI0BaHHE
U TexHosioruu noiydenus aeranei I'T/I u3 craBos
Ha OCHOBE TYTOIIJIaBKUX MaTpPHIL.

Jlnst mpon3BO/ICTBA COBPEMEHHBIX JTUTEHHBIX BBI-
COKOXKapOIPOYHBIX HUKEJIEBBIX CIUIABOB, B TOM UYHUC-
Jie HaHOCTPYKTypupoBaHHbIX B OI'YII « BUAMY,
CO3J]aH IIPOM3BOJCTBEHHBIH Y4aCTOK MOLIHOCTBIO
10 200 T/rox. Y4acTOK BKIIFOUAET COBPEMEHHBIC Ba-
KyyMHbIe UHAYKIIUOHHBIE nteun: BUAM-2002 ¢ em-
KocThio TUIIS 20 Kr pa3pabOTKU U MPOU3BOACTBA
OI'VII «BUAM» u neun VIM-50 u VIM-150 npo-
n3BoacTBa GupmMbl « ALD Vacuum Technologiesc»
(ALD) emxocteio 350 u 1000 kr. [leun ocHameHsl
KOMITBIOTEPHBIMU CUCTEMAaMHM YIIPABIEHUS, TIO3BOJIS-
0T IPOBOJUTHL 0TOOP NPOO /I XMMHYECKOTO aHAJIU-
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Almrerysreriseas

3a BBITUIABIISIEMOT0 MeTaJlIa B MPOIIECCE BHITUIABKH U
MOCJIETYIONIYIO JOBOJKY €Tr0 COCTaBa J0 ONTHMAaJb-
HOTO, a TaK)Ke MPOBOIUTH (DMIIBTPAINIO pacIijiaBa BO
BpEMsI €TO CIIMBA B CTaJbHBIE TPYOBI Yepe3 TOPSIHiA
MeHoKepaMudeckuit puiasTp. [lepeunciennsie oco-
OCHHOCTH TUIABMIIBHOTO 000pYyIOBaHuUs oOecreyrnBa-
10T TIOJIIep)KaHNE CTAOMIIPHOTO ONTUMAJIBHOTO XH-
MHYECKOTO COCTaBa BBIILIABIISIEMBIX CITABOB, HU3KHI
YPOBEHb BPEIHBIX MPUMECEH U Ta30B, BEICOKYIO M-
CTOTY IO HEMETAJUIMIECKUM BKJIIOUCHHUSM, COXpaHe-
HUE B ONTHMAJbHBIX KOJMYECTBAX MHUKPOJICTHUPYIO-
mux 100aBOK, 4TO 00ecrieyrBaeT NOTYYeHUE U3 HUX
OTJIIUBOK C HAHOCTPYKTYPOM.

KoHTponb MexaHHYECKUX CBOMCTB M3TOTOBJICH-
HBIX CIIJIaBOB, COJIEP’KaHUE OCHOBHBIX JIETHPYIOLIUX
3JI€MEHTOB, TPUMECEH U ra30B OCYIIECTBISIETCS HA
COBPEMEHHOM KOMITBIOTEPHU3UPOBAHHOM 000PYHO-
Baauu u Mcneitarensaom neatpe OI'YIT «BUAM»
(puc. 3).

Hcrnonp3yst pe3ynbTaThl HAyYHO-HCCIIEIOBATENb-
CKUX paboT, nmpoBeaeHHBIX B BUAM coBMecTHO ¢
HUMET PAH um. BaiikoBa, pazpaborana u cepuitHO
MIPUMEHSETCS pecypcocOeperarolas TEXHOJIOTHS pa-
¢$uHHpYIOLIETO MeperniaBa BCeX BUJOB OTXOAOB, 00-
PasyIoMIUXCs B METAITYPrHUECKOM U JIMTEHHOM TPO-
U3BOJCTBE, KoTopas mo3Boiser u3 100 % orxomos
MOJy4aTh CIUIaBbl, KOTOPBIE MOJHOCTHIO OTBEYAOT IO
YUCTOTE U CBOHCTBAM TPEOOBAaHUSM JCHCTBYIOIINX
TV u He ycTynawouiue crjiaBam, U3roTOBJIEHHBIM U3
CBEXKMX HIMXTOBBIX MaTepPHAIIOB.

JlaHHas TEXHOJIOTHS MO3BOJIIET CO3/1aTh 3aMKHY-
TBHIA IIUKJI BO3BpaTa JOPOTUX U JEeDUIUTHBIX JIETH-
PYIOIINX METaIOB (peHUS, pyTEeHNs, TaHTaNa, KO-
Oanpra, BaHAOWS W ApP.) B IMpom3BoacTBo. BUAM
MPUOOpPEN U B HACTOSIIEE BPeMsI MOHTHPYET HOBYIO
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Puc. 3. IIpon3BoaCTBO KapOIIPOYHBIX JIMTEHHBIX CIJIABOB

BaKyyMHYIO WHAYKIIMOHHYIO 1edb VIM-150 ¢pupmbr
«ALD» (I'epmanus) OCIEIHETO MTOKOJICHHS €MKO-
CTBIO TUTJIS | T, B KOHCTPYKIIUIO KOTOPOU 11O TEXHHU-
yeckomy 3anannio BUAM BkiIoueHbl COBpEeMEHHbBIE
YCTPOMCTBA M CUCTEMBI PETYITHPOBAHUS, KOTOPBIC MO-
3BOJISIIOT JOTOJHUTEIBHO MOBBICUTH Ka4€CTBO BbI-
maBieHHoro metamia [10-13].

BUAM siBnsieTcst pazpaOOTUYNKOM TEXHOJIOTHU
Y BEAYILIUM B MUPE NMPEANPUITHEM B 00JaCTH HOH-
HO-TUTa3MEHHOTO HaHECEHUs 3allUTHBIX YKapoCToii-
KUX, YIPOUHSIIOMNUX U TETUIO3AMUTHBIX MMOKPBITUN
Ha somatku u apyrue netanu ['TIH u I'TY. BUAM
cOo37aJI TPOMBIIIIEHHOE aBTOMAaTU3UPOBAHHOE 000-
pynoBanue (yctanoBku tuna MAII), B Tom gncie
ycranoBky MAII-3 niis acCuCTUPOBAHHOIO ra30BbI-
MU MOHaMHU ¢ dHepruen 10 40 kB (M1oTHOCTh HOHHO-
ro Toka o 200 MKA/CMz) OCaKJICHMS, TT03BOJISIOIIE-
o 3a cyeT OOMOApIUPOBKH MMOBEPXHOCTH PACTYIIETO
KOHJIeHcaTa (MOKPHITUSA) YCKOPEHHBIMH T'a30BBIMU
nonamu (Ar, N,) U3MEHATL CTPYKTYpPHO-(a30Bo€ cO-
CTOSTHHE KOHAEHCATOB (MOKPBHITHIA) U TEM CaMBbIM TO-
BBIIATH (hYHKIIMOHATHLHBIC CBOHCTBA MOTyIaeMBIX
nokpeiTaii. BUAM mocrasun Ha OAO «Motop Ciuy
ABTOMAaTU3UPOBaHHYIO ycTaHOBKY MAII-2 1 B HacTo-
siIee BpeMsi TOTOBUTCSI KOHTPAKT Ha MOCTAaBKY yCTa-
HoBku MAII-3 [14-19].

TexHosorusi o0ecrieynBaeT HaHECEHUE BCEX TH-
OB 3AIIUTHBIX MOKPBITHH (HA OCHOBE METAIIJIOB H
CILTIaBOB PA3JIMYHOTO JIETUPOBAHUS, HA OCHOBE HU-
TPUIOB, KapOHJIOB, OKCUKAPOOHUTPH/IOB, HAHOCIION-
HbI€ TMOKPBITUS U3 TIEPUOANUCCKU TOBTOPSIOIIUXCS
OT JIBYX J0 YETBIPEX CIOEB PA3IUYHBIX MAaTEPUATIOB C
oOIIIe# TONIMHON CBBIIIE 15 MKM | JIp.), B TOM YHC-
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JIe BBICOKOTEMIIEPATYPHBIX IPATUCHTHBIX OKPHITUH
KOHJICHCAITMOHHO-TN (D (PY3MOHHOTO THITOB (HE UMEIOT
AHAJIOTOB), & TAKXKE I03BOJISIET IPOBOAUTH IPOLIECCHI
MOHHOW 00pabOTKH MOBEPXHOCTH B METATNYECKOM
1a3Me (HOBEHIIMH Mpouecc HOHHOTO MOAU(HUIHPO-
BaHUS MMOBEPXHOCTH, HAIpUMeEP, HU3KOTEMIIepaTyp-
Hoe (10 600 °C) TUTAHUPOBAHUE WJIU TUTAHOIIMPKO-
HUPOBaHHE MOJUIOKKH U3 KOHCTPYKIIMOHHBIX CTaJIeH)
u niporiecchl ynpounenus JKC (puc. 4).

Hns neurarens [1J1-14 OI'YIT «BUAM» paspa-
0oTaI )KapoCTOWKHUI coequHUTENbHBIN cioir T3I1
THITa TIeMeHTaIusA+Ta3zoBoe anurupoBanne+BCIATI-3
(Ni—Cr—Al-Hf-Re-Y)+BC/I1-16+T/O u coBMecTHO
¢ OAO «IIM3» oTpaboTan TeXHOIOTHIO HAHECCHUS
KOMIUIEKCHOTO TEIUIO3ALIUTHOTO MOKPBITHS C HaHe-
cenuem kepammdeckoro cios T3I1 metonom EB/PVD
Ha pabouune nonatku TBJl Ha 351eKTpOHHO-ITy4eBOM
ycranoBke EB/PVD ¢dupmsr «ALD» (I'epmanus).

BUAM nauan paboTsl 10 CO3/1aHUIO0 HOBOTO TI0-
KOJICHHSI TJIa3MOXMMHYECKOTO 000PYAOBAHUS st
OCaXKJICHUS 3aIUTHBIX U YIPOUYHSIOMIHUX MOKPBITHH
13 Ta30BbIX NMMOTOKOB IUIa3Mbl, COJIEPIKAIIUX IEMEH-
ThI CHHTE3UpyeMoro nokpsiTusi. O0opyaoBaHuE I10-
3BOJIUT B €IMHOM IIPOIECCE MOIy4aTh MHOTOCIIOM-
Hble xapocTtoiikue u T3Il ¢ 6aprepHBIMU CIOSAMH
Ha OCHOBE CAMOOPIaHU3YIOIINXCS HAHOKOMIIO3UTOB
IU1st TortaTok TypouH u3 JKC Ha 0CHOBE TYTOIUIaBKUX
2JIEMEHTOB (HHOOWS, MOTMOIcHA, XpOMa, TAHTAJIa), B
TOM YHCJI€ 3BTEKTUYECKUX KOMIO3UIIMOHHBIX MaTe-
pHUaNOB Ha OCHOBE HHOOUS (WIJIM MOJIMO/IeHa, XPOMA)
C MHTEPMETAUINIHBIM YIIPOUYHEHHUEM Ha pabodyro
temmneparypy 1300...1500 °C, a takxe QpyHKIIHOHATb-
HbI€ YIPOYHSIONNE MOHO- U MHOTOCJOWHBIE 2-D 1
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HoHHOo-naa3aMeHHaA
ABTOMATHANPOBAH HAH
yveramoska MATL-3 1aa

= MouHoeTE — 90 kBA;

40 wall, 40 MA,

ACTHCTHPOBAHHOTD U ICHIA

= MPOHABOANTEALHOCTE —24-144 aer. /u;
- VCKOPHTETh TAI0BMK HOHOR —/10

Accnet HCB RO O e
OOEC TEUHBACT  [IOBBIILEH e

- BPOEHOHHGI CTORKOCTI HITPHLHLX
KapOHANBIE NOKPLITHI 6 2 pasa 3a cqer
HAMEHEHHSA CTPVETYPHOND COCTORNIA
K PBITR

Ha 20-253% ®apocToil KocTH
KOWASHCHPOBANKEIX MOKPLEITHI cHoTeMbLl
Me-Cr-Al-Y 3a cuer verpaHenins
MUKMHIODHCTOCTH HOHHO-ILTA3MEHHBIX
TR PBIT R

Amosiuansie Jddyvanonnbe KapocToiikie NoRpEITHA
= Ay anonnsie NoKpLITHA
HﬂH,‘.l_L‘HL"H|:K]H.'IIIHhIl.‘ NOKPBITHA

Kosaencaumons

AapocTolikne nokpeTHA
AA FAUIHTEL #appoiaHBIX
CIIABON OT rasopoii
KOPROInH B ofIacTH
Temneparyp 950-1250°C

Moxperriusa aas
aauprret MHC ot
ey ananoil Koppoznn B
ofigacTi TeMnepatyp 720
-950°C (ao 1150°C)

MokpuTina Aaa
AMMTEL OT COMCBO
KOPPOInn cTaneil B
ol TacTH Te

AND-T507C

[oKpLITHA 408 3AUBITH OT
NBLIEBONH IPO3NN cTatei n
THTAHOELX CIAABOR B 06IacTH
Temneparyp A00-630°C

-Mogndmunposanie NOBEPXHOCTH B HOHHO-IIAsMeHHEY yoranoekax MAT-2 w MAI-3
= ¥npoueHiie Eaponpounex cnaasos © pasnoocroi 1 BHE CTRVETY PO [myTem
MOTHPHITPOBAHEA NopepxHocTH Ta 1 Ke wa rayGuny ao 50 sMEM

Puc. 4. loHHO-TITa3MEHHBIE 3aIUTHBIC U YHIPOUYHAKOIINUEC ITOKPBITHUS

3D HaHOCTPYKTYpHBIC MOKPBITUSI C CAMOOPTaHU3YIO-
ieiics ynopsiioueHHON CTPYKTYpOi Ha OCHOBE TBEp-
IBIX COCAMHEHUI METaJUIOB U CIUIABOB IS JeTaseit
I'TJ] npu Temneparypax g0 800 °C [14-19].

Ocoboe BHUMaHUE YICISIETCSl Pa3BUTHIO TEXHOIIO-
U TONYYSHHsI MEIKOIUCTIEPCHBIX METaTUYEeCKIX
MOPOIIKOB Pa3IMYHOTO HAa3HAYCHHsI. DTO TOPOLIKH
MIPUIIOEB W HATIOMHUTEICH JUIsl BBICOKOTEMITEpaTyPHON
BaKyyMHO# 1u()(Hy3UOHHOM TTalKH, B TOM YHCIIE U KOM-
MIO3UIIMOHHOM, a TAaKKe ITOPOILKHU Pa3IMUHbIX CIUIABOB
(Ha HUKEIEeBOH, JKEJIe3HOH, THTAHOBOH, ATFOMUHUECBOM

U JIp. OCHOBAX) AJISl aJAUTUBHBIX TEXHOJOTUH M IO-
POILIKOB MarHUTHBIX MaTepuasoB Ha ocHoBe P3M.

B nacrosimee BpemMs cepuiiHOrO0 MPOU3BOJCTBA
TaKuX NOpowKkoB B cTpane HeT. B ®I'VII «BUAM»
CMOHTHPOBAH U BBEJCH B DKCIIIyaTal[MI0 HOBEHIINH
aromaiizep HERMIGA10/100VI1, npennaznaueHHbII
JUIsl IPOM3BO/ICTBA MEKOANCIIEPCHBIX METATHYECKUX
TIOPOIIIKOB Ha OCHOBE HUKEJIs, JKelle3a U aJIFOMUHUS, Ha
0aze KoToporo c(hOpMHUPOBAH Y4aCTOK MPOU3BOJCTBA
TIOPOIIKOBBIX MPUIIOEB 1 TTMJIOTHBIX MApPTUi TOPOIIKOB
CILJIaBOB I aJTMTUBHBIX TexHoiorui. [Topomiku no-

Jazaun

- PaspaboTea Texmodorill noayMedis coepxancThix no npusecis iu
KEPAMITECKNM BEINMEHNAM YABTPUIHENEPCHEX NOPOIIKGE Ha OCHOBE
THTAHOBBIX W HHECIEBbIX CIIABOE METOLI0M ATOMIFLINN Paciiam Ha
veranoske HERMIGA 10
HUKETIEBHX W THTAHOBLIX NPHIOEE 1A Nailkin Haponpoiisx ciiaBoE HoBoro
MOROIEHIA, HATOTORIEHIA JeHT I NAcT NPHNoEs Ha opTaHireckoll coaaKe
PaapafoTra TexHoaoriii NOAYMeHNA CREPXINCTEX N0 NPHMEcss 1
KepasHec KM BEANCHIAM NOPOLIKOD Ha 0CHOBE HOBOTD NOKOIEHIA
THTAHOBBIY, WHTEPMETALIUIHNKE, HHOOHEBMX W HHKEIERBX CILIABOB

METOIOM ATOMHSALII PACILIABRA, B TOM 4HC
“Axcrpa” - nopowkoes 408 Jazeproil LM D-panaasgn
Crpasynomerpittecknil coctas 40-80 sum);

KepasonoIodHbBY THTAHOBRE cIAAB0E, padoTocnocobHbBE Ao
TemnepaTvps 700 *C.

OOAaCTH NPUMEHCHIAT ABNALIGHHAA 1 PAKETHO=KOCMIECKLA
MPOMBILACHHGCTE, JACKTPOIHEPIETHED, NPpUGOPOCTpoeine, TRHcIopT

10001V ama CJ1C, nopolukoB RaponpoiHxg

4 LEN

Coagarie uenTpa koMnetennn (Tpancdepa
TEXHOUIOTHIT) N0 NOPOIKOBBIM MATEPHATAM |
ALMTHEHBIM TEXHOBOTHAM

[oppimeiite TOTHOCTH A0 POBKIR
MEHNGA, obecreenne
FAPANTHPOBAHHEIX JA30008 N]H
naiike

Puc. 5. Pa3Butue TEXHOJIOTMI aTOMU3ALIMK JIJIs1 TIOJIyYCHM S MEJIKOAUCIICPCHBIX BHICOKOKAYECTBEHHBIX METAJNINYECKUX [TOPOILIKOB
—,
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JInTeiifibie CILIABE HA oCHOBE Hedwopuupyesinie CNIABL Ha OCHOBE
HHTepMeTaLTon Tirana y-TiAl HHTEPMETANLTIA0E THTAHM
- rchs " A% e s - 1 " o | T2 z o
Cnaas [oaygabpuear |y, MIla E, I'lla Cruas [Noaydabpukar | oy, Mila &,
: Mlla : MIla
Um.l_r_ms_lu Oraneea 25w TO| =554 +538 169 BTH-4 Jluer 2,5 My =1150 | =1100 6
BHT-X
e Cy o 20 My - — . - . -
BTH-31 I.JI'}I“]I]hII"I't)} = =545 =535 168 BHUTI MpyTok S25um =1300 | =1150 8
[ponasogereo: DIYVID “BHAM” [ponasogereo: QAOQ “Ropnopauma BCMITO-ABHCMA™
[MTpensymectea KM
(Mo cpapmeine ¢ TPIHIHONHBIMN Ciaasasmm )
- MAGTHOCTH Ha 40 % HHHe;
npesen npounectt & 1,5 pasa ssime;
- EAPONAHOCTH B 2 pian BLIE,
Jlonaten ¥ EpLUIBYATER
ryplokoMnpeccopon wa TiAl i . N
Ipaseneme KM ofecnessr:
< CHIKEHHE Beca Yaaos Ha 40 %,
OfaacTH npUsenen: - MoBbLIIEHRe padouns TeMmepatyp na 230 °C;
- ARNANMOHHAA TIPOMBIILIEHHOC TS - NOBMIENTYIO NOMAPOSEICNAcHOCTS A0 900 °C.
- TPANCTIOPTHOE MALHHOCTPOCHIE )
\

Puc. 6. HepCHeKTHBHBIe Marepurajibl Ha OCHOBE HHTCPMETAJIJINIOB TUTAaHa

CTaBILIIOTCS Ha Beaylue npennpusatus orpaciau: OAO
«ABuaasuratenb», OAO «IIM3», OAO «Catypny,
OAO «HIIK «Teruooomenuuk» U 1ip. [20].

JlanbHeilee pa3BUTHE ITOTO HANPABIEHUS CBA3aHO
¢ pa3pabOTKOH TEXHOJOTUH MOTy4EHHs TIOPOLIKOB aK-
TUBHBIX CIIJIABOB 33J1aHHOTO TPAHYJIOMETPUUYECKOTO CO-
CTaBa C UCIIOIB30BAHNEM OCCTUTEITLHOM TIIABKH PACX0-
JTyeMOTO 3JIEKTPO/Ia.

[lepexon Ha moydeHue MOPOIIKOB 10 JAHHOW TeX-
HOJIOTHH TTIO3BOJIUT TIPY CEPUHHOM ITPOU3BOJICTBE I10-
JTy4aTh TOPOIIKH CIUTABOB OT€YECTBEHHBIX MAapOK Ha
OCHOBE TUTaHa, HUKEJIS,, HUOOUS U JIp. 10 CTOUMOCTH,
COM3MEPHUMOI C 3apyOeKHBIMU IPOU3BOAUTEIISIMU, TIPH
LIMPOKOH HOMEHKJIaType U 00beMOM IPOM3BOACTBA 110
30 t/mec. (puc. 5).

B BUAM pa3paboTaHbl ¥ MIHPOKO IPUMEHSIOT-
csl B aBHALIMOHHOMN NPOMBILIJICHHOCTH MPUIION Map-
ku Bllp (Bopl, Bnp4, Bnp7, Brp16, Brip28, Bnp24,
Bnp27, Bnp36, Bnp42, Bnp44, Bup50 u ap.), a Tak-
K€ TEXHOJOTHYECKHE MPOLECChl MaKK ATUMU MPH-
MOSIMU PA3JINYHBIX MaTEPHAIIOB.

B nacTosimee Bpemsi TEXHOJOTHMU MalKH, B TOM
yucie nuddysnonHol, pazpaboranusic B BUAM,
HaILTH [TUPOKOe TPUMEHEHNE TIPU U3TOTOBIICHUH JIe-
Tase u y3nos I'TII.

WNHTepMeTannuaHble CIIaBbl HA OCHOBE TUTaHA
HanboJiee BOCTPeOOBaHEI B 00JIACTH TBUTATEIECTPO-
eHust. s OCTHKEHUs MOJIOKUTEIbHBIX PEe3yNbTa-
TOB IIPOMBILUIEHHOTO MPOU3BOACTBA JAOJKHBI OBITh
YCIICIIHO PEIIEHBb! CIEAYIOMHNE TEXHOJIOTHUECKHE
3aJa4u:

= pa3paboTKa CIUIaBOB HA OCHOBE Y-(ha3bl HHTEP-
Metamuuaa TiAl ¢ TpenM3MOHHON CUCTEMOM JIeTHpO-
BaHMS U IUIOTHOCTBIO 3,5...3,9 r/cm? u paboueit Tem-
rieparypoit 1o 800 °C;

28

* CO37laHUE TEXHOJOTUH BBIMIABKU HHTEPMETAJI-
JUJTHOTO Y-CIUIaBa C yIpaBIeHUEM CTPYKTYpOH B
CIIMTKAX;

= pa3paboTKa TEXHOJOTUH MeXaHH4YeCKOoW oOpa-
0OTKU jieTaneil u jonarok (puc. 6).

Pa3ButHe kaponpodyHbIX CIJIAaBOB JJISI IMCKOB
I'T/] xak oTeueCcTBEHHBIX, TaK U UX 3apyOeKHbBIX aHa-
JIOTOB B MEPBYIO OYEPENb CBA3AHO C YBEIMUYECHHEM
paboueil TemrepaTyphl U MOBBIIICHHEM KOMIIJIEKCa
MEXaHUYECKUX CBOMCTB: JJIUTEILHOU U KpaTKOBpe-
MEHHOW MPOYHOCTH, a TAaKXKe YCTATOCTHBIX XapaKTe-
pucTuk (B iepByto ouepens MILY).

Crnenunanucramu ®I'VII «BUAM» paspabo-
TaH HOBBIN €(POPMHUPYEMBIN KapOIPOUYHBII CILIaB
BXK175, koTopblil XapakTepu3yeTcsl YHUKAJIBHBIM CO-
YeTAaHUEM MEXaHMYECKUX CBOWCTB, MPEBOCXOISIINI
M3BECTHBIC OTEUECTBEHHBIC U 3apyOCKHBIE CTUIABBI
— M0 KPaTKOBPEMEHHOW M JUIMTEIBHON MPOYHOCTH
no 15 %, no manonukinoBoit yctanoctu 10 30 %, ¢
MaKCHMallbHOM Temneparypoi padotsl go 800 °C.
Takue mokasareyu JJOCTUTHYTHI Onarofaps coanancu-
POBaHHOMY JIETHPOBAHMIO, OTHOPOHON METKO3EPHHU-
cToit cTpykType (3epHO 15...30 MKM) B OpUTHHAITLHOMY
PEKUMY TEPMHUYECKOH 00pabOTKH, 0OeCIIeunBaoIIeMy
BBIJIETICHUE YIIPOYHSIONINX (pa3 pasiimaHON AUCTIEPCHO-
CTH, B TOM YHCJIE YacTHII pa3MepoM mMeHee 80 HM.

N3 cnnasa BXK175 0cBO€HO MPOMBIIIIIEHHOE HPO-
M3BOJICTBO KPYNMHOT'a0APUTHBIX IITAMIOBOK JHCKOB
(nnametrpom 10 550 mm) Ha OAO «M3 «Bnekrpo-
cranb» 1 OAO «CMK» mns I'T]] msitoro moxkoneHust
[21].

JanpHeliliee MOBBIIIEHUE dKCIIyaTallHOHHBIX
CBOMCTB 7KapOIPOYHBIX CIJIABOB HAa HUKEJIEBOW OCHO-
BE 3a CUET YBEIUYECHUS YIPOUHAIOMNX TYTOIUIaBKUX
1 Y -00pa3yromnux IEMEHTOB KpaifHe nmpobiemMaTy-
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LSHR
[Mpeaen ! anraiun | B 28 ]{1-||¢-HH|‘,|'}_I K175
IIROAHCCTH 1600 O 0 BRET5I
g2 _ Astrallov BRTI1
S M0 SR ol
=~ Waspaloy, _— KT
= = AN875
2 1200 F ncod 18
z 2HEYE BACL7S
2 ' BE7HII —
Z 1000 F w4 LsHR  BE7pN 2030 1. Conamme
Aaponpownocrs | 2 Waspaloy ook . ZJ!iFFFH"“‘MIH- BHICOKOTEMIIEPATY PHBIX
G50 7Aoot - '“-'”"-" HAHDCTPY KTV PHPOBINMY
T 10 e KOMIOEMIHOHH B
+ SHEx MOTA LT GCK Y
00 . . . : : MATEPHAIOR HOBOTD
KJIACCA, B TOM SHCAS
21200 BT Hil OCHOBE
=] I K151 SHE i BLCOROGKAPOIT PO HLX
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= o TYTOIVTABKIMA BOJIORIAMI
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B f.:.. i TEXHOAOTHIT HATOTOmICHIA
0 = b0 L = = - L - . FAMOTOBOK JINCKOBE 13 HUX
Ha Oaze = 1950 1960 1970 1980 1950 2000 2010 2020
1041 lop paspatioren |
«<» LS o a»
JehopsmpyeMc O Fpmuny e
CILTAEN ;]i!p_‘- (H'J.IIIDH' OTCNCCTERCHH B
i ipafiotkn BHAM CHL LI corans (T

Puc. 7. PazBuTHe jkaponpoYHbIX HUKENIEBBIX CILUIaBOB A auckos I'T/]

HO, TaK KaK YK€ CEroJlHsl ypOBEHb JISTUPOBAHUS ITUX
CIUTABOB JJOCTUT KPUTHYECKOTO 3HadeHus. [loaTomy
OCHOBHBIEC HANPABJICHUS PA3BUTH MaTEPHUAIIOB IS
nuckoB ['TJ] cBs3aHbl ¢ pa3pabOTKOW HOBBIX HAaHO-
CTPYKTYPHPOBAHHBIX KOMITO3UITHOHHBIX MAaTEPHATIOB,
B TOM 9YHCJIe HA OCHOBE BBICOKO)KaPOTIPOYHBIX HUKE-
JIEBBIX Je(OPMUPYEMBIX CIIJIABOB, YIIPOYHEHHBIX TY-
TOIUTABKMMHE BOJIOKHAMH WJIM YacTHIIaMU (pHcC. 7).

Bricoxonpounslil cBapuBaemsblii caB BXK172,
Onarozmapst cOaaHCUPOBaHHOMY JIETUPOBAHHUIO U OII-
TUMaJBbHOMY COJCPXKAaHMIO YIpOUHsIomen ¢assl, o
MOKa3aTelNsiM NMPOYHOCTU U KapOMPOUYHOCTH MPEBOC-
XOJIUT CYIIECTBYIOUIME OTCUECCTBECHHBIC H 3apyOeiK-
HBI€ CIUIaBbl aHAJIOTHYHOTO Ha3HadeHus Ha 15...70 %
IIpY COXPAaHEHUH BBICOKUX JUIsl JAHHOTO Kjlacca Mare-
pHAJIOB XapaKTepUCTHK CBAPUBAEMOCTH M TEXHOJIOTH-
YECKOM MIACTUYHOCTH.

CmraB BX 172 npenna3HadeH a1 NPUMEHEHUS
B Ka4eCTBE Marepuasa i KOPITyCOB KaMephl cropa-
HUS ¥ TypOWHBI IPYyTUX HATPYKEHHBIX IE€TaNeH U y3-
JIOB cTaropa ropstaero tpakta [T/, paboTaromux mpu
temreparype 1o 900 °C. Kpome toro, crima BXK172
MOJKeT ObITh IPUMEHEH B KauecTBE Marepuasa JAuc-
KOB cBapHOro poropa KB/l 1 BabIi0OBaHHBIX JIOTIATOK
KBJ ¢ remneparypoii pabotsl 1o 750 °C.

OnpezeneHpl TEXHOJOTHYECKHE TTapaMeTphl apro-
HOJyTOBOW CBapKH HOBOTO BBICOKOKapPOITPOYHOTO JIU-
CTOBOTO HHUKeJIeBOTO cruiaBa BXK171, ynmpounsemoro
XUMHUKO-TEPMUIECKOH 00padOoTKOM (BHYTPEHHUM a30-
TUPOBAHUEM ), TIPEIHA3HAYEHHOTO ISl U3TOTOBJICHUS
CBApHBIX JIeTaJell 1 y3JI0B KaMep CrOpaHusl, UX HaH-
0oJee BRICOKOTEMIIEPATYPHBIX 3JIEMEHTOB U JIPYTHUX
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neraneil nepcriektuBHbIX ['TI. Hutpuasl ominyaror-
cs1 OOJIbIIICH TEPMOJIUHAMHUYECKON CTAOUIBHOCTHIO
YeM WHTEPMETAaJUIMBI U KapOubl, UTO MO3BOJISET
MOBBICUTH pabouyro Temneparypy mo 1200...1250 °C.
Csapka cmiaBa BX171 ¢ azorupoBanneM mocie
CBApPKU C UCIIOIb30BAHUEM OCHOBHOTO MaTepualia B
BUJE NPUCAAKU MO3BOJSAET MOJYUYUTh CBAPHBIE CO-
€JIMHEHUS C BBICOKOW COMPOTHUBISIEMOCTHIO K 00-
Pa30BaHUIO TOPSYUX TPELUIUH (AKp > 4,5 MM/MHH), C
MPOYHOCTHIO, ONMM3KOH K MPOYHOCTH OCHOBHOTO Ma-
tepuana (o, . =095..1,0 0, ) [22].

Bo ®I'VII «BUAM» pa3paborana u peain3opa-
Ha MHHOBAITMOHHASI TEXHOJIOTHUS M30TEPMHUYECKON
IITAMIIOBKH Ha BO3YXE C IIEJIbIO MOITYYSHHs IKOHO-
MUYHBIX BBICOKOKAQU€CTBEHHBIX 3aTOTOBOK JMCKOB U3
BBICOKOKAPOTMPOYHBIX HUKEJIEBBIX CIIJIaBOB JUJIS Ma-
nopasmepHbix I'T/I.

Hogas sneprosddextnBHas u pecypcocodeperaro-
1ast TEXHOJIOTHS OTIMYAETCS BRICOKMM KO3 (hrIieH-
TOM MCTIOJIB30BaHMUs MaTrepuana (ero 3HadyeHus B 2...3
paza BBILLIE [0 CPABHEHUIO CO IITAMIIOBKON B OTKPBI-
TBIX LITaMIIaX, KOTOPas UCIOJb3YETCsl HA KPYIHBIX
MPOMBINIJICHHBIX TPEANPUATHIX), JIydIIel mpopa-
0OTKOU CTPYKTYpBI METaJLJIA, YTO 00ECIICYNBACT BhI-
COKYIO CTAaOMIIBHOCTh MEXaHUYECKHX CBOMCTB.

B kauectBe UCXOQHON 3arOTOBKHU AJIsl U30TEPMHU-
YeCKOM IITaMIOBKH MOKET MCIOJIb30BaThCS Kak ce-
puitHbIi npeccnpyTok auamerpom 80...150 Mm, Tak u
MEpPHBII CIUTOK, IIOJy4EHHBI METOJJOM BBICOKOIPA-
JTUEHTHOM HampasieHHON Kpuctaumsanuu (BI'HK).

[To cpaBHEeHHUIO C 3apyOeKHBIMH pa3pabOTKaMH
BBICOKOTEMITIEpATyPHAsl U30TEPMUYECKAs! IITAMIIOBKA
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Macca B ]
Yiseroman aemnis 1,0 HfWpeR THEHOCTL:
] - yeeansene KHM 8 1,3-2,0 pasa 2 ¢9eT YMCHLIICHR
Wamepmmweckas 1203 | poginyeson n onmisHIans opMonaselenis no nepexoiad
Avspsmm . .
IITAMITEGEEN
I vasnonsa « + CORPANCEHIE TPYAGEMEOCTH MCXANNMSCKO obpaboTn

ropads wrasnax 1,3=1.5 aerasedt mn 20-30 %

Mpossamcuias - CHIGEEHIE SHEPreTINeCKIN 3ATPAT 36 CHeT CoRpaliLena
HITAMIIORE 2,0-35 | Onepainil TeXHOAGIINeCKOND NEPEIcLE 1 CNoALI0BaNHA
ofopyrosanna Mensell MouHOCTH,

- CORPANEHNE HIW VTPARCHNE ONepaiinil nposeRy ToMHorn
FALTEHIA NOBEPXUOCTUBIX ACPeKTon 1PN maroTomIem
ITAMIOBOK W3 TPYAROASDOPMIPYEMBIX BEICOKOKIPOIPOTIEIX
H BWCOROACTHPOBAHHIY CILTAROR.

- Mz Mepusx caONTRon, NoJySCHHNX 10 BHCORONPaMenTioll Texnoaomnm
Comrox DopsmpoRanie IlTammonka Anckos

(2 100 mm) CREPXNIACTHY RO & o 300 mm Odmodeman JroTonk
CTPVETVPM
Jepain

Bo BIYIT “BHAM" AT
OPramBa ; A1 mp k
cepuiinoe E> 5 I:> E> i i
TPONABNICTHG ’ T lﬂ
IITAMIICHBOK JIHEC KO G T .

sanopassepimx T

- Ha npyvreoroil sarotoskn cepriinoil noctankn

Ofimes nponInoacTea [peccopanumii — Popauposanie Il rammomka Auckon
A 1530w, B rog NPVTOK r.'ul.'|:|:~;||_'|:|r.'|||'\-|||l.ri:| & o 300 Mm Odmodemiias FroTenk

Puc. 8. I/I3OTepMI/I'-ICCKaSI LITAMITIOBKA KapOIPOYHBIX JUCKOBBIX CINIABOB HA BO3AYXE Ul MAJIOPa3MEPHBIX FTI[

MPOM3BONTCS HA BO3AYyXE, a HE B KOHCTPYKIHOH- yCTaHOBKAaX C JAOPOTOCTOSIIUMHI MOJIHOICHOBBIMH
HO-CJIOHBIX MaJIONIPOU3BOUTENHHBIX BaKYYMHBIX —IITamMmamu (puc. 8).

IJ'I]'I'H]J_I“ZIIIIIHJI CHAPHA TPeHnes OO ICHNECT:

= BGEMOGRNOCTE CHA RN .:l.L'F-il.IL'i"i FLE MEITOP LTINS
HCCHAPHBACMMY MOTOSLAME CEADKH ILTARTCHECM D

- MOJIYHCHIE CRAPIME COLMennil ¢ npounecTsm, Ganskoii
K II|'H.I"III|.K'I RO HCHEFOHOC BT PRTELTEL

= [HFEBIIICHIE ZI[l]{l]t‘lCTI-lH]it)l"l’l[ FEEMOTOBACHAA CHAPHIEX :L':!.'HHI!:

- FHAMHTEABHOE CHIBEEHHE TPYIOCMEOCTH H3MOTORIEHIA;

= BELEMOGEHOCTE ABTOMAITIANNN NPOipecca Coapkin.

[MoayvasroMar ga8
CHAPKN TPCHIEM

IMCT-30-2M

Craproe cogimHenne "T}}}'fm-'rp_\'ﬁ;l" Ap n nocae ceapkn w T,/0 Crapnan koneTpykumns “anck-san”, Cnoas BAKITS
cnaas BA173) (Ao 1 noche Mexannaeckodi ofpabdorin)

Mexanneckne ceolicTa CHAPHBLX COETHHEHIT A AP POTHBLY ,'I_E{"'KTI]}M]!I]!.’E!-[HI HHESAEBERIY CILTABOR

C:::':y::ﬁ’::v Texnonormmecknii gapuant | 6,2 MIla | 650 MIa | off MIa | o MIla :;I:;;;: -'::1 K = G e/ Tom.
JakaakatCTapeHetCEApED 1232 205 638 - 295 =08
BAIT5+BIK1T | 3akaaka+ceapratcTapenie 1550 15000 940 - X 0,90-1,0
Crapka+iakaika+CTapeiie 1360 1510 850 - 280 0,85-1,0
DHGI8+IHGIS Crapra+aakaikatcTaperie 1120 - - Frit 400 =0,9
AMN975+211975 Crapka+iakaikaCTapeiie 1120 - - 990 360 =0.9
BAOT249KT9 Crapra+aaxaikatcrapenie 1306} - - A50 JR0 =0,8-0.95

Puc. 9. PazpaboTka TeXHOIOT Il pOTAIHOHHOI CBapKH TPEHUEM
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Puc. 10. MexaHuyeckue CBOWCTBA BEICOKOIPOYHBIX MAPTEHCUTHOCTAPCIOLIHX CTajleh

Ha 6aze ®I'VII «BUAM» Oynet co3naH LEHTP
TpaHcdepa TeXHOJIOTHH U30TepMHuUYecKor nedopma-
LMW Ha BO3JyXEe HOBOTO MOKOJICHUS TeTepodazHbIX
Tpyanoaepopmupyembix JKC [23, 24]. Pazpabora-
HBI TEXHOJIOTHH POTALlMOHHOM CBapKH TPEHUEM Ka-
POTPOUYHBIX AePOPMUPYEMBIX HUKEICBBIX CILIABOB
B OJIHOMMEHHOM M Pa3HOMMEHHBIX COUYCTAHHSIX MPH-
MEHHTENbHO K M3TOTOBJICHUIO U3JEIUI THIIA «IHC-
K-BaJ», «OIUCK», «OIMHTY, 00ECIICINBAIOIINE TIOITY-
YeHWE CBAPHBIX COeAUHEHUH ¢ mpouHocTsio 0,8...0,9
IPOYHOCTH MEHEE NPOYHOro crutasa (K=o, /o . ).
Br1Opanbl OCHOBHBIE MapaMeTphl MpolLecca CBApKU
TpeHueM ciuaBoB. MccnenoBana 3aBUCUMOCTD PEKH-
MOB CBapK{ TPEHUEM U MEXaHHYECKHX CBOMCTB CBap-
HBIX COCIMHEHHH OT TePMUYECKOH 00pabOTKH cBa-
puBaeMbIX 3aroToBoK. I[IpoBeneHa cBapka TpeHHEM
uMHTaTOpa aucka u3 crasa BXK175 nmamerpom mo
300 MM 1 Basta quameTpoM 35 mm (puc. 9).

B ®I'VII «BUAM» pazpaboTaHbl BEICOKOTIPOU-
HbI€ KOHCTPYKIIMOHHBIE MapTEHCHTHOCTAPEIOIINE
0Cc000 HU3KOYIJIEPOIUCTHIE CTAIN CHCTEMBI JIETHPO-
Banus 18Ni-8Co-5Mo-Ti-BKC-170 (o, >1570 MIla)
u BKC-180 ((SB > 1720 MIla), pekoMeH10BaHHBIE JIJIS
pabotst 10 400...450 °C.

B tabnuue (puc. 10) mpeacraBieHbl MeXaHHYe-
ckue cBoiictBa craneit BKC-180 u BKC-170 B cpas-
HEHMHM ¢ cepuilHO mpumeHseMoil ctanbsio OII517 u
3apy0exHbIM ananoroM Maraging 250. U3 naHHBIX,
MPUBEICHHBIX B TAOMUIlE, BUIHO, YTO KOHCTPYKIIH-
oHHBIE MapTeHcuTHOCTaperonme ctaanu BKC180 u
BKC-170 npeBocXoaaT 1o NpOYHOCTHBIM XapaKTepH-
ctukam 1o +400 °C crans DI1517, He yCcTymaroT 1Mo
COOTBETCTBYIOLINM XapaKTEPUCTUKAM 3apyOeKHOMY
aHasiory. Takxe 3Tu CTanu NPeBOCXOAAT IPUMEHsIe-
MBIE 10 JONTOBEYHOCTH, BHIHOCIIMBOCTH, AJUTEILHON
MIPOYHOCTH U TOJI3yUECTH.

BricokonpouHble KOHCTPYKIMOHHBIE MapPTEHCHUT-
Hocraperone cranu BKC-180 u BKC-170 OynyT

10-11/2013

ucnosb3oBaTbes aist BanoB ['T/] ¢ nenbio cHuxKe-
HUS Macchl Baja npuMepHo 10 30 % 1o cpaBHEHHMIO ¢
NPUMEHSIEMBIMU MAPTEHCUTHBIMH CTalsiMH (puc. 10).

3a mepuox 2010-2012 rr. pazpaboran cocTas Te-
mnocroikort ctanu BKC241 nns nogmmmaukos I'T/I,
PENyKTOPOB BEPTOJIETOB, TEXHOJIOTHS BBHIIIJIABKH, TO-
psdel macTu4eckor ned)opMaliuu U yIpodHsOIIeH
TepMHYecKol 00paboTKH, 00ecIeunBaloNIne TBEP-
nocth mipu 20 °C me menee HRC 60, TermiocTou-
kocTh 500 °C, TEXHONIOTUYHOCTh U CTPYKTYPHYIO
OJHOPOAHOCTD.

ITo ypoBHIO cBOHCTB (yaapHas BSI3KOCTb, TBEP-
nocte) crans BKC241-BU naxonutcs Ha ypoBHE
ananora — M50 (CLA) u mpeBOCXOAUT MPUMEPHO
B 2 pa3a Mo ylapHOH BSI3KOCTH NMPUMEHSIEMYIO CTalb
OUN347.

HoBas temnocTolikas NMOAILIMIIHUKOBAs CTallb
BKC241 mo cTouMOCTH JETUPYIOMUX DIIEMEHTOB JIe-
menie DU 347 B 1,5 pa3za.

B 3axmiouenue cieayeT OTMETUTh, YTO MPUMeE-
Henue pazpadboranHeix B OI'YII « BUAM» HOBBIX
MaTepHuaioB MO3BOJIUT PEHINTh CEPbE3HBIC Hayd-
HO-TEXHHYECKHUE 3a/1aun, a UMEeHHO: co3marh I T/] ¢
OTHOIIEHHEM TATH K Becy 20:1, TOBBICHTH pab0odyIo
temnepatypy rasza no 2000 K, yBenuuuts pecypc u
cpok ciryx0b1 I'TI[ B 1,5...1,7 pa3a, o0ecrnieunBasi, Tem
CaMBbIM, OIEPEXKAIOIEEe PA3BUTHE OTPACIIN aBUAIIMOH-
HOTO JABUTaTEIECTPOCHHUS.
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GENERALIZED ADDITIVE MANUFACTURING
BASED ON WELDING/JOINING TECHNOLOGIES

GUAN QIAO
Beijing Aeronautical Manufacturing Technology Research Institute
P O Box 863, 100024 Beijing, China

Being in the leading position of non-conventional welding technologies R&D in China, Beijing Aeronautical Manufacturing
Technology Research Institute (BAMTRI) has been involved in a number of research programs relating to generalized additive
manufacturing based on welding / joining technologies. Such research programs and projects provide aviation industry a rapid
response in design and trial manufacture of new products. BAMTRI, founded in 1957, is a comprehensive research institute
specializing in the research of advanced aeronautical manufacturing technologies and development of related equipment as
well as promoting such technologies and equipment to industrial applications. Based on its superiority in electron beam, laser
beam, plasma & ion beam processing technologies, the National Key Laboratory for Power Beam Processes was established
at BAMTRI in 1993. Power beam welding / joining / processing and solid state welding / joining are the two most important
R and D areas at BAMTRI to solve the “unique” and “critical” problems in modern acronautical manufacturing as well as to
establish the technical basis for generalized additive manufacturing, providing frontier technologies and related machinery to
aviation enterprises in China. 10 Figures.

Key words: survey, non-conventional welding technologies, power beam welding, additive manufacturing, aviation industry,

application

1. Non-Conventional Welding / Joining Technolo-
gies at BAMTRI

To meet the increasingly growing demands of the
aviation industry to develop new aircrafts and ae-
ro-engines from generation to generation, continuous
efforts have been made to exploit advanced welding /
joining technologies. New methods and related equip-
ments have been developed for precise and automatic
material processing and structural elements forming.
For the past half century, a system of non-conven-
tional welding / joining technologies for aeronautical
manufacturing has been formed at BAMTRI, which
could be outlined as follows.

System of non-conventional welding/joining
technologies for aeronautical manufacturing

e [ Integrity of Welded Structures and Control of Stress and
Distortion
* II Gas Shielded Arc Welding
e I Brazing and Transient Liquid Phase Joining (TLP)
* [V Resistance Welding
* [V Power Beam Welding/Joining/Processes
¢ V-1 Electron Beam
¢ IV-2 Laser Beam
¢ [V-3 Plasma and Ion Beam
* Solid State Welding/Joining
¢ V-1 Diffusion Bonding (DB) and TLP
* V-2 Super Plastic Forming/Diffusion Bonding (SPF/DB)
¢ V-3 Friction Welding (FW)
= V-3-1 Inertia FW
= V-3-2 Linear FW
= V-3-3 Friction Stir Welding (FSW)

© GUAN QIAO, 2013
10-11/2013
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Among the non-conventional welding / joining
technologies in this system, power beam welding /
joining / processing and solid state welding / joining,
as mentioned above and will be described below, are
the two most important R and D areas at BAMTRI,
providing tools to solve the “unique” and “critical”
problems in modern aeronautical manufacturing,
which are also potentially attractive and exciting for
designers together with engineers to provide more
creative thought and space for innovatory implemen-
tation of new products.

1.1. Power Beam Welding/Joining/Processes

Electron beam (EB) R&D activities at BAMTRI
mainly involve deep penetration welding, additive
manufacturing, electron beam physical vapor depo-
sition for thermal barrier coatings (TBCs), electron
beam texturing, electron beam brazing and other ma-
terial processing.

One of EB machine of 150 kV, 60 kW, 85 m?
(7.5 mx3.8 mx3 m) was built for deep penetration

DN

Ot

Figure 1. EB surface texturing for enhanced joining of titanium
flange with composite material
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Figure 2. (a) Dual-beam laser robotic system for welding of aluminum
and titanium airframe, (b) stiffened panels with (c¢) T-joint simultane-
ously from both sides of fillet welds

Figure 3. (a) Laser drilling for turbine blades and (b) laser peening
for compressor blades

welding of titanium components with the hickness up
to 150 mm.

The superiority of electron beam with extremely
flexible scanning ability has been applied for sur-
face texturing to obtain enhanced joining of titanium
flange with polymer composite, as shown in Fig.1.

Laser Beam R&D activities at BAMTRI mainly
involve welding, cutting, drilling, peening, additive
manufacturing as well as hybrid laser/MIG weld-
ing, texturing and surfacing. Fig. 2 illustrates an ex-
perimental set-up of dual-beam laser robotic system
(Fig.2a) for welding of aluminum and titanium air-
frame stiffened panels (Fig.2b) with T-joint (Fig.2c)

welded simultaneously from both sides of fillet welds.

Fig.3a shows an application of precise laser drill-
ing technologies for aero-engine turbine blades. To
improve fatigue life, laser peening technology is also
performed on compressor blades (Fig.3b).

Plasma and ion beam R&D activities at BAMTRI
mainly involve plasma spraying for turbine blades
with TBCs as well as nano-structured TBCs, plasma
immersion ion implantation and deposition, such as
TiN deposition, thin film and TiCrN multilayer film
deposition on aero-engine parts.

1.2. Solid State Welding/Joining Technologies

As mentioned above, the importance and contri-
bution of solid state welding/joining technologies
for aeronautical manufacturing are incomparable in
solving specific “unique” and “critical” problems; in
solid state welding/ joining technologies there are no
troubles and imperfections being inherent in fusion
welding processes.

In the early 1980’s, super plastic forming / diffu-
sion bonding (SPF/DB) technology was firstly devel-
oped at BAMTRI for fabricating airframe titanium
panels in order to reduce weight and improve structur-
al performance. Nowadays multi-layered inner-stiff-
ened titanium panels with complex configurations
have been fabricated to meet specific requirements
from aviation industry, space sector and other fields.
Technical and economic benefits brought by SPF/DB
are of great value for both designers and fabricators.

Linear friction welding (LFW) is an unique tech-
nique to manufacture high performance aero-engine
blisks so as to replace the traditional tenon joints,
achieving the weight reduction for the entire struc-
ture. Fig.4 shows a part of the as-welded blisk and
macro structure of the solid state joint. LFW can be
considered as a block joining process in solid state
additive manufacturing that will be described below.

Moreover, friction stir welding (FSW), which is
also a solid state welding process, has been developed
at BAMTRI for over fifteen years, and this develop-
ment is ongoing. As a great alternative choice, FSW
has attracted more attentions to be used instead of the
traditional fusion welding in the area of aluminum
structure joining. Similar to the LFW, FSW is also a
powerful block joining process in solid state additive
manufacturing.

34
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2. Understanding of Generalized Additive
Manufacturing

Additive manufacturing is different from the tra-
ditional material removal machining / cutting reduc-
tion manufacturing. In additive manufacturing, struc-
tural elements are formed usually by metal melting
deposition. Such deposition is generally performed
layer-by-layer with CAD/CAM techniques which is
based on wire / powder feeding and melting using
electron beam or laser beam. In generalized additive
manufacturing, structural elements could also be pro-
duced by block joining using allied energy sources
for welding /joining technologies, such as mechanical
friction heating etc.

The disadvantages of traditional material remov-
al machining / cutting reduction manufacturing tech-
niques include low effectiveness, high material cost,
and relatively long manufacturing cycle while a great
portion of valuable material is turned into undesirable
metal chips.

Compared with traditional techniques, additive
manufacturing has many advantages and benefits,
such as free forming, near net shape fabrication, ma-
terial and time saving, flexibility and ability in con-
trolling and optimizing performances of products.

Besides laser beam and electron beam, other al-
lied energy sources are also applicable for gener-
alized additive manufacturing, such as: chemical,
electro-chemical, mechanical etc., especially pile-up
forming could be performed applying block joining to
produce directly integrated monolithic metallic struc-
tural elements.

From a welding researcher’ s point of view, the
original formation of generalized additive manufac-
turing is buildup cladding by manual metal arc weld-
ing, or using gas tungsten arc welding as well as mi-
cro-plasma welding with wire feeding for surfacing
and repair work. Although these heat sources do not
possess the suitable flexibility and advantages as elec-
tron beam and laser beam used for modern additive
manufacturing, all the heat sources for fusion weld-
ing are applicable for additive manufacturing, provid-
ed computer aided automation is entrusted to them.
Besides, block joining processes using mechanical
friction heating like linear friction welding are also
considered as the solid-state additive manufacturing.

For the past two decades, the technical basis for
rapid development of additive manufacturing has
been attributed to the extreme flexibility of power
beams like electron beam and laser beam (such as
power control, focusing control, deflection capa-
bility, scanning control, long focused active zone)
combined with CAD/CAM technologies.

At the same time, additive manufacturing has
been more and more applied for direct metal free
forming fabrication.

10-11/2013
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In general, modern advanced generalized ad-
ditive manufacturing could be classified into three
categories: 1) direct metal free forming fabrication,
2) non-metallic parts direct manufacturing, 3) rapid
bio-model direct forming.

Fig.5 shows the distinctions between additive man-
ufacturing in a narrow sense (inner circle) and additive
manufacturing in a broad sense (outer ellipse). The inner
circle represents the additive manufacturing in a narrow
sense based on laser and electron beams with CAD/
CAM to form the parts by deposition layer-by-layer. The
outer ellipse gives an idea to understand the generalized
additive manufacturing based on allied energy sources
such as electrical arc and plasma for melting deposition,
light sources for photo curing stereo-lithography, elec-
tro-chemical sources for deposition in liquid phase, and
mechanical friction heating sources for block joining etc.

It should be stressed that in past years the enthu-
siasm to promote 3D printing is mostly related to
non-metallic part direct fabrication. But nowadays
direct metal free forming manufacturing is expected
to be the follow-up upsurge of additive manufactur-
ing to change gradually the traditional manufacturing
mode from mass production to customized product
made to order. Another breakthrough in bio-model di-
rect forming as generalized additive manufacturing is
predictable in the near future.

3. Potential Application of Generalized Additive
Manufacturing

3.1. Additive manufacturing based on electron
beam

Fig.6 shows the principle of additive manufactur-
ing process based on electron beam with wire feeding.

melting deposited)

electnon
mcial

bnim =, oD

/

path cirection

Figure 6. Principle of (a) Add. Mfg. based on EB with wire feeding and (b)
deposited titanium structural element after machining

35



, CBAPKA W POOACTBEHHBLIE TEXHONOM KA

TibAIY powde

L
"ﬂ&'\.
i

] melted surface

Complex Spatial Structure

b e e
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In vacuum chamber the wire fed to welding pool is
melted by CAD controlled focused scanning electron
beam, layer-by-layer deposition path is directed ac-
cording to the CAD model (Fig.6a); a typical depos-
ited titanium structural element after machining of
1000 mmx>300 mmx200 mm is also shown in Fig.6b.

In the past few years, EB additive manufacturing
titanium alloy wire composition system made to cus-
tom-order has been developed at BAMTRI to meet
the required properties and structural performance.
Technologies for deposition path control, parameter
optimization, as well as post treatment are utilized to
avoid possible emergence of imperfections and dis-
tortion. In general, mechanical properties of the de-
posited elements are compatible with forged parts.

Up to now the largest-sized facility for electron
beam additive manufacturing with wire feeding sys-
tem has been set up at BAMTRI. It is capable to
fabricate structural elements with dimensions of
1500 mm/800 mm/3000 mm.

Additive manufacturing based on selective powder
melting using electron beam is also implemented in a
vacuum chamber. Metal powder spread on the pow-
der bed is melted layer-by-layer by scanning electron
beam following the CAD model paths.

In Fig.7 Ti6Al4V powder and melted deposition
surface are shown (Fig.7a); in this way complex spa-
tial structure (Fig.7b) can be built-up easily.

3.2. Additive manufacturing based on laser beam

Using laser beam, additive manufacturing could
be implemented based on either direct laser melting
deposition with coaxial feeding powder or selective
laser melting with spread powder on bed layer-by-lay-
er. Besides, laser beam additive manufacturing based
on wire feeding is also explored at BAMTRI.

Fig.8 shows the universal laser beam additive
manufacturing robot facility at BAMTRI for direct
laser deposition melting, selective laser melting depo-
sition as well as wire feeding laser melting deposition
(chamber with dimension of 3 mx3 mx2.5 m).

Technological procedures for laser beam additive

s
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manufacturing almost the same as for electron beam
additive manufacturing. Material system with either
wire or powder composition preparation made to
custom-order also has been developed to meet the re-
quired properties and structural performance.

For more precise deposition forming (e.g. surface

Figure 8. Universal laser beam additive manufacturing robot fa-
cility at BAMTRI for direct laser melting, selective laser melting
as well as wire feeding laser melting

roughness Ra: 10 ~ 30 pm), high performance laser
beam, fine granulated powder layer thickness should
be matched. Subsequently, it is undoubtedly logical
that the as deposited parts will be the final products or
just finished surface polishing is needed.

3.3. Generalized additive manufacturing based on
block joining

For high performance aero-engine, the compres-
sor weight reduction can be reached up to 50% if the
traditional tenon joining of blades to disk can be re-
placed by blisk (blades to be welded to disk). Solid
state additive manufacturing based on block joining
by linear friction welding to produce integrated mon-
olithic welded blisk is an effective tool for achieving
the above mentioned idea.

Fig.9 exhibits the weight reduction for aero-engine
tenon joining replaced by welded integrated monolith-
ic blisk (Fig.9a) using linear friction welding (Fig.9b)
as solid state additive manufacturing.

10-11/2013
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Figure 9. For aero-engine weight reduction (a) tenon joining replaced by (b) welded integrated blisk using linear friction welding as solid

state additive manufacturing

Low effectiveness in material saving and time sav-
ing of traditional material removal reduction manufac-
turing based on machining & cutting is fully reflected
on monolithic stiffened airframe panel fabrication.
Nowadays Friction Stir Welding (FSW) turns the tide
and brings about a radical change in the situation of
block joining additive manufacturing of aluminum
monolithic stiffened airframe panels. Stiffening ribs
are assembled and welded to skin sheets using FSW
for aluminum monolithic stiffened airframe panel
fabrication. The name of solid state block joining ad-
ditive manufacturing by FSW matches the reality.

In the case of titanium alloy, monolithic stiffened
airframe panel fabrication can be achieved by block
joining additive manufacturing using laser welding;
titanium stiffening ribs are assembled and welded to
titanium skin sheets using dual-beam laser robotic
system as already shown in Fig.2.

3.4. Generalized additive manufacturing based on
other energy sources

The variations of generalized additive manufactur-
ing based on other applicable allied energy sources
have been shown above in Fig. 5. As a typical appli-
cation shown in Fig.10, an example is given to electron
beam physical vapor deposition (EB-PVD) for additive
manufacturing of turbine blade with complicated inner
cooling gas channeling. Technology and material compo-
sition of the blades made to custom-order for electron beam
physical vapor deposition (EB-PVD) are selected to match
the required properties and structural performance. In the
vacuum chamber either a single electron beam gun or mul-
tiple electron beam guns can be used to form the blades by
depositing different materials. It is expected that EB-PVD
will be full of promise in additive manufacturing of newly
designed aero-engine parts.

F
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Figure 10. Turbine blade with complicated inner cooling gas chan-
neling to be fabricated by additive manufacturing using electron
beam physical vapor deposition (EB-PVD)

Concluding remarks

In terms of market pull there is very strong interest
in additive manufacturing (particularly using power
beams: electron beam & laser beam) from the avia-
tion industry, especially for airframe and aero-engine
applications as strategically important. BAMTRI has
been involved in a number of research programs for
aviation companies to provide a rapid response in de-
sign and trail manufacturing of new products.

For generalized additive manufacturing other al-
lied energy sources are also applicable such as elec-
trical, chemical, electro-chemical, mechanical etc.
Especially pile-up forming could also be performed
applying block joining (e.g. friction welding) to pro-
duce directly integrated monolithic metallic structural
elements including aero-engine blisks and airframe
stiffened panels.

Generalized additive manufacturing based on
block joining (particularly friction welding) offer the
potential for solid-state joining to build up near net
shape elements by assembling of relatively simple
parts. BAMTRI has been developing this solid state
additive manufacturing technology for aero-engine
parts as well as for airframe stiffened panels fabrica-
tion, demonstrating high value applications in other
industry sectors.

Recieved 21.02.2013
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WELDING OR ADHESIVE BONDING —
IS THIS A QUESTION FOR THE FUTURE?

U. REISGEN, M. SCHLESER
RWTH Aachen University, ISF Welding and Joining Institute, Germany. E-mail: office@isf.rwth-aachen.de

Modern light-weight structures are composed of most different materials. The joining of these materials with and among one
another requires the application of different joining techniques with the focus on welding and adhesive bonding. In this paper,
the advantages of both methods are discussed and possibilities for the combined application of welding and bonding techniques

are presented. 5 Figures.

Key words: laser beam welding, plasma soldering, friction stir welding, adhesive bonding, steels, aluminium alloys, auto-

motive car body, advantages of methods

Introduction

The joining technology is an interdisciplinary
technology which allows the combination of parts
which have most different geometries and which
are consisting of a wide variety of materials towards
complex structures and products.

Riveting has been the dominating joining technol-
ogy of the 19™ century. Numerous impressive struc-
tures serve as demonstration, for example, the Eiffel
tower with more than 2.5 million rivets. In the course
of the 20" century, riveted structures were increasing-
ly replaced by welded structures. The production of
welded structures is, on the one hand, economically
more efficient and the structures have, on the other
hand, a higher strength. Besides welding, the adhe-
sive bonding technology is, nowadays, increasingly
used for many applications.

A major advantage of welding compared with ad-
hesive bonding is its advance of several decades in
research and industrial application. The welding tech-
nology is for many joining tasks still the called-for
method.

Particularly for thick-walled welded structures which
are joined on butt joint, T-joint or cruciform joint, the
application of the welding technique is unrivalled. In
this field, also methods which are as-
sumed to be out-of-date, such as elec-
tro-slag welding, can be applied with a
high efficiency. Figure 1 depicts an im-
pressive example.

For the manufacturing of a large
press, a steel sheet structure has been
chosen instead of a cast structure. The
steel sheet structure was manufac-
tured with particularly lesser quantities
of material and was, thus, much more
cost-favourable. However, this type of
structure required to join the large-for-

© U. Reisgen, M. Schleser, 2013
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“Weld seam (PF) of 4000 mm length

-Plate thickness:
-Welght of component; 120 t, 600 kg filler wire
-Welding time for each seam; 14 h,

-Alternative: Narrow gap SAW, time 4-6 wecks

mat steel plates with one another. Each plate had a
thickness of several centimetres. As a standard weld-
ing technology for this task, multiple-pass submerged
arc welding has been applied with a production dura-
tion of three up to four weeks just for the weld. The
application of electroslag welding allowed a reduc-
tion of the welding time down to 14 hours, compare
Figure 1.

In working with modern designs it is often not pos-
sible to apply just one welding method. They are often
characterized by the use of many different materials
such as different steel grades, aluminium or fibre rein-
forced plastic. This applies in particular to light-weight
structures. The production of these applications requires
the control over the entire band width of industrially
available joining methods in order to identify and qual-
ify the best solution for a specific design under specific
production boundary conditions.

The complexity of this task can be clarified by the
example of automotive car body design. In the fol-
lowing text this example is used to discuss the ques-
tion which technology will prevail in the near future:
adhesive bonding or welding technology.

Process

300 mm, Gap width; 40 mm

Figure 1. Electro slag welding of large components for presses

Emm

10-11/2013

A



CBAPKA W POOCTBEHHBIE TEXHONOM MK ‘

Ex: II'IIP]I. VW Isl.ll.li lhllul: 1940 Example Audi AG: Al-Hybrid-Design
Joining technologies
1/_,; Structural adhesive: 107,839 mm
4 Flange seam adh,: 19415 mm 4%
Back-up adh.: 18,465 mm
" Assisting adh.; 14.206 mm
’ GMA: 708 mm
Weld spots: 3953
Laser beam: 100315 mm 18%
Laser soldering: 2,971 mm
Materials Plasma soldering: 823 mm
Alsheet ] Conventional steel Climching: 91
: Punch rivets: 661 8
" ] 1 Al-casl gh strength stee i e i e "
Illunl Joining I:|.'1.|:II'|:..I|I: ;‘n-:. _ - Al-cast [l High strength steel SelE Tapolng screws: 20
]J{_UI ) H‘“I"t"m' Spat 1'_""[‘_““” Al-profile [l Hot formed steel
DC 04 - Gas Metal Are Welding ) *Assumption: | punctual joint -40 mm seam
Source: VWAG, T.Franz, “Werkstoffmix u. Fugeverfahren am Beispiel des neven Passat BG", Joining in Car |iu||f-'
Engineering, Bad Nauhelm 2006

Figure 2. Conventional steel design (left) and modern aluminium-steel-hybrid design (right)

Requirements of modern light-weight structures
to the joining technique, using the example of the
vehicle body construction

In the beginning of the automobile large-scale
production, complex structures such as the car body
have been joined using a few simple welding meth-
ods. Figure 2 (left) shows the example of the car body
of a VW beetle from the fourties of the last century.
The car body has almost exclusively been made using
resistance spot welding, supplemented by gas metal
arc welding to a small degree. This is, nowadays, un-
thinkable. Besides increased demands made to corro-
sion protection, strength and production speed, also
the application of most different materials for a car
body is, here, particularly responsible.

In the nineties of the last century, aluminium
car bodies were to an increasing level introduced
to the market and, as a consequence, also alumini-
um-steel hybrid design structures. Besides this, also
pure steel bodies are, nowadays, in principle materi-
al mixed constructions. Other than in the car body of
the VW beetle where mainly two steel sorts, DC 01
and to a certain degree also DC 04, have been used,
modern steel car bodies are made of many different
steels, such as deep-drawing steels, high and high-
est-strength steels and hot-formed steels. Besides this,
also fibre-reinforced plastic materials are increasingly
gaining in importance in the field of automotive car
body construction.

From the perspective of joining, the following im-
portant challenges result:

1. Joining of materials which are difficult to
weld, e.g. highest-strength steels with a defined
micro-structure,

2. Joining of multi material-mixed compounds,
e.g. steel-aluminium, steel-CFK,

3. Joining of complex geometries, e.g. combina-
tion of plates, profiles, sandwich.

These requirements can no longer be fulfilled with
only one joining method. For the production of mod-
ern car bodies, therefore numerous joining methods
are applied. Besides the established methods resist-

10-11/2013

ance spot welding and arc welding, also “younger”
welding methods such as laser beam welding, me-
chanical joining techniques such as clinch riveting
and riveting also also adhesive bonding are applied,
compare Figure 2 (right).

Adhesive bonding vs. welding

Propelled by the request to apply also materials
which are difficult to weld or even multi material
compounds, research about alternative joining tech-
niques has been promoted. The focus is, on the one
hand, on the mechanical joining techniques and, on
the other hand, on adhesive bonding. Both technolo-
gies are capable of low-heat joining of most different
materials with one another.

Compared to the mechanical joining methods, ad-
hesive bonding has several process-related advantag-
es. Adhesive bonding allows the production of opti-
cally excellent, leakproof joints with a good corrosion
protection and a favourable load transmission using a
big joining area. In order to use the advantages also
under the high requirements of automotive serial pro-
duction, several generations of adhesive develop-
ments had been required. The most important devel-
opments comprise:

1. The washout resistance — modern car body ad-
hesives are, also in the non-cured state, not washed
out in the paint bath of the cataphoretic immersion
priming.

2. The oil tolerance — modern car body adhesives
are capable to develop good adhesion also on oiled
sheets. The expenditure for surface preparation is thus
drastically reduced.

3. The crash resistance — modern car body adhe-
sives do not suffer brittle failure despite high stiffness
and strength. Through the embedding of elastic do-
mains into the stiff matrix, the stress-strain diagram
of the adhesives has, in the beginning, a high elastic
modulus and transforms in the crash case on a high
load level into a deformation plateau.

Due to these developments, the application of ad-
hesive bonding technology in vehicle car body pro-
duction has, meanwhile, become a standard. The
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adhesive bonding technology is, thus, directly com-
peting with the welding technology. When working
with materials or material mixed compounds which
are difficult to weld, the advantages of adhesive
bonding will become obvious, also for laypersons.
But also pure metal joints are, to an increasing de-
gree, adhesively bonded.

As far as structural tasks are concerned, adhesive
bonding is preferentially applied together with spot
welding. Attention must be paid to the fact that the main
loads are transmitted from the adhesive layer. From the
point of mechanics, the weld spots are, above all, min-
imising the peel load which is unfavourable for adhe-
sively bonded joints. The main reason for the applica-
tion of spot welding is to guarantee a sufficient handling
strength and stiffness of the car body during the produc-
tion process for the period between adhesive application
and adhesive curing.

Having the many advantages of adhesive bonding in
mind, the question arises where the welding technology
is superior to adhesive bonding. It applies to the joining
of metal materials: Adhesive bonding requires a certain
expanse in order to transmit the necessary forces. The
strength of polymer adhesives is by at least one order
of magnitude lower than the strength of metal materials.
Especially in the case of only small flange widths or if
plate geometries are not to be joined overlapping but on
butt joint, the application of welding technology is rec-
ommendable. Welding allows, moreover, joining under
high thermal load, a robust manufacturing process under
rough conditions and the application of established re-
pair concepts.

Furthermore recent developments in the field of
welding meet the demands for low expenditure for
devices, high productivity and lowest-possible influ-
encing of the base material by a defined heat input.
The latter is explained especially from the request
to weld also light-weight materials, such as high-
strength steels, aluminium or even mixed compounds
with good joining properties.

In the field of arc welding, increasingly controlled
short-arc processes are applied. Those processes are
capable of a defined heat input and allow thus even
the joining of aluminium and steel. In the field of la-
ser technology, solid-state lasers which allow high
production speed with, at the same time, excellent
beam qualities, are applied to an increasing degree.
Remote welding processes where the laser beam is
deflected via a scanner system with extreme speed,
allow meanwhile to achieve welding speeds of up
to 20 m/min almost without downtime. For the join-
ing of heat-susceptible materials which lose their
good properties permanently through fusion welding,
meanwhile joining technologies are used which are
capable of working below the fusion temperature, for
example ultra-sonic welding or friction stir welding.
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Figure 2 makes clear that welding technologies,
to a certain degree also mechanical joining methods
and also the adhesive bonding technology all have
their place with good cause. If sufficient flange are-
as are provided and especially if materials which are
difficult to weld and material compounds are to be
joined, the increasing degree of application of adhe-
sive bonding is anticipated.

Since the advantages of both methods are well
complementing one another, it is an interesting ques-
tion whether, in future, better combination possibili-
ties may be found for both technologies. A good ex-
ample for a successful implementation of this idea is
the above-mentioned resistance spot welding adhe-
sive bonding.

Adhesive bonding + welding

In resistance spot weld adhesive bonding, welding
and adhesive bonding are combined within one join-
ing zone. While the adhesive bonding guarantees high
strength values, stiffness and a good corrosion protec-
tion, the resistance spot welding provides above all
for the minimising of the peel load and for a high ini-
tial strength immediately after the joining process.

The ISF Welding and Joining Institute at RWTH
Aachen University (ISF) is working intensely on the
development of further possibilities for combining
welding and adhesive bonding. Thus, among others,
the combination of laser beam welding and adhe-
sive bonding and also the combination of friction stir
welding and adhesive bonding have been developed
and investigated. Both methods will be presented in
the following.

Laser beam welding + adhesive bonding

Laser beam welding allows the production of
high-quality welded seams with a small heat affect-
ed zone at high production speeds. Besides the high
investment costs for an industry-standard laser in-
cluding safety devices, the required clamping devices
for a specific joining task represent a substantial cost
factor.

In cooperation with the TU Braunschweig to-
gether with partners from industry, the ISF has com-
bined the processes laser beam welding with adhesive
bonding. While in spot weld adhesive bonding, the
bonded seam carries the main load and the weld spots
serve mainly for the fixation, it is, here, the opposite.
The used adhesives are pressure-sensitive adhesives.
These allow the immediate fixation without requiring
additional mechanical devices. Since it is not possi-
ble to weld straight through the adhesive layer, the
advantage of easy and inexpensive clamping comes
with larger flange widths, because a certain mini-
mum distance between adhesion and welding must be
maintained, compare Figure 3.

Besides the fixation, there are also technical ad-
vantages as far as the welding process itself is con-
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Figure 3. Laser beam welding combined with adhesive bonding

cerned. During the welding of galvanised sheets with
overlap joint, the degassing zinc layer often results
in pores in the weld if the sheets are pressed firmly
together. To avoid this problem a gap has to be pro-
vided between the plates which is so small that the
reliable running of the welding process is ensured
and which is, on the other hand, so large that the zinc
layer is still capable to degas reliably. Gap measures
of 0,2 x plate thickness have proven to be recom-
mendable. The clamping of plates with a defined gap
measure is extremely complex and requires expen-
sive preparation in terms of clamping devices. Here,
the combined process offers the ideal preconditions
since, via the adhesive layer thickness, it is be possi-
ble to comfortably set the degassing gap without any
additional expenditure.

Accordingly, very good weld qualities are
achieved. The advantages of the degassing gap and
of the reduced expenditure for clamping are, espe-
cially in the joining of galvanised sheets for small-
scale production, outweighing the disadvantages
of the larger flange widths and the expenditure for
the additional application of the adhesive bonding
technology.

It has, thus been possible to industrially imple-
ment this technology already during the first research
project which has been dealing with this subject.

Conventional Provess scheme

tool rotation

o |

weld direction

Industrial application

=

Source: Kﬁusch

- materials; DXS1D+2275

Real geometry welded without
mechanical clamping - sheet thickness: 1.5 mm
- gine thickness: 20 pm
Benefit
- Simple, fast, low priced clamping system
- Improved joint properties

- Improved process stability

Friction stir welding + adhesive bonding

Based on the successful implementation, the idea
has been transferred to friction stir welding. In fric-
tion stir welding, tools with a pin and a tool shoulder
are used. These tools are set into rotation, subsequent-
ly the pin is dipping into the workpiece until the tool
shoulder is reaming over the workpiece surface. Via
the mechanical rotation and the developing friction-
al heat, the material is stirred with one another below
melting temperature and firmly bonded. Process-re-
lated, very high forces are developing which, normal-
ly, require clamping devices close to the joining point
with high forces. Otherwise, there is the risk of plate
warping, Figure 4 (right).

The application of the combined process allows to
weld almost completely without mechanical clamping
technology. It is from a technical point of view, more-
over, possible to join thinner plates due to the lateral
load transmission. It is even possible to weld directly
through the adhesive layer.

The applied pressure-sensitive adhesives are, at
that, pushed out and high-quality welded seams are
developing, Figure 5. The strength values of the base
material are almost achieved.

Further advantages, such as reduced cranny cor-
rosion are to be expected and are subject to current
research work.

Conventional clamping

weld seam E[ij.',h |u.:1 width needed
- High amount of clamping even for
simple lincar welds
Figure 4. Conventional friction stir welding
T A
B AAT HSE = KA
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Process Scheme
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Figure 5. Friction Stir Welding combined with adhesive bonding

Conclusion

Using the example of automotive car body man-
ufacturing, the application fields of the technologies
of adhesive bonding and of welding have been dis-
cussed. The application of the welding technology
is preferentially used for metal joints, particularly
if only small flange widths are available, plates are
to be butt-jointed, high application temperatures are
prevailing or if immediate strength under demanding
production conditions is required. If sufficient adhe-
sive surface is available, the adhesive bonding tech-
nology, on the other hand, allows the low-heat joining
of most different materials with excellent mechani-
cal properties. It is thus possible to join steels, alu-
minium alloys and fibre-reinforced plastic materials
with most different properties without loss of strength
in the base material. The application of the adhesive
bonding technology is due to the increasing applica-

.
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Examples of process results without mechanical clamping

- Good weld seam gualities

- Smaller flange widths
- Extremely reduced clamping
- Thinner sheet possible

tion of multi material mixed compounds currently
also strongly on the rise.

Hybrid technologies which combine the advantag-
es of both methods in one joining zone are particu-
larly advantageous. Besides the already established
resistant spot weld adhesive bonding, the ISF Weld-
ing and Joining Institute at the RWTH Aachen Uni-
versity has been developing also other process com-
binations. The combination of adhesive bonding with
laser beam welding as well as with friction stir weld-
ing was presented. Both of them offer, besides tech-
nical advantages, a considerable economical potential
through the minimisation of the required clamping
technique.

It can already be stated today, that the combined
approach between adhesive bonding and welding
holds great potentials for future developments.

Recieved 06.07.2013
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RECENT ADVANCES IN THE QUANTITATIVE
UNDERSTANDING OF FRICTION STIR WELDING
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Friction stir welding (FSW) is a relatively new welding process and its comprehensive understanding is still developing. While
the process is commercially used for aluminum and other soft alloys, its commercial application for the welding of hard alloys
will require development of cost-effective and durable tools. Here we review the recent progress made in numerical modeling
heat transfer and material flow with particular emphasis on optimizing tool dimensions and selection of welding conditions for

maximizing tool durability. 22 Ref., 6 Figures.

Key words: friction stir welding, numerical modeling, heat transfer, material flow, welding conditions, tool durability

Introduction

In the last two decades, the applications of friction
stir welding (FSW) in aerospace, shipbuilding, trans-
portation and other industries have grown significant-
ly, particularly for the welding of aluminum and other
soft alloys [1-3].General reviews of the FSW process
are available in the literature [1-3].Because melting
of the parts is avoided, the process offers several im-
portant benefits compared to the conventional fusion
welding processes. As a result, there is considerable
commercial interest in the friction stir welding of
steels and other hard alloys [4—6]. The FSW process
involves several simultaneous physical phenomena
that affect the durability of the tool and the structure
and properties of the welded material. Heat is gener-
ated due to both the interfacial friction between the
tool and the work piece and the plastic deformation
of work piece material. The work piece material is
softened close to the tool and the plasticized material
flows due to rotation and the linear movement of the
tool.

FSW is a relatively new process, and because of
the complexity of the process a comprehensive under-
standing of the process is still evolving [7—13]. There-
fore, it is useful to undertake a review of the current
status of quantitative understanding of the process.
Here we review our recent research on numerical
modeling of heat transfer and material flow in FSW
and how it can be used for the solution of two impor-
tant contemporary problems. First, the application of
the heat transfer and material flow model to estimate
the optimum tool dimensions is discussed. Second,
we show that the model can be used to enhance lon-
gevity of the FSW tools, particularly for the welding
of hard alloys.

Optimum shoulder diameter

The diameter of the tool shoulder is important be-

cause the shoulder generates most of the heat, and its

© A. De, T. DebRoy, 2013
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grip on the plasticized material largely establishes the
material flow field [14, 15]. Both the heat generation
rate and the material flow are important for the FSW
process. With the increase in the shoulder diameter,
the temperature increases and the work piece mate-
rial is softened. For a good FSW practice, the mate-
rial should be adequately softened for flow, the tool
should have adequate grip on the plasticized material,
and the total torque and power should not be exces-
sive [15]. Experimental investigations have shown
that only a tool with an optimal shoulder diameter
results in the highest strength of the AA6061 FSW
joints [16]. Although the need to determine an opti-
mum shoulder diameter has been recognized in the
literature, the search for an appropriate principle for
the determination of an optimum shoulder diameter is
just beginning [14, 15].

We recently proposed [14, 15] a method to deter-
mine the optimal shoulder diameter for the FSW of
aluminum alloys by considering the sticking (M) and
sliding (M, ) components of torque. The main engine
for the calculations is a steady three dimensional heat
transfer and material flow model which was validat-
ed for friction stir welding of aluminum alloys, steels
and a titanium alloy [7, 8, 10]. The torques were cal-
culated based on the tool geometry, flow stresses in
work piece, and the axial pressure (Py) as [14, 15]

M, =Cj)rA x(1-8)txdA

A

(M

M, =§r, xS, Py xdA 2)
A

where r, is the distance of any infinitesimal area ele-

ment, dA, in work piece material from the tool axis, d

and m,are spatially variable fractional slip and coeffi-

cient of friction between the tool and the work piece,

respectively, and t is the shear stress at yielding. The
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tool rotation speed and the radial distance from tool
axis affect the local values of d and m,. The total
torque, M is the sum of sticking and sliding torques.
The required spindle power (P) can be calculated
from the total torque as [14]:

P={(1-8)t+8p,P, | or,d4 3)
A
where w refers to the angular speed in rad/s.

Figure 1 shows that for the FSW of AA6061, the
sliding torque continuously increases with shoulder
diameter because of the larger tool-work piece inter-
facial area. However, the sticking torque increases,
reaches a maximum and then decreases. This behav-
ior can be understood from equation (1) that includes
the two important factors that affect the sticking
torque. First, with the increase in shoulder diameter-
the area, A, increases, the temperature rises and the
shear stress at yielding, t, decreases. The product of
these two opposing factors lead to a maximum value
of sticking torque in the plot of sticking torque versus
shoulder diameter. This value of sticking torque indi-
cates the maximum grip of the shoulder on the plas-
ticized material [14, 15]. The calculated results show
that any further increase in the shoulder diameter will
result in decreased grip of the tool on the plasticized
material, higher total torque and higher spindle power
requirement. For these reasons, the optimum shoulder
diameter should correspond to the maximum sticking
torque for a given set of welding parameters and work
piece material [14, 15].

Figure 2 shows the variation of sticking torque
with shoulder diameter for various tool rotational
speeds for the FSW of 7075 aluminum alloy. The
shoulder diameter at which the maximum sticking
torque is attained depends on tool rotational speed-
whenall other welding variables aremaintained con-
stant. For the rotational speeds indicated in the fig-
ure, the optimum values of the shoulder diameter are
in the 20 to 30 mm range for the various parameters
used in the experiments. Since the 7075 alloy is hard-
er than the 6061 aluminum alloy, the computed larg-
er optimum shoulder diameters compared with those
estimated for the FSW of 6061 is consistent with the
larger heat demand for the FSW of 7075 alloy. The
results show that the principle of optimizing shoulder
diameter by maximizing tool’s grip on the plasticized
material can be applied to different alloys. Since tool
durability and cost-effectiveness are crucial issues for
successful commercial application of FSW to steels
and other hard alloys, a general principle for the opti-
mum design of shoulder diameter based on scientific
principle such as the one discussed here is important.
Pin geometry

Since tool pins often fail during welding of hard
alloys, a systematic investigation of the various tool
materials and their load-bearing abilities are impor-
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Figure 1. Variation in sliding (M), sticking (M) and total
torques with shoulder diameter for FSW of 6 mm thick AA6061
at a tool rotational speed of 1200 rpm and welding speed of
1.25 mm/s [15]
tant [17]. In particular, the pin being the structural-
ly weakest section of the FSW tool, an estimation of
the load bearing ability of the tool pin is required for
efficient functioning of the FSW process. Although
some measurements and calculations of the forces on
the tool have been reported in the literature, a proce-
dure to calculate the load bearing ability of the tool
pins of different shapes is of interest [18, 19]. Such a
methodology has beendiscussedrecently based on the
calculation of maximum stresses experienced by the
tool pin resulting from a combination of torsion due
to torque and bending due to traverse force [18, 19].

Figure 3(a) shows a schematic force distribution,
q(z), on a straight cylindrical tool pin in FSW. It can
be noted that the force distribution, q(z) would be in
adirection opposite to the welding direction. Figure
3(b) depicts a transverse cross-section of the tool pin
along S-S in Fig. 3(a). The bending moment (My) ex-
perienced at any point A on the tool pin profile can be

335 RPM
360 RPM
710 RPM

—A--
30 -a-

Sticking Torque, N
b
[
T

=
T
R
/
/
/

15 20 25 30 33
Shoulder Diameter, mm
Figure 2. Variation of sticking (M) torque with shoulder di-
ameter for FSW of 3.5 mm thick AA7075at a welding speed of
0.67 mm/s [14]
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Figure 3. (a) Schematic distribution of force on a typical straight cylindrical tool pin and () cross-section of pin profile along section

S-S.18
estimated as [18]:

L

M, = I z q(z) dz
where L is the length of pin, z, is the distance of the
point A from the root of the pin, q(z) is the force on
an infinitesimal part, dz, of the pin at a distance (z+z,)
from the root of the pin. The normal stress due to
bending, s, and the shear stress due to torsion, t;, and
also due to bending, t;, on any point A on the pin pro-
file can be estimated further as [18]:

(4)

My X
O5 = ; (5)
yy
M
=2t ©6)
JZ
and
Vo
BT, (7
yyg

where 1, and J, are the second moment and polar
moment of inertia for the pin structure, respectively,
M, and M are the bending moment and sticking
torque, respectively, V is the shear force and Q is the
first moment of inertia of the section beyond chord
AB (in Fig. 3b) about the neutral axis, x is the normal
distance between the neutral axis and the chord AB, r
is the pin radius and g is the length of the chord AB.
These components of stresses can be used to compute
the resultant maximum shear stress, t,,, \.experienced
by the tool pin as [18]

2
T = \/(‘;_Bj +(ty +1,8in0) +(1,c080)  (8)

It follows that t,,,  times a safety factor, f, should
be lower than the shear strength of the tool material at
the prevailing working temperature to avoid prema-
ture shear failure of the tool pin in the operating range
of process parameters.The pin length depends on the
thickness of the work piece. The geometry of the pin
must be determined based on its load bearing ability,
i.e., the ability to withstand the maximum shear stress.
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The traverse force on the pin increases with in-
crease in the pin length as shown in Fig. 4. As the
plate thickness increases, pins of longer lengths are
required. A longer pin experiences higher resultant
maximum shear stress and a larger cross-sectional
area of the pin becomes necessary to avoid pin fail-
ure. However,as the pins of large diameters move for-
ward, plasticized alloys must fill up the void space
left behind by large pins. Any disruption of the flow
of plasticized material or a small reduction in tem-
perature will enhance the occurrence of defects such
as worm-holes.The traverse force on the tool can be
measured using a dynamometer, and the values can
be used to monitor defect formation during FSW be-
cause the large forces indicate sluggish material flow.
Thus, the lower limit for the tool pin diameter can be
prescribed from the calculation of the maximum shear
stress on the tool pin and the upper limit for the pin di-
ameter can be estimated considering the weld quality.

The load bearing abilities of pins with circular,
square and triangular cross-sections have been com-
pared'under similar welding conditions. For compar-

1200
o Literature
A& Numcrical model
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Z
o
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=
I
& A A
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o
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Pin Length, mm

Figure 4. A comparison of computed and corresponding estimat-
ed values of traverse force on tool pin in FSW of AA6061 at tool
rotational speed of 650 RPM, welding velocity of 3.33 mm/s and
pin diameter of 7.6 mm [18, 20]
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Figure 5. Variation of fluctuating stress components — normal
stress for bending, oy, shear stress due to bending, 1, shear
stress due to torsion, 1, and the maximum shear stress, tmax for
one completerotation of the tool during FSW of AA7075-T6
usingtriangular pin profile [19]

ison of the three cross-sections, the triangular cross
section is considered to be of equilateral shape and
thetriangular and the square cross-sections are con-
sidered to have dimensions that fit within the circular
pin profile. It is found that the lowest and the highest
values of the maximum shear stress are experienced
by the circular and the triangular pin cross-sections,
respectively. During one complete rotation, the tri-
angular pin cross-section experiences the largest fluc-
tuation of the maximum shear stressfollowed by the
square and the circular pin profiles. Figure 5 shows
the typical fluctuation of various stresses during rota-
tion expressed as a function of angle with the welding
direction. The large fluctuation of maximum shear
stress during rotation makes the triangular cross sec-
tion susceptible to fatigue failure.
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Durabilityof FSW Tool

Since the tool pin is structurally the weakest sec-
tion of FSW tool, itsdegradation due to plastic defor-
mation or wear as well as its ability to withstand the
torsion and bending stresses are of significant con-
cern. A review of the currently used and potential tool
materials is available in the literature [17]. The mate-
rial to be used for FSW tool should be cost effective
and have high strength, hardness and good toughness,
and high melting and softening temperatures [17].
Furthermore, the geometry of the tool pin for a given
material should also be assessed for its low suscepti-
bility to premature failure for various values of FSW
variables. Recently, a tool durability factor has been
proposed that can indicate whether the thermo-me-
chanical environment experienced by a tool pin for a
given FSW condition is safe enough to avoid a prema-
ture shear fracture [21, 22]. The tool durability factor
does not consider vbration and other abrupt causes of
tool degradation. However, the progressive degrada-
tion of the tool pin may be minimized by focusing
on the relative severity of maximum shear stress it
experiences for various welding conditions. The tool
durability factor is defined as the ratio of the shear
strength of the tool material at the peak temperature
and the resultant maximum shear stress experienced
by the tool pin due to bending and torsion.

Figure 6 shows a typical tool durability mapfor
various tool shoulder radius and rotational speed for
the FSW AA7075 alloy. A comparison of the solid and
dashed lines in Fig. 6(a) shows how the tool durability
index or the factor of safety for the tool pin changes
with the change in plate thickness. During FSW of
thick plates, there is considerable decrease intempera-
ture away from the tool shoulder and the pin encoun-

1.15
b Shoulder Radius (cm)

Figure 6. Tool durability indices as function of shoulder radius and rotational speed in FSW of AA 7075 using a tool pin diameter of 4
mm and axial pressure of 18 MPa. (a) shows the effect of plate thickness with the solid and dashed lines referring to thinner (2.9 mm)
and thicker (5.7 mm) plates, respectively, at a welding speed of 1.0 mm/s, (b) shows the effect of welding speed with the solid and
dashed lines depicting the lower (1.0 mm/s) and higher (4.5 mm/s)speeds, respectively for a plate thickness of 2.9 mm [22]
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terscooler and stronger workpiece material near the
lower part of the pin. As a result, tools encounter large
stresses during welding of thick plates and the tool
durability decreases with increase in plate thickness.
Similarly, a comparison of the solid and the dashed
lines in Fig. 6(b) shows that an increase in welding
speed reduces the value of tool durability index. Sim-
ilarly an increase in the welding speed reduces the
rate of heat generation per unit length of weld result-
ing in relatively colder material around the tool pin.
As a result, the tool durability index decreases with
increase in welding speed.
Concluding remarks

Because FSW is a new and complex process, its
comprehensive understanding is still developing.
Unlike other welding processes, its existing
knowledge base cannot be relied upon for solving
important contemporary problems such as extending
its reach to harder materials such as steels and
titanium alloys. Well tested heat transfer and
material flow models provide a recourse to address
the important issues based on solid scientific
principles. The examples reviewed here show how
the quantitative understanding of heat transfer and
material flow offer new insights about optimizing tool
design. Both the optimization of shoulder diameter
and the consequences of alternative tool pin shapes
can be examined based on well tested numerical
models.In the past, the sophisticated numerical
models of heat transfer and materials flow in welding
have not been widely used in industry.In recent years,
the modeling results for FSW have been presented
as easy to use process maps,enabling practicing
engineers to select welding conditions based on
scientific principles to extend tool life. Apart from
revelingsignificant insight about the FSW process, the
numerical models of heat transfer and materials flow
can also providesignificant competitive technological
advantage.
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NMHHOBAIMOHHBIE TEXHOJIOTU B OBJIACTHU
KOHCTPYKIIMOHHBIX CTAJIEM 1 NX CBAPKU

H. B. TOPBIHUH
OI'VII HTHUU KM «IIpomereiin. PO. 191015, . Cankr-IletepOypr, yi. llInanepras, 49. E-mail: mail@crism.ru

Paccmotpena perpocnektuBa cotpyaanuyectsa @I'YIT ITHUU KM «IIpomereit» ¢ UDC um. E.O.ITatoHa B o6nactu co3nanus
0c000 HaJISKHBIX METALTMYECKUX MATEPUAIOB M MMPOMBIIIICHHBIX TEXHOJIOTUHN ISl CIICIMaIbHON TEXHUKH, pa3paboTKH IMo-
KPBITBIX 3JIEKTPOJIOB, arlIOMEPHPOBAHHBIX (DIIFOCOB, MOPOIIKOBBIX MPOBOJIOK, CBAPOYHBIX TEXHOJIOTHI 1 000pymoBaHusi. bbut
HCTIOJIb30BaH SIUHBINA MOAXO0/ K pa3paboTKaM TEXHOJIOTHH METAJUTYPTUH U CBAPKHU ¢ KOHEYHOI 1ENIbI0 00eCTIeueH s BRICOKOM
9KCIITyaTallMOHHON HAJEKHOCTH CO3/1aBa€MbIX HA OCHOBE HOBBIX MaTepUajiOB COBPEMEHHBIX KOHCTPYKIUH. OTMeueHbI co-
BMECTHBIE PA0OTHI TIO OIICHKE COMPOTHBIICHHS MATEPHUATIOB XPYIIKUM Pa3pyIICHHUSM, PA3BUTUIO METOOB OIICHKHU ITUKIIHYECKOTO
pecypca CBapHBIX KOHCTPYKIINM, COBEPIICHCTBOBAHUIO METOANK CEPTH(OUKAIIMOHHBIX UCTIBITAHUI MeTasa. Taomn. 2, puc. 4.

Knwuesvie cnosa: UHHOBAYUOHHbIE MEXHO/I02UU, KOHCMPYKYUOHHbLE CIMAJIU, C6APOYHble Mamepuajibl, SKCNiyamayuoOrHHas
Ha()leCHOCmb, HAHOMEXHO102UU U HAHOMamepuaiol, compyduuqecmso

Cosmectabie pabotel ¢ UOC um. E. O. [latona B
COBETCKHE TOJIbl U B IOCTCOBETCKHUN MEpHOJ] IO0JI0-
JKHJTM HAyaJlo HAyYHBIM HAlpaBJICHUSIM padoT, KOTO-
pble NOIY4YUIIM CBOE AanbHelee pazsutue B OI'YII
HHUUN KM «IIpomereii» mipu co3naHuu 0co0O Ha-
JEKHBIX MaTepPHUajIOB U MPOMBIIIJICHHBIX TEXHOIOTHI
JUIS CIIeMaIbHOM TEXHUKH, HSKCIUTyaTHpYroUencs
B OKCTpEMalbHBIX ycnoBusx. Hambornee 3HaumMble
W3 HUX TMOCBSIICHBI pa3paboTKaM TEXHOJIOTHH dJIeK-
tponutakoBoro neperuiaa (DUIIT) BrIcOKOTPOUHBIX
CBapHBaEMBIX CTaJIel, CO3/IaHUIO0 BHICOKOKAYECTBEH-
HBIX CBapPOYHBIX MaTepHAIIOB, a TAaKXKe 00ECIICUCHHTO
IKCIUTYyaTallMOHHON Ha/Ie)KHOCTH KPYITHOra0apUTHBIX
CBapHBIX KOHCTPYKIH.

Cnoco6 DUIIT pa3paboran B Hadane 70-X TO10B
MIPOLIOTO CTOJIETHSI COBMECTHO Y4eHbIMU MHCTHUTY-
ta snekrpocBapku uM. E. O. Ilatona, ®I'VII HHUN
KM «IIpomereity, THWUUW UM um. U. I1. bapauna u
CIeIUaTNCTaMU METAJITypru4ecKrX 3aBOJ0B YKpa-
nHbl. OCHOBHaA 3ajaya, TpeOOBaBIIas pPEIICHUS —
MTOBBICUTH METAJUTYPIHYECKOE Ka4eCTBO M HCKITIOUUTD
AQHU30TPOITHIO CBOICTB TOJICTOIMCTOBOTO MPOKaTa M3
BBICOKOIIPOYHBIX CTaJIeH IS TIPEIOTBPAIEHHS XPYTI-
KUX pa3pylueHuid. HoBas TexHosorus no3posuia cy-
IIECTBEHHO CHHU3UTH CONIEPIKaHUE Cephl, KHCIOpoa,

007 F

= 006 |

- 0,05 F
o4
= 0,03

2 002 F

HEMEeTaJUTMYeCKUX BKIIFOUeHUH (puc. 1); odecneunTsb
2-3-KpaTHOE MOBBIIICHUE 3HAYCHUH IIACTUYHOCTH U
yaapHOH Bsi3KocTH (Tadn. 1); CHIKEHHE KPUTHIECKUX
TeMIeparyp XpyIKOCTH, TIOBBIIIEHHE COTPOTUBICHUS
pacnpoCTpaHEHNIO TPEIINHBL, MAKCHMAJIbHO OTPaHU-
YUTh COAEPKAHUE YITIepo/a, perIaMEHTUPOBATh COIEP-
JKaHU€ JIETUPYIOLIUX JIEMEHTOB B Y3KHX IpeJieNiax.

DTO MO3BOJIMIIO PACIIUPUTH COPTAMEHT M o0ecte-
YHUThH MPOU3BOJICTBO KPYITHOTa0apUTHOTO JIHCTOBOTO
MpOKaTa, BEICOKYI0 PABHOMEPHOCTh CTPYKTYPBI U Me-
XaHWYECKUX CBOWCTB I10 IIOMIA/IH KPYITHOTa0apuT-
HOTO JINCTa ¥ B HANPABIIEHUU €T0 TOJNIIUHBI, YIyd-
ITUTHh CBAPUBAEMOCTb M MOBBICHTH CTAOMIBHOCTH
MEXaHWYECKHUX CBOMCTB B 30HE TEPMHUECKOTO BIIHSI-
HUSI CBapHBIX coeuHeHui. [IpakTuyecku craib mpe-
Bparniach B M30TPOITHBIN MaTepHall.

[lepexon poccuiicKMX NPEeaIPUIATUNA HA PhIHOYHbIE
OTHOIIIEHUS TOTPeOOBAI HOBBIX CIIOCOOOB BBHITIABKH
— C IpUMEHEHUEM KOMILJIeKCa BHENEUHOH 00paboT-
KH (BHEMEYHOTO pa)MHUPOBAHUS U BaKyyMHPOBa-
Hust). OnbIT ucnonb3zoBanus Texuonoruu DI mo-
3BOJIMJI MEPENUTH Ha MPUHLIHUNHAIBHO HOBYIO CXEMY
MPOM3BOJICTBA METAJIIa, HE YCTYMAIOIIEro Mo Kade-
cTBy MeTtasny, noaydaemomy DIIT (Tadm. 1). Orme-
UM, 4TO crioco0 DIIIT mo3BosseT mosy4ars HOBbIC
MpOoAYyKTHI, pa3padarsiBaeMbiec B OI'YIT [IHUW KM
«IIpomereit», BBICOKOTO KadecTBa (Hampumep, mpu
MIPOU3BOJICTBE a30TUCTHIX CTAJIEH).

OT'VII HHUU KM «Ilpomereii» COBMECTHO ¢
NS3C um. E. O. [Tatona mpoBOAUIUCEH paOOTHI IO CO3-

Tadaunma 1. MexaHnyeckue cBOiicTBa BbLICOKONPOYHBIX
crajei

0,01
_\[“:m.,.:,,m.mm DAERTRONETE =TI Crioco0 BBITIaBKA 85, % v, % HI;?(Z;Z v, %
Puc. 1. Conepxanune Hlfl;lvllgTanqueCKHx BKIIFOUCHHH B BBICOKO-  [DIIIIT 17,0...21,5164...70| 128...300 | 50...55
FPOUHON CTATH PASIIIHON BhifLIABICH Brenerioe 17,0...20,5| 64...68 | 124...235 | 40...55
© U. B. I'opbiHuH, 2013 B pauHupoBaHye
48 Alorermreno 10-11/2013
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Taoauma 2. 3KCIUIyaTaHl/lOHHI)Ie XaPaAKTEPUCTUKHU MeTa/Jia IBAa IPU CBAPKE MOPOIIKOBBIX MPOBOJIOK

Mapxka nopokoBoii IpoOBOIOKU R ,Mlla R, MIla A, % KV, Tx
48T1I1-8H 510...650 440...480 22..28 75...90 (-20 °C)
48I1I1-11H 610...770 500...530 20...24 60...80 (-40 °C)
[I1-CBIT1 650...710 500...550 23..27 75...90 (-40 °C)
48I1I1-10T 545...560 460...480 22..25 60...80 (-60 °C)

JaHUIO CBAPOYHBIX MMOKPBITBIX 3JICKTPOJI0B, arjioME-
PUPOBAaHHBIX (DITFOCOB TSI aBTOMAaTHYECKOW CBapKH,
MOPOIIKOBBIX MPOBOJIOK MAIIOTO JIMAMETPa, a TAKKe
pa3pabarsiBajii CBapOYHBIE TEXHOJOTHH U 000py-
noBanue. HoBble mepcreKTHBHBIE CBAPOYHBIC MaTe-
pHAabl CO3/IAIOTCSI HA OCHOBE ONTUMH3AIUHN CHCTEM
JIETUPOBAHUSI, MUKPOJIECTUPOBAHMS U MOAH(DHUIIHPO-
BaHMs MeTaJljia IBa Jjis obecrnedeHus: Tpedyemoi
paboTOCTIOCOOHOCTH CBAapHBIX COEAUHEHUN (B TOM
YHCIIE TIPU OTPHIIATEIILHBIX TEMIIEPaTypax ), BBICOKOM
CBapUBaEMOCTH U TPEIIMHOCTOWKOCTH.

CO3I[aHI)I HOBBIC BBICOKOTEXHOJIOTUYHBIC ITOPOIIKO-
BbI€ IIPOBOJIOKM MaJIbIX IMAMETPOB ISl CBAPKU CTajlei
¢ pezaesnioMm Tekyuects ot 360 1o 550 Mlla, mo ypoBHIO
DKCIUTyaTallMOHHBIX XapaKTEPUCTUK HE YCTYIAIOLINE
Jy4IIAM 3apyOeKHBIM aHauoram Hu paspadoraHa mpo-
MBIIUICHHAS TEXHOJIOTHSI X M3TOTOBJICHUS (Ta0I. 2).

Cepust pa3pabOTaHHBIX MOKPBITEIX JJICKTPOJIOB
(hTFOOPUTHO-KATBITMEBOTO THIIA TTO3BOJISET obecITe-
YUTh HU3KOE conepkanue @ y3noHHOTO BOIOpOIa
B HAIUIABJICHHOM METaJljIe, CTAOMIBHO BBICOKUE IKC-
MJIyaTalMOHHBIC XapaKTePUCTHKH, 3aJaHHBIH yPO-
BEHb MPOYHOCTHBIX U ITACTHUYCCKUX CBOWCTB METAJ-
JIa 1IBa TIPU CBApKE XJIaJI0CTORKUX CTaJeH.

Jist aBromaTryeckoit cBapku mof rrocom pazpado-
TaHBI arJIOMEPUPOBaHHbBIE ()NIFOCHI B COUCTAHUU C Pa3-
JIMYHBIMU IPOBOJIOKaMH, O6CCHC‘II/IBaIOHII/IC KOMIIJICKC
HEOOXOIUMBIX CITY’KEOHBIX XapakTepucTuk. [TpoMsbImi-
JICHHOE M3TOTOBJICHUE (IIOCOB OCBOCHO HA MPOU3-
BoactBeHHOU 6aze OI'VII ITHUU KM «Ilpomereit»,
puc. 2. OTIUYUTEIbHONH 0COOCHHOCThIO pa3paboTaH-
HBIX (1)JIIOCOB ABJIACTCA UX BBICOKas KOHKYPEHTOCIIO-
COOHOCTB, 6a3UPYIONIAs Ha BEICOKOH TEXHOIOTHIHOCTH
nporiecca CBapKu U MPHUEMIIEMON CTOMMOCTH.

Pa3paboraHa NpUHIMITHAILHO HOBAsl TEXHOJIOTHUS
W3TOTOBJICHUST CBAPOYHOTO (HIIFOCA TIPU TIOMOIIIH J1a-
3€PHOT0 IPAHYTUPOBAHUS, TTO3BOJISIONIAS OOCCIICUHUTh:
HU3KYI0 THTPOCKOMUYHOCTE (PIIFOCA; BO3MOXKHOCTh
pacKUCIICHUS, ISTUPOBAHUS U MOAUDUIIMPOBAHUS Me-
Taja mBa yepe3 (IIoc; HU3Koe copepxkanue Tuddy-
3HMOHHOTO BOJIOPOJIa B HAIUIABJICHHOM METaJlIe, a TaK-
K€ OTHOCHTEJIBHO BBICOKYIO MPOYHOCTD TpanyIl ¢uitoca.
BHuenpenue HOBoOro (hroca B IPOM3BOJCTBO MTO3BOJISIET
CHU3UTH TEMIIEpaATypy IIPEABAPUTEILHOIO U COILyTCTBY-
IOIIErO TIOJIOrPeBa TPH CBApKe; BHIIIOIHATH CBAPKY BbI-
COKOIIPOYHBIX CTaJICH ¢ mpezesioM Tekydectn 6omee 800
MHa, SHAYUTEJIbHO IMMOBBICUTH SKCILUTYyaTallMOHHBIC Xa-
PaKTEpPUCTUKH CBAPHBIX COSTMHEHUI.

[lnpoko ucmonb3yemasi B TpyOHO# TTPOMBITIIICH-
HOCTH MHOTOJTyTOBas cBapka 1oz (garocom paspado-
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TaHHBIMH HOBBIMHU CBapOYHBIMHU MaTe€prallaMH MPHU
BHEJIPEHUH €€ B CYJIOCTPOCHHUU IMO3BOJISET 3HAUM-
TEJBHO TTOBBICUTH MTPOU3BOUTEIHHOCTH TPY/IA U MaK-
CHMAaJIbHO aBTOMAaTH3WPOBATh MPOU3BOJICTBEHHBIN
IIUKJT U3TOTOBIJICHUS TIOCKUX CEKIINH.

BricokonpousBoauTenbHas 3JI€KTpora3oBas cBap-
Ka IO HIEJEeBON pa3lienKe A0 HACTOSAIIEro Bpeme-
HHU SIBJISICTCSI HEMPEB30UICHHOU MPU CBapKe Ma3o-
BBIX IIIBOB KOHCTPYKIIMI U3 BEICOKOITPOUYHBIX CTAJICH.
[IpuBenenHass TeXHOJIOTHsI OOECIIEUNBACT BO3MOXK-
HOCTh CBapKH BBICOKOIIPOYHBIX cTajiel Oe3 mpeipa-
PUTETHHOTO TIOIOTPEBA HU3KOJIETUPOBAHHBIMH TIPO-
BOJIOKaMM, BBICOKHMEC KAa4€CTBO METajljla CBApPHBIX
COCTMHECHHUH U TTPOU3BOIUTEIHHOCTD MPOIIeCCa.

B nepuon corpynuuuectsa OI'YII [THUM KM
«IIpomereit» u UOC um. E. O. IlaTorna mpumeHsI-
Cs SAUHBIN MMOAXOM K pa3padoTKaM TEXHOJOTHH Me-
TaITypruu U cBapku. Llexpio pa3paboTok SBISIOCH
HE TOJIPKO CO3/IaHHE HOBBIX MaTepHasoB, HO U 00e-
CIIEYCHHE BBICOKOHN AKCIUTYyaTallMOHHOW HaJIeKHO-
CTHU CO3[1aBa€MbIX M3 3TUX MaTepHajoB KOHCTPYK-
nuii. [locTaBineHHas 1ens TpeOyeT perieHus Tpex
3aJ1au: pa3pabOTKU HayYHO 0OOCHOBAaHHBIX TpeOOBa-
HUW K MarepualiaM, UX BCECTOPOHHEH cepTuduKa-
[IUH, a TaK:Ke padoT, HANPABJIEHHBIX HA «IIOJATOHKY»
KOHCTPYKLUU K Marepuaiy. s pemenus nepeoi u
TpeThel 3aau HeoOxoquMa pa3padoTKa pacueTHBIX
METOIOB OLIEHKH IPOYHOCTH U peCypca, U3 KOTOPBIX
JTOJDKHBI TIPOUCTEKATh KaK 000CHOBAHUS TPEOOBAHMIA
K MarepHaiy, Tak 1 000CHOBaHUS TPeOOBaHUI K KOH-
CTPYKIIMU CBAPHBIX Y3JIOB.

s obecriedenust HaIEKHOCTH KOHCTPYKITHH, pa-
0OTarOMINX B apKTHUYECKUX YCIOBHSIX, aKTyallbHa pa3-
paboTKa METOIMKHU OIICHKH COTPOTHUBIICHUS XPYIIKO-
My paspyiienuto. Ee 3amadeii sBIsgeTcs HE TOJIBKO
omnpejaeneHne TpeOOBaHUN K XJIaJIOCTOMKOCTH Me-
TaJlJla CBAPHBIX COEAUHEHUN, HO U K 3PPEKTHBHO-
CTH 1 00beMaM Hepa3pyIIAoIINX METOIOB KOHTPOJISL.
HMeHHO Takyr «00paTHYIO» 3a/1aqy MPUILIOCH pe-
1aTb, OCHUBAsA BO3MOXHOCTDL 3KCILIyaTalluu B ap-
KTUYECKUX YCIOBUSAX KOHCTPYKLUH, U3TOTOBJIEHHON
Ii71st 60JIee BBICOKUX PACUETHBIX TeMITepaTyp.

Puc. 2. Texnonormdeckast TUHAS JUIS TPOU3BOCTBA aTIOMEPHPO-

BaHHBIX (PITFOCOB
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Puc. 3. PacuerHble OLEHKH U151 BIOOpa KOHCTPYKLMHU Y3JI0B OapOKOMILIEKCa: ¢ — cuctemMa Oapokamep; 6 — pacueTHbIe KPUBBIE [10-
IIyCKAeMbIX yCTAJIOCTHBIX IIOBPEKACHUH

Puc. 4. Crenn amst pecypCHBIX UCTIBITaHHIA JIEMEHTOB TPYO [UTH-
HOH 710 6 M

Pa3BuTne METOOB OLICHKH IIMKIMYECKOTO pecypca
CBapHBIX KOHCTPYKLHI TaKkKe OepeT cBoe Havaslo U3 co-
BMmecTHBIX padot ¢ UDC um. E. O. [Tatona — uccne-
AOBAJIOCh BJIMAHHUE ABYXHYACTOTHOI'O HAI'PYKCHHA Ha
YCTaJIOCTHYIO IPOYHOCTh KOHCTpYKIMid. [Ipumep mo-
JOOHOM perraeMoil B HacTosIIee BpeMs 3a1a41 — C TI0-
MOIIIBIO PACUETHBIX OIIEHOK HEOOXOIMMO BHIOpATh KOH-
CTPYKLIHIO Y3/10B OaPOKOMIUIEKCA, YCTAaHABINBAEMOIO
Ha mary0e cynHa (puc. 3). 3nech K MaJIOIUKIIOBBIM Ha-
Ipy3KaM OT U3MEHEHHUI BHYTPEHHETO JAABJICHUA B 0apo-
Kamepax J100aBIIsIIOTCS Harpy3KH BTOPOH 4acTOTHI, CBS-

3aHHBIC C BOJIHOBBIMU Harpy3kamu Ha naiyoy.

Hogsbie 3a7a4u, CBSI3aHHBIE CO CTPOHUTEIHLCTBOM
TPyOOIIPOBOJIOB BBHICOKOI HAJIe)KHOCTH B apKTHYE-
CKHMX PErMOHax, TPeOYIOT M COBEPLICHCTBOBAHHS Me-
TOIUK CepTH(GHUKAUOHHBIX MCIBITAHUN MeTalla.
Js1st KOHTPOJISl SHEPTOEMKOCTH Pa3pyLICHUST MeTajia
MarucCTpajJbHBIX I'a30IIPOBOJOB OCBOCHBI MCTOAUKHA
ompeJiesieHrs padoThl MIacTHIeCcKoro jaedopmupo-
BaHHUs IIPU PACIPOCTPAHECHUU TPEIUUHBI IIPU AUHA-
MHUYCCKUX UCHBITAHUAX HAa YHUKAJIBHOM 110 SHEPTO-
€MKOCTH BepTuKaibHOM Kompe 60 k[, mokasana
HEO0OXOTUMOCTH TIPOBEACHHS HCTIHITAHUI Ha TPEIIH-
HOCTOMKOCTh MeTalllla CBapHbIX COCIMHEHUHN TpHU
PA3IUYHBIX CXEMaX HArPyKEHUs, MPEIOKCHBI Me-
TOJIbI KOHTPOJISI HOBOTO TIapamMeTpa — KPUTUIESCKOTO
yrina packpeitus TpenHsl (CTOA).
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Jlns uccnenoBanus pecypca HOBOU TpyOHO# TIpo-
IYKIIAH CO37aH CTEeHI (puc. 4), TO3BOJISIIONTHN HMHU-
THPOBATh PEaIbHBIN CHEKTp HArpyKeHus TpyO B
cocrase razo- u HepTenpoBoaoB. Pe3ymbrarhl mosn-
HOMACHITAa0OHBIX WCITBITAHUH MOATBEPKAAIOT HE0O-
XOJIUMOCTh WX HCIOJIB30BaHUS B OTBETCTBEHHBIX
KOHCTPYKITUSX — KOMIUIEKCHAs IPOBEpKa BCEH TeX-
HOJIOTHYECKOM LIETIOYKH MPOU3BOACTBA MO3BOJISIET
BBISIBUTH «CJIA0bIE MECTa», KOTOPHIE HE OTCIICKHUBA-
FOTCS TIPY UCTIBITAHUSIX CTaHJIAPTHBIX 00Pa3IIoB.

CoBMecTHO pa3zpaboTaHHBIE CBapOYHBIC MaTe-
puajbl, TEXHOJOTHYCCKUC MNPOUCCChl U MCTOAUKHU
OLCHKHU IMMPOYHOCTHU IMO3BOJIAIOT U3roTaBJIMBATbh MC-
TaJIJIOKOHCTPYKIIUU C TapaHTHPOBAHHO BBICOKUMU
9KCILTyaTallMOHHBIMH XapaKTePUCTUKAMHU (OT paiio-
HOB KpaitHero CeBepa JI0 BEICOKOArpecCUBHBIX yCIIO-
BHI TPOTIMYECKUX IITHUPOT).

OnHuM U3 TambHEHIINX HApaBICHUNA KapIHHATh-
HOTO TIOBBIIIEHHUS MOTPEOUTETHCKUX Ka4ECTB MaTePH-
aJoB ABJIAIOTCS paszpadbareiBaembie B 1OC um. E. O.
[laToHa HAHOTEXHOJOTHH U HAHOMATEPUAIIBI, & TAKKE
WCTIONB30BaHNE WH)KWHUPHHATA TTOBEpXHOCTH. Pazpa-
0OTaHBI TEXHOJIOTUU HCTIAPUTEIBHON KOH/CHCAIHH
(MarHeTpoOHHOE, MOHHO-TUIA3MEHHOE M aTOMHO-HOH-
HOE€ PacIbUICHUE) C YIIPABISEMbIM ITOTOKOM TIA3MBI,
CBEPX3BYKOBOE «XOJOJHOE» ra30JAHHAMUYECKOE U
MUKpPOIUIa3MEHHOE HAMBUICHUE, SIEKTPOIUTHIECKOE
MOIU(UIIUPOBAHUE HAHOCTPYKTYPHPOBAHHOW IMO-
BEPXHOCTH, JIa3epHOE MPOTOTUITHPOBAHNE HAHOKOM-
TMMO3MINOHHBIX ITOPOLIKOB, KOHTPOJIMpYyEMasa KpucTtai-
TU3aIs 13 aMOPPHOTO COCTOSTHUSL.

JlanbHeiilee pa3BuTHE KOPIYCHBIX MAaT€PUAJIOB
OymeT MPOUCXOAUTH 3a CUET CHHEPTETUICCKOTO (-
(exTa Ha OCHOBE HOBBIX HAyYHBIX 3HAHUH (UBHKU
MPOYHOCTH, TUIACTUYHOCTH, MaTepUaIOBEICHHUS, (PH-
3UKO-XMMHYECKUX TIPOIECCOB CBAPKH M HAHOTEXHO-
JIOTHi. DTO My Th MIEPCIIEKTUBHOTO COTPYIHUYECTBA.

[octynuina B pegaxuuto 12.04.2013
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TRENDS IN DEVELOPMENTS IN GAS-SHIELDED
ARC WELDING EQUIPMENT IN JAPAN

Tomoyuki Ueyama
DAIHEN (OTC) Corporation. Japan. E-mail: ueyama@daihen.co.jp

In the welding field in Japan, new technologies and processes have been developed one after another in response to the
improvement in materials and the changes in the market needs, which have remarkably been contributing to rationalization
and cost reduction in various industries. Taking into account the abovementioned technological trends, this paper provides
an overview of the present situation of technological developments in terms of gas shielded arc welding equipment. 16 Ref.,

2 Tabls, 10 Figures.

Key words: trends, technology, welding equipment, MAG, MIG, TIG welding

1. Introduction

It has passed one century with the arc weld-
ing technology since 1904 when Oskar Kjellberg,
a shipbuilding engineer in Sweden, developed and
practiced the shielded metal arc welding process.
The shielded metal arc welding process was intro-
duced in shipyards in Japan about ten years later
than that time, and in the 1920s, the first domestic
DC arc-welding machine was born. Afterwards, the
submerged arc welding process and the gas shield-
ed arc welding processes such as TIG and MIG were
developed and practiced one after another in Eu-
rope and the United States from the 1930s to 1940s.
These welding processes were introduced in Japan,
too, nearly ten years later after the employment in the
Western countries.

In the early 1950s, the submerged arc welding
machine was developed with the domestic technolo-
gies. Since then, the performance and quality of the
domestic arc-welding equipment have earned a giant
leap in tandem with the advancement of the heavy in-
dustries such mainly as shipbuilders and bridge fab-
ricators. This became the trigger of shifting the main
usage of the Western-made arc welding machines to
the Japanese-made ones in fabrication sites. In the
1970s, the traditional major processes of submerged
arc welding and shielded metal arc welding were su-
perseded gradually by GMA welding, mainly CO2
arc welding and MIG welding. This has urged the de-
velopment of GMA welding equipment. The 1980s
was special in that the articulated arc-welding robot
became popular and the welding power source of the
transistor-inverter controlled type was developed, and
thereby the arc welding equipment was improved as-
sociated with the advancements in the power elec-
tronics; as a result, the technical development for
higher efficiency and automatization in welding has
been progressed until today.

© Tomoyuki Ueyama, 2013
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This paper reports the performances and functions
of the welding equipment developed in the last ten
years aiming at the achievement of high-quality or
high-efficiency in GMA welding.

2. The history of development of the GMA welding
power source in Japan

2.1. The trend and growth of the output control
method for the GMA welding power source

Figure 1 shows a summary of the trend and
growth of the output control method for the welding
power source for GMA welding in Japan for the last
30 years.

Though the step or slide-transform control type
has decreased in the production quantity ratio, it is
still used steadily at a ratio of about 5%, mainly in
the sheet-metal welding workshop. The thyristor con-
trol type, which was dominant for the output control
method till the 1970s, is still used mainly in the fabri-
cation sites for medium/thick plate welding construc-
tions in shipbuilders and building constructors, with
a volume ratio of around 20%. Since the welding
power source of the inverter control type with power
transistor was developed in the early 1980s, the pro-
duction volume ratio rapidly expanded by the early
1990s. In the latter half of the 1990s, developed was
the digital inverter control type, which features the in-
verter for controlling the output and the software for
controlling the welding current and voltage wave-
forms to govern the welding performance and func-
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T
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Figure 1. Change in spread of power source control type in Japan

Production guantity ratio, %

Yigita
1




] CBAPKA W POOACTBEHHBIE TEXHONOTMAK

tion. This control type has earned a rapid growth of
use since the 2000s, reaching a quantity ratio of near-
ly 70% today.

2.2. Trends in the technology development for
GMA-welding power source

Figure 2 shows a summary of the recent trends in
the development of the major control technologies for
the arc welding power source [1]. The thyristor-con-
trolled power source was developed in 1969, which
led the development of the welding sequential control
and the unified control for improved performance.
The low-frequency pulse control and the medium-fre-
quency pulse control with a fixed pulse frequency
were also practiced.

The pulse power source with the synergic pulse
process on board was developed in 1980 and was
marketed as the welding power source equipped with
the world’s first, general-purpose, low-priced transis-
tor for the output control by the transistor chopper.
This type of power source became the prototype of
the present pulse MAG/MIG welding power source.
However, in 1983 after three years, the practice of
the inverter-controlled welding power source highly
expanded, resulting in the development of the pulse
MAG/MIG welding power source of the inverter con-
trol type that featured high-speed output control. This
development caused the pulse MAG/MIG welding
power source of the transistor-chopper control type to
become disused shortly.

Afterwards, all the advancements in the welding
power source were based on the inverter control type.
In 1990, the high-function/performance welding pow-
er source that was combined with the microcomput-
er control was developed [2, 3]. In 1992, the intelli-

gent welding power source with the fuzzy control on
board was developed [4, 5].

At the end of the 20th century, it was started to
apply highly the digital control to the welding power
source, with the background of advancement in the
digital control technology; i.e., the majority of the
control circuits were engineered to change the analog
control to the digital control to improve the reproduc-
ibility of welding conditions [6]. Recently, it has ac-
tively been promoted to increase the output control
speed by using the high-speed control element; as a
result, the high-performance welding power source,
that can control the welding and arc phenomena in
almost the ideal modes, has also been marketed [7].

Table 1 shows a summary of the performances of
the microprocessors applied to the welding power
sources of the digital inverter-control type. In 1996,
the digital control (with software) was employed for
all the controls of the welding current and voltage
waveforms to regulate the arc welding process [8].
At that time, 16-bit microprocessor was used to en-
able a single-chip microcomputer to execute multiple
controls, including the optimizing control of pulse pa-
rameters and the fuzzy control for automatic adjust-
ment of welding current and voltage, thereby elimi-
nating the need of individual logic circuits. In 2000,
32-bit microprocessor, which features the two times
or higher control frequency and 4-8 times capacity as
compared to the conventional type, began to be ap-
plied. With respect to the control speed, the Digital
Signal Processor (DSP) that enables the direct control
with software has provided the fast-acting output con-
trol by inverter [9]. Lately, the Field Programmable
Gate Array (FPGA) with a highly-integrated circuit

Development of Synergic

Pulsed GMAW

iy

Year 1969~ Year 1980~
Thyristor Controlled ] v _j Transistor Chopper Pulse Frequeney Selting
Power Source | 'L Controlled Power Scurce Ip - Tp Individual Setting

High Capability e
Power Device

Synergic Control
(Non-pulsc)

A 4

Synergic Control

Year 1983~ v

High-speed Qutput Control

Crater-fill Control
Arc lgnition Control

( [nverter

Compact Power Source

Controlled Power Source ]
Lew Input and Saving Power

Pulsed Waveform Control g —————————————
| Introduction of
| Micro Processor |
Year 1590~ mp————

Year 1999~

Fy

- ¥
ITigh Perlormance ;
Power Sourrce

Introduction of |

Digital Inverter Contmlled]

[ Introduction of ‘ Power Source

Parameter Setting of
Onutput Control
Short Circuit Control
low Freq. Modulated

Year 1992~

Intelligent (A1)
Power Source

Fuzzy Control i Digital Control |
- ’ Digital Quiput Control
Individual Difference Free
v v Reproducibility of Set

Conditions

F 3

Pulsed Control

AC Waveform Control
(I:N ratio, Frequency)
AC.”DC Hybrid Centrol

Automatic Welding
Current Compensation
Automatic Arc Voltage
Adjustment

v

Digital Communication
High-speed Contral of
Welding Phenomena
{mis->us)

Figure 2. Trends in developments of main control technology for arc welding power source
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Table 1. Change in micro processor and welding power source

that unifies 32-bit microcomputer and DSP has been
employed in the welding power source, and thereby
the control speed and program capacity have been
improved by 1- or 2-digit magnitude as compared to
those used in ten years ago.

These microprocessors used in the welding pow-
er source are commercial ones. In order to realize a
high-dimensional welding control, the authors have
developed the special welding-control microproces-
sor called “Welbee” (WELding Best Electronic En-
gine), the single-purpose LSI for the welding control,
which is the unique fourth-generation engine dedicat-
ed to the welding and inverter controls [10]. By us-
ing the Welbee, the operation processing rate can be
increased from a conventional micro-order level to a
nano-order level, and thereby the control performance
of the welding power source can be improved by 64
times higher than that of the first-generation welding
power source.

This high performance has enabled to sample the
welding current and voltage at a super-high speed
and thus to monitor/control the complex arc phenom-
ena that could not necessarily be controlled by con-
ventional power sources due to insufficient opera-
tion-processing rates.

3. Digital control methods for the welding current
waveform and their performances

3.1. Development of spatter reduction GMA weld-
ing process

The several methods for reducing spatter, typi-
cally the Controlled Bridge Transfer (CBT) method
[11], that feature less spattering in the short-circuit-
ing current range (up to around 150-180 A) in CO,
arc welding have been suggested and realized for
the low-spatter welding process. On the other hand,
from the viewpoint of higher welding efficiency, the

10-11/2013
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low-spatter performance is required also in the glob-
ular-transfer current range where the metal transfer
is prone to become irregular and unstable. However,
the spatter performance of the conventional welding
power sources was not enough in the globular-trans-
fer current range (over 200 A).

As shown in Fig. 3, in the use of the welding
power source equipped with the dedicated weld-
ing microprocessor of Welbee, the superimposed
pulse current waveform, which consists of periodical
changes, is applied immediately after the re-arcing
from short-circuiting to regulate the metal transfer.

Additionally, the welding current is controlled to
be nearly tens of amperes at the moment of shifting
from short-circuiting to arcing by means of the high-
speed operation processing of the algorithm for de-
tecting the weld pool condition in the last stage of the
short-circuiting. The development of this technology
for controlling the welding current waveform has en-
abled to reduce spatter even in the current range over
200 A.

Figure 4 shows a comparison of the amounts of
spatter in CO, arc welding with a Welbee-installed
welding power source and a conventional weld-
ing power source. The right part of the figure shows
typical spattering views and the relative amounts of
spatter. In the condition where the amount of spatter
is 0.5 g/min or less, only minute particles of spatter
are observed. In the condition where the amount of
spatter is 1.0 g/min or larger, a mixture of coarse and
minute particles of spatter can be observed.

3.2. Control for stabilizing the metal transfer in
pulsed GMA welding

Table 2 shows examples of the welding-cur-
rent-waveform control in pulsed GMA welding that
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have recently been developed by applying the digital
control technology [12].

In the pulsed GMA welding of mild steel, the
common shielding gas used is an Ar-CO, mixture
with 20%CO,. On the other hand, the CO, ratio in the
shielding gas mixture often changes depending on the
mixing mechanism and the performance of the mix-
er in cases where the shielding gas is supplied to the
welding process line via a concentrated piping system
in the workshop. It is known that the metal transfer
becomes unstable when the CO, ratio exceeds 20%
in the shielding gas, and thereby the one-droplet per
pulse transfer becomes impossible to achieve.

With the newly developed pulse-current waveform
control, the initial value of a pulsed current is set to
be higher than the proper value for 80%Ar+20%-
CO,, in order to enhance the constriction of a droplet
for detaching from the wire tip even when the CO,
mixing ratio becomes higher up to 30%. This control
method also features the two-step pulse waveform,
which reduces the pulse current to prevent the drop-
let from becoming larger excessively while maintain-
ing the electromagnetic pinching force to detach the
molten droplet formed at the initial stage of the pro-
cess. In the process of lowering the pulse current to
the base current, it is reduced exponentially, not line-
arly, in order to maintain the electromagnetic pinch-
ing force immediately before detaching the molten
droplet. Consequently, this process assures a steady
metal transfer while preventing the generation of
minute particles of spatter that is caused by the resi-
due of molten droplet flown apart from the wire tip as
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the result of an excessive energy accompanied by the
detachment of the droplet.

In the pulsed GMA welding, stainless steel re-
quires the shielding gas with a higher ratio of Ar as
compared with mild steel; in general, oxidized gas
(O, or CO,) is added at several percent to improve
the arc stability. However, even if an Ar-rich shield-
ing gas is used, a stable metal-transfer arc may not be
obtained in the pulsed GMA welding of stainless steel
because the high viscosity or surface tension of the
molten droplet makes it difficult to detach the droplet
from the wire tip. With the newly-developed current
waveform control, the initial rising rate of a pulsed
current is designed to be high so that the electromag-
netic pinch force can firmly work on the molten drop-
let at the initial rise of pulsed current. Additionally, to
cope with a lack of electromagnetic pinch force while
a pulse current is applied, the pulse current is de-
signed to increase gradually after reaching the pulse
current, thereby ensuring the sufficient electromag-
netic pinch force in accord with the timing of detach-
ing the molten droplet. The process of reducing the
pulse current to the base current is the same as the
pulse waveform for the pulsed GMA welding of mild
steel; i.e., the pulse current is decreased exponential-
ly to prevent the generation of minute-particle spatter
caused by the residue of molten droplet flown apart
from the wire tip, thereby achieving a steady metal
transfer.

In the pulsed GMA welding of aluminum and its
alloys, the pulsed-current waveform control must be
executed in consideration of the properties that the
melting point, viscosity and surface tension of the
wire are lower than those of steel wire. Especial-
ly, if an excessive pulse peak current is energized to
the wire, minute particles of spatter may be generat-
ed when the molten droplet detaches from the wire.
To solve this problem, the lately-developed current
waveform control features the exponentially ascend-
ing or descending curves for the rising or falling cur-
rent waveform between the peak current and the base
current. This technology prevents the generation of
minute-particle spatter when the molten droplet de-
taches, thereby obtaining a stable one-pulse one-drop-
let transfer.

3.3. Pulsed GMA welding process with super-
im-posed low-frequency pulse

In 1990, the pulsed GMA welding process with
superimposed low-frequency pulse was developed
for aluminum and its alloys [13]. In this process, the
arc condition is changed cyclically by controlling the
output current and voltage with the welding current
waveform that features the low-frequency pulse su-
perimposed, for reflecting the vibration of the weld
pool, on the medium frequency pulse that controls the
metal transfer under a constant wire feed rate. With
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Table 2. Pulsed wave form type and their metal transfer
C-Mn Stecl
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this advanced technology, the authors have made
suggestions for realizing the GMA weld beads with
the regular ripple pattern like TIG weld beads, and
for using the weld pool vibration to refine crystal
grains and to reduce the susceptibility to solidification
cracking [14] as well as to prevent blowholes [15].

However, with mild steel and stainless steel whose
melting points are higher, the change in the arc phe-
nomena is not as cyclical as observed with aluminum
alloys; thus, the above-mentioned effects could not be
achieved.

To overcome this problem, the new pulsed MAG/
MIG welding process with superimposed low-fre-
quency pulse has been developed, with which the
wire feed speed can be synchronized with the cur-
rent waveform control, as shown in Fig. 5. With this
advanced process, the output can dynamically be
changed at a low frequency of 5 Hz max for mild
steel and stainless steel, and thereby it has become
possible to change significantly the arc pressure and
wire melting rate.

With this advanced process, a molten pool can cy-
clically be vibrated.

This function enables to remove zinc vapor from
the molten pool in the welding of galvanized steel
plates, thereby reducing the occurrence of blowholes
and pits in the weld metal.

3.4. Development of AC-pulsed GMA welding
process

Depending on the type of welding structure, some
of the welding joints, may be difficult to weld be-
cause the root gap is required to be filled with de-
posited metal even though the base metal’s thermal
capacity is small. In the automatic welding of such
particular joints, the use of low welding current
can prevent burn-through that is caused by exces-
sive heat input; however, it will become difficult to
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Figure 5. Low-frequency modulated pulsed GMA
process

bridge the root gap with deposited metal. Converse-
ly, if the welding current is increased to fill the root
gap with deposited metal, excessive heat input may
cause burn-through. This problem can be attributed
to the nature of the common DC GMA welding pro-
cess in which the welding current is related directly
to the wire melting rate. Therefore, it is significant-
ly difficult to set the proper welding condition in the
welding by robots and automatic machines. Even if
the proper condition could be set up, it would become
difficult to maintain/control that condition due to less
robustness.

The AC-pulsed GMA welding process is one of
the processes that can solve such welding problems.
Figure 6 shows a welding current waveform in AC-
pulsed GMA welding.

In AC-pulsed GMA welding, the ratio of EN po-
larity current to the average welding current in one
pulse cycle is called the EN ratio [16], which can be
defined by the equation shown in the figure: EN ratio
= Sen/(Sen + Sep).
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Figure 6. AC pulsed GMA waveform

Figure 7 shows the relation between welding cur-
rent and wire feed speed as a function of the EN ra-
tio in the use of Al-Mg alloy wire and mild steel wire
with a wire diameter of 1.2 mm. As shown in these
figures, setting an EN ratio can determine the melting
characteristic curve for a particular wire in relation
to the melting rate vs. welding current in AC-pulsed
GMA welding. Specifically, when comparing the EN
ratios at the same welding current, the wire melting
rate becomes faster with a higher EN ratio, and slow-
er with a lower EN ratio.

When the wire melting rate is kept constant, a
change in the EN ratio affects the welding current;

i.e., the welding current decreases with a higher EN
ratio, and increases with a lower EN ratio.

Due to these characteristics, changing the EN ra-
tio affects the cross-sectional contour of a weld bead
in AC-pulsed GMA welding as shown in Fig. §; i.e.,
with an increase in the EN ratio, the bead width and
penetration decrease, and weld reinforcement increas-
es. This specific feature of the AC-pulsed GMA weld-
ing process is useful in the welding of a welding joint
having an excessive gap.

3.5. Cold tandem GMA welding

Figure 9 shows the principles of the cold tandem
GMA welding process. Specifically, a couple of wires
are aligned in tandem along the welding line, and
while the leading wire generates a pulse arc, the trail-
ing wire that is not energized is fed into the molten
metal produced by the leading arc. In the cold-filler
tandem GMA welding process, the filler wire is fed
at 5 mm away backwards from the leading arc in the
molten pool, unlike the TIG filler welding process in
which the filler wire is fed into the molten pool im-
mediately beneath the arc. With this process, the so-
lidification rate of the molten pool becomes faster and
thus the prevention of undercut and humped bead can
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1600 F 4 FN =20 % . s - AEN=20%
£ BEN-40%
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Figure 7. Wire melting characteristic

Shiclded gas: B0 % Ar + 20 % CO5, 20 |

Wire feed rate: 700 cm /min, Welding speed; 80 cm /min, Wire: ERT08-G, Size: 1.2 mm
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2000 A Current: 170 A Current: 163 A
BV Voltage: 24,5 V
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be expected. Because the filler wire is fed into the
rear part of the molten pool, the heat capacity of the
arc is never drawn by melting the filler wire. This is
why the penetration shape is almost not affected by
the filler wire fed. In addition, since the preceding arc
is kept in perfect spray without short-circuiting, sim-
ilarly to the conventional pulsed MAG welding pro-
cess, the generation of spatter is extremely low.

In recent years, thick-plate fabricators tend to use
narrow groove joints to get higher welding efficiency.
However, the use of a high-efficient welding process
in a narrow groove joint may cause the occurrence
of a hot crack in the penetrated weld center depend-
ing upon the penetration shape. The hot cracking can
occur if molten metal does not fill the shrinkage cav-
ity that is formed at the interface (the finally solidi-
fied zone) of the columnar structures near the center
of a weld during the solidification and shrinkage pro-
cess. With the cold-filler tandem GMA welding pro-
cess, the cold filler wire is fed into the molten pool
formed by a high-current arc, and hence it can be ex-
pected that the molten-metal filling action into the
molten pool can be enhanced, thereby preventing the
hot cracking.

Figure 10 shows the welding results of the pipe-
flange joint of machinery structure steel. In this ex-
periment, welding was started with the pulsed GMA
welding process, which was followed in the mid-
course by cold-filler tandem GMA welding with the
trailing filler wire fed, in order to compare the effect
of the filler wire. Consequently, solidification crack-
ing occurred near the center of the bead from the
weld start when only pulsed GMA welding was used;
by contrast, right after switching to cold-filler tandem
GMA welding, the crack propagation was arrested,

P-GMAW

10-11/2013

CBAPKA W POOCTBEHHBIE TEXHONOM MK (

Welding torch

Welding direction

Pulsed spray arc Cold-filler wire

Weld metal
Figure 9. Principle of cold tandem pulsed GMA process

Base metal Muolten pool

and thereby the expected effect of the cold filler wire
has been confirmed.
4. Closings and outlooks

The authors have introduced the trends in the de-
velopment of the GMA welding equipment observed
in Japan for the last ten years. The GMA welding
equipment has remarkably been improved in tandem
with the developments in the power electronics con-
trols and elements together with the advancements in
various control methodologies. Today, the capacity of
microprocessors is also advanced considerably; thus,
particular output controls that were hard to realize are
becoming possible to practice.

On the other hand, for the fusion welding process
like the arc welding process, it is required to handle
the phenomena in which solid, liquid and vapor phas-
es can change for a short time. Therefore, in order
to accomplish the further advancement/development
of the welding equipment, better understanding the
physical phenomena centered on the arc phenomena
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in the welding process will become more vital for the
technological step-up in the future.

1.

2.
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WELDING TODAY AND TOMORROW

J. PILARCZYK, W. ZEMAN
Instytut Spawalnictwa, Gliwice, Poland. E-mail: office@is.gliwice.pl

It has been presented the huge changes in the Polish welding engineering which occurred in the last 20 years: in ownership
among producers of welding equipment and materials, in investments which have been carried out, in the influence of free
market, in the importance of knowledge and in the emerging of the people’s own potential. These factors enabled to decrease
the distance between the Polish and world welding level. 8 Ref., 5 Tabls, 10 Figures.

Key words: survey, Polish welding engineering, world welding level, changes in the last years, new factors, eliminating

of lag

Introduction

While talking about contemporary welding engi-
neering and pondering over its future development,
one must also evoke its rich history and refer to its
considerable achievements in earlier days, in particu-
lar, in the interwar time (1918 — 1939) as well as dur-
ing the forty years that followed (1945 — 1985).

The interwar period witnessed the construction of
the world’s first fully welded road bridge on the river
Studwia near Lowicz in Poland in 1929 (Fig. 1). The
bridge has been in its place ever since in spite of wear
and tear and destruction caused by the war.

In the interwar period the first buildings (tall build-
ings as well as exhibition and production halls) were
constructed on the basis of welded steelwork. The
production works manufacturing welded structure
were set up in numerous existing steelworks, which
produced considerable amounts of structural steel, in
the region of Silesia. Although the production plants
of welded steelwork were relatively small, the number
of produced structures was imposing. Even today’s
design engineers and production engineers would not
feel ashamed of some of the solutions applied then.
It should be also emphasised that many constructions
came into being within a very short time.

The post-war period in Poland was the time of
rebuilding the country after the ravages of war and
starting up numerous industrial plants. In that period
the amount of produced structural steel was colossal.
It was connected practically with all fields of regen-
erating civil life as well as rebuilding and develop-
ing industry. Steelworks, coal mines, power stations,
shipyards, chemical plants are just examples of the
biggest consumers of welded steelwork.

Remembering and appreciating ‘yesterday’s’
achievements, one must nevertheless admit that it has
been the last two decades of political, economic and
commercial transformations in Poland, Europe and
the world that have had the greatest impact on the ‘to-
day’ of Polish welding engineering.

© J. Pilarczyk, W. Zeman, 2013
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The factors which made it possible to decrease or
even eliminate the gap between the Polish and world’s
welding engineering are the privatisation among man-
ufacturers of welding materials and equipment as well
as manufacturers of welded products and structures,
all kinds of investments, free-market awareness, ac-
cess to knowledge as well as the possibility to develop
and improve one’s own skills and abilities.

Today’s Polish welding engineering has a potential
which lays the strong foundations for the welding en-
gineering of ‘tomorrow’.

The image of Polish welding engineering is creat-
ed by the following:

» manufacturers and distributors of welding mate-
rials and equipment

= applied welding technologies and level of their
automation

= welding sector personnel

o
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Figure 1. The world’s first fully welded road bridge and commemora-
tive plaque affixed by the American Welding Association
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= users of welding technologies

= scientific and research establishments
Manufacturers of welding materials
and equipment

Privatisation of domestic manufacturers of weld-
ing materials and equipment by such companies as
ESAB and LINCOLN has opened the world’s market
(through their perfectly organised distribution net-
works).

The most fundamental issue now is the access to
new manufacturing techniques and technologies. They
usually require high financial outlays for research and
industrial applications. Finding an investor in Poland is
no easy task. Thanks to the investments made by foreign
companies the market sector of welding materials and
equipment has considerably strengthened its position.
A recent decision of the ESAB company to move the
production of welding equipment from Sweden to the
city of Opole seems only to confirm this trend (Opole
is going to have the biggest production plant of ESAB
welding equipment in Europe). Also the investments
made by the LINCOLN company and its subsidiaries
in the scope of production of flux-cored wires or weld-
ing torches. The gas companies that have located their
investments in Poland include LINDE, MESSER, AIR
LIQUIDE and AIR PRODUCT.

It should be clearly emphasised, however, that
apart from large international companies there are
over a dozen Polish big and small companies man-
ufacturing welding materials and equipment, such
as ASPA, ZBUS, ECKERT, ZASO, ELKO, MUL-
TIMET, METALWELD, TECHNIKA SPAWAL-
NICZA and others. These manufacturers supplement
the large companies’ offer with specialist materials
and equipment for welding engineering.

Over two thousand distributors and servicing
points in Poland provide their services to the cus-
tomers of welding engineering companies. Thanks to
investments made, privatisation process and organi-
zational changes, there has been a steady growth in
the potential and competitiveness of Polish welding
engineering on the global markets. This can be seen

3.0 R
B Eguipment

_ | # Spare parts
2571 a Eguipment+spare parts
20+
1.5 r
1.0 -
0.5

1 1 1 1 1 1 1

2003 2004 2005 2006 2007 2008 2009 2010
Figure 2. Dynamics of sales of domectic welding equipment in the years
2003 -2010

60

22 L - .
Pl B AT M B WA

4.3
40 ® Eguipment
' + Sparc parts
3.5 A Eguipment+spare parts
3.0
25 F
2.0
1.3 |
1.0
0.3 F
0 1 1 1 1 L L | )

2003 2004 2005 2006 2007 2008 2009 2010 2011
Figure 3. Dynamics of export of welding equipment and spare
parts in the years 2003 — 2011

in the figures relating to the dynamics of the market
of welding materials and equipment.

The year 2003 was adopted as the basis for the
analysis of the market dynamics, of both welding ma-
terials and equipment. That was the year of the sale
growth after the economic slump in the years 2000
—2002.

After the period of a boom in the economy in the
years 2003 — 2007 (Fig. 2 and Fig. 3) the impact of
the world’s crisis on the domestic market of welding
equipment became visible. The total production of
equipment and spare parts sold in 2007 was twice as
much as in the year of 2003, whereas in 2009 it ap-
proached the level of the year 2003. The years 2010
— 2011 saw the recovery of the economy. The total
value of the export of equipment and spare in 2011
exceeded the level of the year 2007, which was a very
good year for the market of welding engineering.

Thanks to a perfectly developed distribution net-
work, including networks of the ESAB and LIN-
COLN companies, the equipment manufactured in
Poland is exported to over 100 countries all over the
world. The biggest number of devices is exported to
Belgium (16%), Russia (15.3%), USA (9.9%) and
Germany (7%).

The dynamics of the market of electrodes and flux-
cored wires shows that there has been a considerable
export growth in both fields. The export of covered
electrodes in the years 2003 — 2010 increased over
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Figure 4. Dynamics of the market of covered electrodes in the years
2003 — 201 1acc. to mass
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10 times, whereas that of flux-cored wires over 7
times (Fig. 4 and Fig. 5). Similarly as was the case
with equipment, the world’s crisis of 2009 caused a
decrease in export of covered electrodes and of flux-
cored wires. However, the domestic use of covered
electrodes remained at the level of the year 2003. The
use of flux-cored wires was gradually growing. In
2007 it was over 3 times greater, and in 2010 it was
twice as high as in the year 2003 (Fig. 5).

The dynamics of import of welding equipment
was either stable or of a declining character. In the
years 2003 — 2010 the value of import did not exceed
the level of the year 2003. The highest activity of the
manufacturers of welded products and steelwork in
the purchase of new welding equipment took place in
the years 2007 — 2008. It resulted, among other things,
from a long and arduous effort to build the financial
stability of the companies.

The import of welding materials and equipment
has taken place in the past and today, and what should
be emphasized, from various countries. In 2011 Po-
land’s most important partners in the scope of the
purchase of welding equipment were Germany 28.8%
as well as China and Italy with a respective share of
15.3% and 14.3% of the total purchase value.

The greatest import of electrodes as far as the mass
is concerned has come from Portugal, Hungary and
China, whereas electrodes of a relatively higher price
and quality have been imported from Sweden, Ger-
many and Holland.

The import of flux-cored wires from China in
2011was comparable in terms of quantity with the im-
port from Germany. However, the quality of German
wires was 2.5 times higher, which indicates their bet-
ter quality and specialist properties.

Analysing the structure of the total use of weld
metals in Poland in 2010, it was possible to observe
that the weld deposit coming from solid wires (MIG/
MAG) constituted approximately 53%, from flux-
cored wires (FCW) approximately 20%, whereas
from covered electrodes (MMA) and from welding
consumables for submerged arc welding (SAW) 18%
and 9% respectively. Both the increase in the use of
flux-cored wires and the declining tendency in the
use of covered electrodes follow the tendency taking
place in developed countries, where in the years 1976
— 2004 the participation of weld deposit obtained
during manual welding with covered electrodes de-
creased from 51 to 12% in Western Europe, from 49%
to 12% in the USA and from 70% to 13% in Japan.

Applied welding technologies and level of their
automation

General trends in the scope of welding technolo-
gies applied in Poland do not diverge from those in
the developed countries in Europe and in the world.
In the general hierarchy of applied methods, manual
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welding with covered electrodes is relatively rarely
applied, while the application of flux-cored wires and
semi-automatic MIG/MAG welding is on the increase.
However, nowadays the state-of-the-art methods and
cutting-edge welding technologies are laser welding
and cutting, hybrid welding, electron welding, weld-
ing with several wires, low-energy processes as well
as automatic and robotised welding.

All of the above-mentioned processes are known
and applied in Poland, however, the scope of their use
is different from the one observed in the developed
countries. The world’s production of industrial lasers
in 2008 amounted to 41700 units. About 36% of this
number, i.e. over 15 000 items were installed in Eu-
rope. If one assumes that 22% of lasers were used for
cutting and 12% for welding, then 5100 lasers were
used in welding processes in Europe solely in the year
2008. According to estimates, around 2000 units were
installed in Poland, including several dozen intended
for welding. Hybrid welding is already a subject of re-
search and experimental testing. There are some sin-
gle industrial applications of hybrid welding but still
a lot needs to be done in this area.

A similar situation is in the case of robotisation of
welding. There is over a million of robots installed all
over the world, with 30% of this number being made up
by welding robots. Among welding robots a dominat-
ing position is taken by robots for welding and fusion
welding, whereas robots for brazing and, in particular for
laser welding, have prospects of development.

As the measure of robotisation level one uses the
number of robots per 10 thousand people employed
in all industries or in the automotive industry. It is es-
timated that in the world there are approximately 50
robots per 10 thousand employees in all industries.
However, in such countries as Japan and Germany
there are respectively 1436 and 1130 robots per 10
thousand workers employed in the automotive indus-
try and 191 and 134 robots in all industries. In Po-
land in 2010 there were 5158 robots installed in all
industries, with 2559 robots used in the automotive
industry. Therefore, there are 19 robots per 10 thou-
sand employees in all industries and approximately

AL i1 o g 1 RING 61



] CBAPKA W POOACTBEHHBIE TEXHONOTMAK

Table 1. Welding robots installed in different countries in
2010

Number Number

Country of pcs. Country of pcs.
China 8 000 India 446
Germany 4129 Slovakia 396
North America 3 883 Brazil 246
South Korea 3800 Great Britain 197
Japan 3609 Poland 171
Spain 563 Portugal 131
France 496 Russia 115

176 robots per 10 thousand employees in the automo-
tive industry.

The number of welding robots installed annually
in different countries is worth emphasising. The po-
tentate is China where in the year 2010 eight thousand
welding robots were installed. In Germany, North
America, S. Korea and Japan this number fluctuates
around four thousand, whereas Poland, with 171 ro-
bots, takes one of the last positions in terms of the
number of installed welding robots (Table 1).
Welding sector personnel

The personnel employed in the welding sector is one
of the greatest assets of Poland’s welding engineering;
this being due to the level and organisation of education-
al processes, practical training and experience in man-
ufacturing critically important structures by domestic
producers. The international system of educating weld-
ing personnel implemented by Instytut Spawalnictwa
enables obtaining international certificates (Table 2) and
European diplomas (Table 3). Instytut Spawalnictwa
collaborates with the European Welding Federation as
well as the International Institute of Welding and con-
tributes significantly to their work.

Vocational training is run in Poland by approxi-
mately 400 centres supervised by Instytut Spawal-
nictwa. Several dozen thousand documents are issued
every year (Table 4). It is estimated that approximate-
ly 130 — 150 thousand people are involved in work
for the welding engineering sector, including 60 — 80
thousand of welders.

Users of welding technologies

Depending on the economic situation, in Poland,
in over 100 industrial sectors there are between 6.5
Table 2. The total number of the international diplomas

acquired by the welding personnel in the years 1999 — 2011
was 2,400
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Figure 6. Production of steelwork in thousands of tons in the coun-
tries of the greatest production output in Europe

and 7 thousand companies using welding and related
technologies in production processes. Such companies
create about 50% of the added value. Poland comes
second in Europe as far as the quantity of steelwork
production is concerned (1.35 m tons). There is also
a high share of export in the structure of production.
In 2010 export amounted to 630 thousand tons, while
import reached 195 thousand tons (Figure 6). All this
is a clear indication of the strong position of compa-
nies connected with the welding engineering sector.

Domestic manufacturers make the most reliable and
responsible welded steelwork for power engineering,
aviation, building engineering, petrochemical sector, gas
engineering, transport, automotive industry, ship build-
ing, etc. Their export and price relations show Poland as
a country with a very competitive offer.

What is insufficient, however, is the outlays in-
curred by industrial companies for innovative activi-
ty. The companies allocate over 80% of their financial
resources for purchasing equipment and just merely
10% for research and development.

Scientific and research potential

The expert institutions dealing with welding engi-
neering in Poland are Instytut Spawalnictwa (the big-
gest establishment in Poland, with 165 employees),
chairs or departments at 16 universities (employing
from several to a dozen or so workers), the Polish
Academy of Sciences, some research institutes as
well as large industrial plants with their testing and
research facilities. Industrial plants with a foreign
capital usually carry out their research in their own
scientific centres, sadly, outside Poland.

For the past 20 years the laboratories conducting
research for the welding engineering sector have been

Table 3. The total number of European diplomas acquired

by the welding personnel in the years 1997 — 2011 was 1,734
IWE IWT | IWP | IWS Iw | IWIP
Number Number EWE | EWT | EWP | EWS | EW
f dipl .
ofdiplomas | | 41 | 200 | 150 | 362 | 31 | 239 ofdiplomas | 1,108 | 179 | 158 | 72 91
Table 4. Documents issued every year
2004 2005 2006 2007 2008 2009 2010 2011
Welders Qualification Test Certificates | 20,566 | 22,487 | 34,576 42,423 43,789 46,199 44,454 42,499
Welder’s Books 8,740 | 10,580 | 15,474 | 21,524 17,604 14,736 13918 13,662
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Table 5. Financial outlays for research projects in welding engineering
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Projects financed by MNiSW in the following years NC.BR Developmental
L Projects Projects
Deseription 2002 — 2007 2008 —2010 2010
— — L.
: Years 2007 — 2008
Own Superv. Own Superv. Initech ears

Number of projects 28 10 21 9 3 4
Financial outlays in thousands PLN 65679 414,7 63253 463,1 10 877,0 2091,0
Avergge outlays in thousands PLN per 234.6 415 301.2 514 36257 522.7
1 project
MNiSW — Ministry of Science and Higher EducationNCBR — National Centre for Research and Development Superv. — Supervisory
Initech — Innovative Technology.

equipped with the state-of-the-art lasers, robotised
welding equipment and modern testing machines.

Table 5 presents financial outlays for research pro-
jects in welding engineering financed from the budg-
etary resources.

The structure of research issues and financial out-
lays for research shows that despite limited outlays
the scope of the research carried out in Poland has
covered the majority of problems essential to modern
welding engineering, such as laser welding (including
hybrid welding), plasma welding, welding (including
FSW), materials of poor weldability, nanomaterials,
calculations and simulations of processes etc. (Fig. 7
and Fig. 8).

The assets of today’s welding engineering:

= powerful and quickly developing production and
distribution facilities of welding materials and equip-
ment

= highly skilled welding personnel thanks to the in-
ternational system of vocational education and train-
ing as well as owing to experience gained at produc-
tion of reliable steelwork of critical importance

= welding technologies hierarchy applied in ac-
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Figure 7. Structure of research projects financed from the budget in the
field of welding engineering in Poland in the years 2000 — 2007
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Figure 8. Structure of outlays for research projects financed from the
budget in welding engineering in Poland in the years 2007 — 2011 (acc.
to value)
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cordance with the world’s trends

= great potential and production capacity of the
manufacturers of welded products and steelwork

= powerful research and testing facilities and expe-
rienced researchers as well as the range of research-re-
lated issues taking into consideration the world’s lat-
est trends.

Welding of the future

Welding engineering of the future will depend on
research conditioning the development of structural
materials and technologies to join them, educational
and vocational background of the welding personnel,
the level of innovation at companies and a general
economic situation.

Research in the area of structural materials

The research of materials processed by means of
welding technologies will include:

= parent metals: steel, aluminium, magnesium and
plastics

= new materials: titanium and its alloys, composite
and ceramic materials, multi-materials

= materials of the future — nanometals.

As can be seen in Figure 9, the production of steel
is four times higher than that of other structural ma-
terials. For this reason the use of steel is and, in the
nearest future, will continue be a fundamental indi-
cator of the condition and development of individual
industrial sectors, including welding engineering.

The research related to the development of struc-
tural materials has been addressed in many publi-
cations and research programmes such as European
Strategic Energy Technology Plan (referred to as the
SET Plan) developed by the Polish Steel Technology
Platform (Polska Platforma Technologiczna Stali) as
well as the programme ‘Horizon 2020’ being prepared
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Figure 9. World’s production of major structural materials
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by the European Union. The latter programme is sup-
posed to be in operation from 2014 to 2020 and pro-
vide approximately 80 bn PLN to finance European
research and innovations.

Welding technology development

New structural materials of poor weldability pose
areal challenge for welding engineers. These include:

= materials resistant to high temperature

= multi-materials in the form of sheets, shapes and
casts

= high-strength steels + soft steels, aluminium

steel + carbon fibre reinforced plastics (CFRP)

Technologies of the future are:

= laser, hybrid and electron beam welding

= remote controlled welding using concentrated
energy

= always relevant electric arc welding: Cold Metal
Transfer, STT (Surface Tension Transfer), Cold Arc,
SCW (Synergic Cold Wire), two-arc MAG welding,
submerged arc welding with multiple electrodes and
thin wires as well as TIME methods

The growth in the productivity and quality of
welded joints is conditioned by the automation and
robotisation of high-efficiency welding processes as
well as by computerised control of welding processes,
first of all due to high current parameters and welding
rate values.

Innovative solutions

‘Being innovative’ is the ability to create and use
in practice new and effective solutions which have
become feasible owing to research and experience
gained during production.

Effective solutions bring the following advantag-
es:

= increase in quality and efficiency

= reduction of costs

= reliability and competitiveness of manufactured
welded products and structures.

Innovation is the most effective method to en-
joy competitive and economic success. ‘Innovation
means knowledge turned into money’. All too often
one can see only expenditure related to the implemen-
tation of new solutions. In fact, costs are borne only
once, whereas benefits keep coming in for years.

Innovation obviously does cost, and poses a great
problem in countries like Poland. Welding engineer-
ing companies have been arduously building their
financial stability, investing in fixed assets, building
or renovating production halls, purchasing welding
machinery and equipment. This phenomenon is very
positive and important as these areas have been ne-
glected for many years. However, the foregoing is
insufficient to boost efficiency and competitiveness.
The future and competitiveness of Polish welding
engineering will, to a much greater extent, depend
on the companies’ activity in the field of innovation.
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Figure 10. Structure of the use of rolled goods in Poland by sec-
tors related to welding engineering in 2010

Influence of economic situation on Polish welding
engineering

The globalising economy increases internation-
al competition. If the welding engineering industry
is to play an important role in it, it will have to face
up to this challenge. It is difficult, though, to predict
what shape the economy will take in Poland and in
the world.

Welding engineering needs a good economic situ-
ation in sectors being the main users of welding tech-
niques i.e. metal products (for power engineering),
building engineering, automotive and transport indus-
tries (including shipbuilding), equipment and machin-
ery, renovation and repair (Fig. 10).

Examples of investments which may positively
influence the economic situation of the welding
industry in the domestic market

1. The construction of the north—south gas pipeline
is due to begin in 2014. It will connect the terminal
in the city of Swinoujécie with gas distribution grids
in the Czech Republic, Slovakia, Ukraine and other
south-European countries. The pipeline is going to be
2000 km long and its construction is to be completed
in 2020. Parallel to the above-mentioned investment,
there are plans made for the Odessa—Brody—Gdansk
pipeline.

2. According the document ‘Power Engineering
Policy for Poland until 2030’ approved by the Cab-
inet, the power engineering sector is going to be the
driving force for the development of Polish economy
(including welding engineering sector). One of the
factors affecting the development of power engineer-
ing is the requirements issued by the European Union
in relation to the reduction of CO, emissions, making
it necessary to modernise the existing power units and
transmission grids as well as to build new ones, di-
versify Poland’s power generation by building nucle-
ar power plants and implementing renewable energy
solutions connected with wind, water, solar or biofu-
els. All the investments connected with the excavation
of shale gas will also be of importance to the welding
engineering sector.

3. All the above-mentioned changes will not be
possible without new technologies and solutions in
welding engineering.
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4. The prospects of the development of wind pow-
er engineering: at the premises of one of Polish ship-
yards (‘Gryfia’) a modern ‘oft-shore’ unit is being
built. It is a joint venture of three companies: German
Bilfinger Berger, Gdynia’s Shipyard’s ”Crist” and
MARS Closed-end Investment Fund (belonging to
ARP — Industrial Development Agency). The tar-
get production is to bring 80,000 ton of steelwork
making up foundations for off-shore wind turbines,
with the main customers being German and British
companies.

5. Gdansk Shipyard has started the production of
wind turbines. The target production aims at 300
turbines annually making the shipyard the biggest
manufacturer of offshore wind turbines in Europe.

6. In Goleniéw Dutch Glasfiber has set up a plant
manufacturing blades for wind power plants.

7. As many as 32 application forms have been sub-
mitted to Poland’s authorities requesting permission
to locate off-shore wind farms.

8. There is a slowdown in the building sector.
However, taking into account the needs of the whole
infrastructure and planned subsidies from the Europe-
an Union funds, the building sector still has a chance
to favour the development of the welding engineering
industry.

9. Planned investments in renewable sources of
energy, waste incineration plants, railway sector and
further investment in road infrastructure bode well for
the welding sector.

10. There has been 3 bn PLN allocated for the
modernisation of railway lines so far but this amount
will be probably increased to about 10 bn PLN.

11. The automotive and aviation sectors are the
driving force for the progress in welding engineer-
ing. The share of the automotive sector in creating the
added value constitutes 5% of the general added val-
ue of the industry. This is far less than in developed
countries but there is some success in this area too.

12. Poland is a number-one manufacturer of buses
in Europe.

13. The aviation industry in Poland has numerous
relations with the world’s aviation companies. The
companies that have opened their branches in Poland
include Meyer Tool — an American manufacturer of
spare parts for aviation industry, Sandvik — a Swed-
ish producer of cutting tools, acid-resistant steel,
electroresistant materials and conveyor belts, Prat-
t&Whitney Canada — the world’s leader in the pro-
duction of engines, Vac Aero International Canada. At
present, most of the companies in this sector belongs
to foreign investors. The aviation industry in Poland
is represented by the association ‘Dolina Lotnicza’
(‘Aviation Valley’) which encompasses 77 companies
employing 22 thousand engineers and technicians.
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Conclusions

Assets of contemporary welding engineering

= reliable production and distribution base of weld-
ing materials and equipment

= welding personnel’s high qualifications and ex-
tensive experience in production

= structure/hierarchy of applied welding technolo-
gies consistent with the world’s trends

= big potential and manufacturing capacity of the
manufacturers of welded products and steelwork

= excellent research and testing facilities as well as
experienced researchers

= broad scope of research taking into account the
world’s trends

Weaknesses of contemporary welding engineer-
ing

= inadequate level of automation and robotisation

= insufficient application scope of the latest tech-
nologies

= inadequate participation of companies in financ-
ing innovative solutions

= too low outlays for R&D and too low share of
R&D in innovative activity

The future of welding engineering will depend on:

= research conditioning the development of struc-
tural materials and technologies of joining them

= [evel of welding personnel

= innovative approach of companies

= general economic situation
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COBPEMEHHBIE MHOOPMAILIMOHHBIE
ABTOMATU3NPOBAHHBIE CUCTEMbI
AKYCTHYECKOI'O KOHTPOJIA CBAPKA

H. I1. AJIEHIMH
DenepanpHOe ['ocynapcTBeHHOE aBTOHOMHOE yupeskaeHue «Cpapka u koHTpossy npu MI'TY um. H.D.baymana.
P®. 105005, Mockaa, yi. 2-s1 Baymanckast, 5. E-mail: aleshin@bmstu.ru

PaccMoTpeHbI COBpEeMEHHBIE OTEUECTBEHHBIE U 3apy0eKHBIE BEICOKOMH(OPMATHBHBIE BUJIBI 000PYIOBaHUS AT aKyCTHIECKOTO
KOHTPOJISI CBAPHBIX COEMHEHUH TPyOOnpoBogoB. OTMEUEeHBI HX BO3MOXXHOCTH U HefoCTaTKU. ONMCaHbI IPENMYIIECTBA Pa3-
paborannoro MI" ®I'AY «CBapka U KOHTPOIB» COBMECTHO C MpEennpusiTHEM «MOTHUD» KOMIUIEKCHOTO CKaHepa, B KOTOPOM
peann30BaHbl YIBTPa3BYKOBOH, BUXPETOKOBBIN U BU3YalbHBII METO/bI KOHTPOIIS. [IpuBeeHsI MpHIMepsl TPUMEHEHHS IS KOH-
TPOJISL CBAPHBIX COCAMHEHUH B aTOMHOM sHepreTuke cuctembl ABI'YP, a taroke mopratusHoro npubopa ACBAT, mpomesniero
ME)KBEZIOMCTBEHHBIC HCIIBITAHUS B BHeApeHHOTo Ha 00bekTax OAO «lasmpom».Tabm. 1, puc. 11.

Knwuesvie cnoea: akycmuueckuii KOHmpons, capHvie coeouneHus mpyoonpoeooos, ckamep-0egheKmocKkon, xapaxkme-
PUCMUKU CUCmeM KOHMPOJsl, NOPMAMUGHLIN npudop, 201081HAS 6OIHA

B cBs3u ¢ OomnbIIoil m3HOMEHHOCTRIO (Oomee 65 %)
TEXHOJOTHIECKOTO OOOpYIOBaHHUS W HEOOXOIUMO-
CTBIO HA/IKHOW TUATHOCTHKH COOPYKAEMBIX 00BEK-
TOB 3HA4YCHHWE HEPa3pyIAONINX METOJOB KOHTPOJIS
BECbMa BEJIHKO.

B CIIJA cToMMOCTh KOHTPOJIBHBIX ONEpanuil npu
npousBoicTBe oTHenbHbIX wu3nenuit BIIK goctu-
raet 25...35 % ot obuei croumoctu u3nenuii. B
CTPOUTENILHON MHIAYCTPUH 3TH 3aTPaThl COCTABISIOT
10...12 %. B Poccun e 3aTparsl Ha KOHTPOJIb U JHa-
THOCTHKY HIDKE B 15...20 pa3, BCIeICTBUE YETO YHC-
JI0 aBapuil Ha OOBEKTAaX Pa3lIUYHOTO Ha3HAYCHUS Ha
MOPSAJIOK BBIIIE, UYeM Ha 3armae.

[oTpeGHOCTD B HAJIG)KHOM BBICOKOMH(pOPMATHUBHOM
000pyIOBaHIH OCOOEHHO aKTyalbHA ISl TOTUTMBHO-3-
HEPreTHIeCKOro KOMILIEKCa, T/Ie aBapHUH COTPSHKEHBI He
TOJIEKO ¢ OOJTBITUMYU SKOHOMHYECKAMH TTOTEPSIMHU, HO 1
KaracTpo(hUIeCKIMH MOCITEICTBHUSMI.

W3 Bcero MHOTO0Opa3us crocoOOB AMArHOCTHKA
IIPH M3TOTOBIIEHUH, CTPOUTENBCTBE U HKCILTyaTaI[HH
KOHCTPYKIIUK HAauOOJbIliee MPUMEHEHHE HAIIUIN aKy-
crudyeckue. llpu OLEHKe TEeXHHYECKOTO COCTOSHHS
MarucTpaJbHBIX TPyOOMPOBOIOB, TA3rOJIBACPOB, pe-
3epByapoB HambOonee 3PQPEKTUBHBIMH CpEICTBAMHU
KOHTPOJISl KaueCTBa CBAPHBIX IIBOB SIBISIOTCS aBTO-
MaTHU3UPOBAHHBIC YIBTPAa3BYKOBBIE CKaHEphI-Aehek-
ToCKOTBl ABTOKOH-AP-MI'TY.

ABTOHOMHasi pOOOTH3MPOBAaHHASI CUCTEMa Mpes-
CTaBJsieT cO00H MeXaHW3M NepelBUKEHHs, Ha KOTO-
POM pacTiONOKeHbl 32-KaHATBHBIA YIBTPa3BYKOBOM
ne(EKTOCKOT € YIPABISIONINM MPOIECCOPOM H aKy-
CTHYECKas CHCTeMa, COCTOSINAs U3 IBYX 16-3meMeHT-
HBIX COBMEIICHHBIX TIpeoOpaszosarencit (UII), peann-
3YIOMIMX TEXHOJOTHUIO KOHTPOJSI C HMCIIOJIIb30BaHUEM

© H. I1. Anemmn, 2013
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(ha3upoBaHHBIX PELICTOK C anepTypol KauyaHHs Jyda
B nauanasone 40° nmpu yactore 8§ Ml (puc. 1).

JBa npyrux 16-aJeMEHTHBIX MpeoOpa3oBarens,
paboTarIIKX B pa3iebHOM PEKUME, 00CCIICUUBAOT
TEXHOJIOTHIO KOHTPOJISA C UCIONb30BaHUEM AU(paK-
[IMOHHO-aMIUIUTYAHO-BpeMeHHoro wmeroga (TOFD)
(puc. 2, a).

[Tpu TOFD GUKCHPYIOT ¥ 3aIMCHIBAIOT CUTHAIIBI,
paccessHHBIE Ha Kpasx ne(eKToB W 0TOOpa)karoT Ha
akpane B-ckan (puc. 2, 6).

Cucrema ycTaHaBIMBaeTCS HAa KOHTPOIHPYEMOM
W3JIEIN W TIepEeMEIIaeTcsi BIIONb CBApHOTO CTHIKA,
ABTOMAaTUYECKH OTCIIEKHMBasg €ro 0e3 KaKuX-JIu0o
JIOTIOJTHUTENTBHBIX MpHUCTocoOneHnii. MexaHu3M cka-
HUPOBaHUS YHAEP)KUBACTCS Ha IOBEPXHOCTU TPYObI
BCTPOCHHBIMU B KOJIeCa MOCTOSHHBIMH MAarHUTaMH.
YeraHoBka ManorabapuTHa, IPOCTa B OKCIUTyaTallly,
00CITy’)KUBaeTCs IBYMsI OTIEpaTopaMu.

CpaBHUTENBHBIE XapaKTEPUCTHKH POOOTH3UPO-
BaHHBIX CHCTEM IPUBE/ICHBI B TAOIHIIC.

OTedecTBEHHBIH TPUOOP, HAPSY C OTMEUEHHBIMU

“inl Tt

Puc. 1. AxyctHueckas cucteMa ckaHepa-Ie(peKTocKona ABTO-
koH-AP-MI'TY ¢ ¢a3upoBaHHEIMH pelIeTKaMH
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Puc. 2. Axycruueckas cucrema ckanepa-nedexrockona ABTokoH-AP-MI'TY ¢ anTeHHOH peleTkoil Tuna «ay3t» (a) u AudparupoBaH-

HBI€ CUTHAJEHI (0)

BBIIIIE ITPEUMYIIIECTBAMH (TabIuIIa), TO3BOJISIET KOHTPO-
JIMPOBATH U3MIEITHsI JTI000H (HOpPMBI (TIIIOCKHE JIUCTHI, Pe-
3epByaphl, TA3TONBACPHI U T. 1.). [Ipumep medexrocko-
AU KOJIBIICHIX CTHIKOB TPYOBI MPUBEICH Ha pHC. 3.
Crnenyer OTMETUTb, YTO CYIIECTBYIOIIMH Jyd-
mmit 3apyoexHsiit ananor Pipe WIZARD-PA (¢up-
Ma RTD) MokeT KOHTPOJIMPOBATh TOJBKO KOJIBIIEBEIE
CTBIKH (pHUC. 4) MarucTPaNIbHBIX TPYOOIIPOBOIOB.
CymiecTByIolye yabTpa3ByKOBbIE CKaHEphl AB-
ToKOH-AP-MI'TY, «Couner», YCI-60 u ap. ne mo-
3BOJISIIOT C BBICOKOH CTENEHBIO BEPOSITHOCTH OOHA-
PYKHMBaTh CTPECCKOPPO3HOHHBIC TOBPEXKICHUS B
MarucTpaibHbIX TpyOomnpoBonax. C HENbI0 HCKIIO-

YeHHs yKa3aHHOTO HEJOCTaTKa W yBEJINYEHHUsS BBISIB-
JSIEMOCTH Hapy»KHBIX U BHYTpeHHHX aedektoB B MIT
OI'AY «Cpapka u koHTpoib» Tipu MI'TY nm. H. D.
Bbaymana cosmectHo ¢ HITL[ «Mosnuus» pa3paboraiu
KOMIUIEKCHBIM CKaHep, B KOTOPOM PEan30BaHbI yilb-
TPa3ByKOBOM, BUXPETOKOBBIM M BU3yaJIbHBI METObI
koHTpos (puc. 5, ). OH peaHa3Ha4YeH I KOHTPO-
151 TpyOorpoBosioB auamerpom 720...1420 MM ¢ Ton-
LIMHOM cTeHKHU 10 35 MM mpu Temneparype ot —40 1o
+40 °C. Ilpu ABHXKEHUU IO BUHTOBOM JIMHUU CKOPOCTh
J10 3 M/MUH, [IMPHHA 30HBI CKAHUPOBAHMS COCTABIISIET
280 MM 3a omuH 000pOT. Pesynbrarsl quarHocTupoBa-
HUS TIPEZICTABISIIOT B BUJIE CKAHOTPaMMBI (puc. 5, 6).

CpaBHHTEILHbIE XAPAKTEPUCTHKH POGOTH3NPOBAHHBIX cucTeM KonTpousi Pipe WIZARD-PA (RD TECH™) u Astokon-AP

MI'TY
[Tapamerp nnu Pipe WIZARD-PA ABTOKOH-AP-MI'TY [Ipumeuanne
XapaKTepUCTUKa
B npenenax amuHbl Kabens cBA3U Tpu KOHTpOZE - TP yGOHP o
nepeMenaeMoro O10ka 1 MigaHra BOZIOB OCHOBHOi G110k Pipe
ABTOHOMHOCTb pemett Ilonnas WIZARD-PA pa3memaror Ha

JUISL TIO/IaYM KOHTAKTHOW JKHJIKO-
CTH

aBroMoOmIIe, IUIMHA KaOels u
nuianra > 20 m

ABTOMAaTHYECKUH, BJIOJIb HAIIPaB-
JIAIOLIEH, yCTaHaBiIMBaeMO#l Ha
CBapHOI1 IOB

Cnoco6 ckaHUPOBaHUS

ABTOKOH-AP-MI'TY
CHAOXKEH JATYMKOM CIICKEHUS
3a BAJIMKOM YCHJICHHS IIBA WIIN
TUOKOM JICHTBI

ABTOMaTHYECKHUI, 0€3 TO0MOJHU-
TEJIbHBIX [TPUCIIOCOOICHUI

Bonee 50 xr 6e3 ydera Mmacchl
BHEIITHET0 KOMIIBIOTEpPa, COCy/a ¢
KOHTAKTHOW JKHJIKOCTBIO, IIUIAH-
TOB U Kabeei

Macca, xr

Pipe WIZARD-PA He moxer
TPaHCIOPTHPOBATHCS BPYUHYIO

Jlnamna3zoH KOHTPOJIHPYEMBIX

B OCHOBHOM TOJIIMHA OCHOB-
6...35 (pu 3ameHe »

Typ, °C

TOJIIIMH OCHOBHOT'O MeTaslIa 7..32 HOro MeTajuia TpyOOIpOBOIOB
aKyCTHYECKUX OJIOKOB)
TpyOOIpPOBOIA, MM >8...30 mm
Jlnanason pabounx Temmepa KonTponuposars wame Bcero
p p -15..+30 -40...+50 MPUXOAUTCS. TPU OTPHULIATENb-

HBIX TeMIeparypax

OOHapyxeHue JIe(eKToB, OIpe-
JIeJIEHHE WX MECTOIOJIOKCHUS U
HU3MEpEHHE YCIOBHBIX Pa3MepoOB

OCHOBHBIE PE3yNbTaThl KOH-
Tpoust

O6Hapysxenue nedexros, onpe-
JICJICHUE MX MECTOIOJIOKCHHUS 1
H3MEPCHHE YCIOBHBIX Pa3MEpOB

Ja (otmempHBI mpeoOpas3oBa-
TEJb 110 OTPAKCHHUIO OT BHYTPEH-
HEll MOBEPXHOCTH TPYOBI)

DyHKIMS CIKEHUS 3a aKy-
CTHUUYECKUM KOHTAKTOM

Ja (mpm xaxxIoM 3arycke J1r000-
ro kKaHajga 03 HCIIOJb30BaHUS
JTOTIOJTHUTEIILHOMN armaparypbl)

O0BeM KOHTPOJISE Kompuessie mBbI

Kosb1ieBbIe ¥ IPOJIONBHBIE LIBEI,
TEJIO TPYOBI

10-11/2013
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870 Beero no tpybe: 67,5 MM
JAetherTon

BRI

——— N
S0 ' 3
(KD I
910

—_l
920

Beero noreps akyver. konrakra: 105,00 mum

4l caena; 43,5 MM, enpana; 82,5 mm

Puc. 3. Ckanep-nedpexrockon ABTokoH-AP-MI'TY (a) u otoOpa-
JKEHHUE PE3yJbTAaTOB KOHTPOJS Ha SKpaHEe MOHUTOPA (0)

[Ipu KOHTpOJIE KayecTBa CBApHBIX CTHIKOBBIX COE-
JUHEHUH TPyOOIIPOBOAOB MEPBOTO KOHTYPA peaKTopa
BBP-1000 nanGonee 3pQeKTUBHBIMU SIBISIOTCS CH-
crembl ABI'YP 5.2 (puc. 6), pazpaboranusie B8 HI1O
«Ox0+».

JIJis 5THX COEAMHEHUI XapaKTePHbI OOJIbIIAst TOJ-
mmHa (72 MM) ¥ HAJIMYWE TaITEH, OT KOTOPOH Jare
BCETO 3apOXKJAIOTCS TPEIIUHBI B MPOIECCE IKCILTya-
tanuu. Cucrema ABTyp 5.2 ¢ BBICOKOW JOCTOBEPHO-
CTBIO BBISBIIIET BCTpEYaromuecs AeeKThl U MO3BO-
JIIeT yBEPEHHO HICHTHU(HUIMPOBATH WX Pa3sMEpPhl U
koH(pHTyparuro (puc. 7).

" ¥

= 2 Y 4 .

Puc. 4. Cxanep Pipe WIZARD-PA
=,

68

=
R

'

Ny, S —;;";"_".J_'

- MR Koppoanm

- NPOERIBIBGEE Coapuoil o

—
Puc. 5. ABromaruzupoBaHHasi KOMIUIEKCHAsE CUCTEMa JUIsl KOHTPO-
JISL MaruCTPaJIbHBIX TPYOOIIPOBOIOB (@) M CKaHOTpamMMa Je(heKTOB
(0)

Cucrema ABI'YP 5.2 npu He3HauuTeNbHOM Iiepe-
KOMIUIEKTOBAHUHU YCIEIIHO WCIIOJIB3YeTCs ISl KOH-
TPOJIsi THOOB TPYOOIIPOBOJIOB IIEPBOI0 KOHTYPa peak-
topa BBP-1000 (puc. 8).

Jlst onieHKH paboTOCIOCOOHOCTH 0O0BEKTA HE BCET/Ia
JIOCTaTOYHO 3HATh (HOpMY, pa3Mepbl U KOOPAWHATHI Je-
(hexToB. 3HAYNTEIFHOE BIIMSHNE Ha YPOBEHB HATPSHKEH-

Puc. 6. Cucrema ABI'YP 5.2 ju1s aBTOMaTH3MpOBAHHOTO YIIBTPa3-
BYKOBOT'O KOHTPOJISL KOJIBLIEBBIX CBAPHBIX CTHIKOBBIX COCIMHEHHUN
TpyOOIPOBOIOB MEPBOTo KOHTYpa peakropa BBP-1000

10-11/2013
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Puc. 7. U306paxenne nedexra B cBapHOM coeanHEeHNH ¢ yriioM Boaa [1DI1 400

Puc. 8. Cuctrema ABI'YP 5.2 15151 aBTOMaTu3MpOBaHHOIO yJIbTpas-
BYKOBOTO KOHTPOJIs THOOB TPyOONPOBOJOB MEPBOTO KOHTYpa pe-
aktopa BBP-1000

HO-JIE()OPMHUPOBAHHOTO COCTOSIHUSI OKA3bIBACT HAJTUUHUE
OCTaTOYHBIX HAMPSDKCHUE B PA3IMUHBIX AJIEMEHTAX
KOHCTPYKIIMH, 0COOCHHO B 30HE Ie()EKTOB.

W3BecTHO MHOXECTBO NPUOOPOB ISl OLICHKU
OCTATOYHbBIX HANPsKEHUM, AEHUCTBUE KOTOPBIX OCHO-
BaHO Ha M3MEPEHNHU PAa3INYHBIX XapaKTEPUCTUK Mar-
HUTHBIX, 3JEKTPOMAarHUTHBIX WJIM YJIBTPa3BYKOBBIX
moneil. OOmUM WX HEIOCTAaTKOM SIBISIETCS HU3Kas
TouHOCTh U3Mepenus (20...25 %). 3 u3BecTHBIX cH-
CTeM W3MEpeHHUs BHYTPEHHUX HaIpsDKEHUH Hambo-
Jiee COBEpLICHHOM siBisieTcst ycraHoBka LZM-USJzfp
(MHCTUTYT Hepa3pymaronero KoHTpois [epmanun),
MIPUHIIUI JEHCTBHUSI KOTOPOH OCHOBaH Ha M3MEPEHUH
MOTNEPEYHBIX CKOpPOCTe Y3-BOJIH BO B3aUMHO MEp-
MEHIUKYJISPHOM HanpasjieHuu. [Ipu 3ToM BO30YX-

Puc. 9. Annaparnoe cpecTBo 6eckoHTaKTHOI akycTnueckoii Tensomerpun (ACBAT) (a) 1 KoMIIIeKCHbIH aTuuk (6) (/-7 — cM. B TeKCTe)

10-11/2013
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|i"1
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Viaall + ksoy + Rgoa),

t fama),

BOJH cooTeeTcTReHHD Vign Vi,

riae oy, l'l'l.\,irr. 1’2 = HANPHEACHHC B COOTEBCTCTEBYKRILHE HM CROPOCTH BOVIH,
kyo by By, Ry ks, Ry - wosdupHuBenTH YIPYTOAKYCTHYECKOI CBAIN.
,.l.IIH OIHOOCHOND HAllPRACHHOND COCTOHHNA, LA IR XOCHODD HERITPEACHHON COCTOH A,
a, = K;(A; — A, . toy I3
G = Ky =Ko As, A= ——"-1},
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.|....—.r_) 1 .1--.||—I_: 1; = K K _ Fa2 I3 {
Ly IIII Ty 34 184, Ay aa i3
rae A — aHadeHne aKyCTHMECKON aHN3OTPONHK; f, {2 — SAJEPHKEN HMITYALCOR NMONepe HbIX

Puc.10. Meroauka omnpeaeseHus: HHTETPAILHOTO M0 TOJNIIMHE 3HAUYCHHUS MEXaHUYECKUX HAMIPSHKSHUH

neane SH-Bomn ocymectBisiercss DMA-mpeobpa-
3oBaresisiMU. [laHHas cucTeMa MO3BOJISIET M3MEPATH
TOJIBKO OTHOOCHO-HANPSKEHHOE COCTOSTHUE C TOYHO-
CTBIO 5 M/C, UTO HE BCEI/ia YIOBJICTBOPSIET 3aKa3UHKa.

B MI" ®I'AY «Csapka u koHTpoib» npu MITY
uM. H. D. baymana pa3paboTan mopTaTuBHBIN Mpuodop
ACBAT (puc. 9, a) s oLeHKH 3HAYeHUI MeXaHWude-
CKHX HAIpsDKEHUH TIPH OTHO- U IBYXOCHOM HAITPsKEH-
HO-JIe(POPMUPOBAHHOM COCTOSIHUH TIO TOJIIHHE 0OBEK-
Ta IMyTeM U3MEPEHUsI CKOPOCTEH TPeX THUIIOB BOJH: JBE
[IOIEPEYHbIE BOJHBI C B3aUMHO HEPICHANKYIPHON
noJyisipu3ae u npoaosibHas. HarpasneHue pacnpo-
CTPaHEHMsl 3THX BOJIH MEPIEHIMKYISIPHO IUIOCKOCTH
JeWcTBUS HanpspkeHwi (puc. 10).

Meron ocHoBaH Ha 3({dekre ABYITyUEHpPEIOM-
JICHUS, T. €. SIBICHUU PAa3JIOKEHUSI B aHU30TPOIHBIX
cpeznax 3BYKOBOI BOJIHBI Ha JIBE COCTAaBIIAIOLINE, I/E

Koj1e0aHUs YacTHUI] B 3TUX JIBYX BOJIHAX B3aUMHO Iep-
neHauKynsipasl (puc. 10). s peanuszanuu 3Toro a¢-
(exra pa3zpaboran KoMIUIEKCHBI DMA-npedpa3oBa-
tenb (puc. 9, 0).

B eanHoM Koprtyce 6 pactiofoKeHbl 1BE MarHUTHBIC
cucteMbl 2 1 /. MarauTHas cucrema 2 (¢ KaTyLIKoH me-
PEMEHHOIO TOKa 3) MpenHa3HauYeHa il BO3OYKICHHS
TOTNIEPEYHON BOJIHBI B OOBEKTE KOHTPOJS &8 TOA JIeH-
creueM cuiibl Jlopenua £ ,. Marauthas cuctema 2 (¢
KaTyIIKOW TIEPeMEHHOTO TOKa 4) TperHa3HaueHa IS
BO30Y’KICHHS ITOTIEPEYHON BOJHBI B 00BEKTE KOHTPOJIS
8 nox neiictBueM cuiibl JlopeHua Fﬂl. Karymiku 3 u 4
PAacMoIOKeHb! APYT NOJ APYTOM U OPUEHTUPOBAHBI B3a-
MMHO TIEPIICHANKY/SAPHO I BO30Y)KACHMS TOIepey-
HBIX BOJIH CO B3aMMHOU MEPHEHIUKYIISIPHOH MONspU3a-
upeil. MarauTHas cuctema / (C KaTyIIkoi epeMeHHOTo
TOKa 5) mpeaHazHaueHa IJsi BO30Y)KICHHS B OOBEKTE

'y
0 - MTla 0 50 100 150 200 o, MIla
v ¥
i Af oty
*

Puc. 11. 3aBUCMMOCTD 1yBCTBUTEIBLHOCTH TOJIOBHOM BOJIHBI OT MEXaHMYECKOTO HANIPSDKEHHUS: V|| — TIPOIOTbHAS, V11 — ronoHasi; V', —
Ponest; V5 —V,; — nonepevHbie BOIHBI B
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KOHTPOJISL § NPOAOJILHOM BOJIHBI MOA JCUCTBUEM CHJIbI
Jlopenua F ;, HanpaBJeHHOM NEPIIEHIUKYTIAPHO O0bEK-
Ty KoHTpoIisL. [j1s1 BbIOOpa peskuMa peAHa3HaveH rnepe-
KITFOYaTenb /.

Peanu3anust MHOTOKpaTHBIX 3XOCHUTHAJIOB CIBHIO-
BBIX BOJIH C paJiMajibHON MOJIsipU3alneil B aHU30TPOIl-
HBIX IUTACTUHAX U C/IBUTOBBIX BOJIH C INHEHHOW NOJISpU-
3a1elt co CMeIIeHHeM ToJT yIvioM 45° K HalpaBiIeHHIo
[IPOKAaTa XapaKTepHa TeM, YTO B 3aBUCUMOCTH OT CTerle-
HU aHU30TPOIIMH MaTepHana yxke I BTOpOro-TPeThero
9XO-CUTHAJIA YETKO HAOIIONAeTCsl pas3/ieieHue UMITYIIb-
COB. OTO MOYKHO OOBSICHUTH TEM, YTO C/IBUTOBBIE BOJIHBI
B IIPOLIECCE CBOEr0 PACHpPOCTPAHEHUSI PaCIIEIUIAIOTCS
Ha JIBE BOJIHBI C KOJIeOaTeIbHBIMI CMEILCHUSIMH BAOJIb 1
MIOIEPEK HaIPaBJICHUs [IPOKaTa, PACIPOCTPAHSIOIINECS
C Pa3HbIMHU CKOPOCTSIMHU.

C yBenMYEHHEM CTENEHU aHU30TPOIHUU MaTepHa-
Jla BO3PacTaeT B3aMMHOE BPEMEHHOE CMELICHUE UM-
MybCOB O0OMX KOMIIOHEHTOB CIBUTOBBIX BOJIH MpPHU
HEU3MEHHOM ITyTH X paclpOCTPaHEHHs B MaTepuare
(TomumHa moctosiHHA). Ilpm HocTaroyHo OONBLIOM
IyTU paclpOCTPAaHEHHUs] CHTHala OTHOCUTENIbHOE

10-11/2013
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BpeMsI CMEIIEHHUSI UMITYJIHCOB BOJIH C PA3JIMYHOM I10-
ngpu3anuel JTOCTUTaeT BETUYWHBI WHTEepBajia IBY-
KpPaTHOTO TPOXOXKICHHS KKT0M M3 BOJIH IO TOJIITHE
CJIOSI U TIPEBBIILIACT €€.

ITpy npunoxeHUH HArpy3Kd K OOBEKTYy KOHTPOJIS
BIOJIb OAHOM M3 OCEH aHW3O0TPOIHH YBEIHYUBACTCS
CTENeHb aHW30TPOIHUM, TEM CaMbIM BO3pPAcCTaeT B3a-
MMHOE BPEMEHHOE CMELICHNE UMITYJIbCOB JBYX BOJIH
CO B3aUMOIEPNEHAUKYISIPHON nosipu3auuen. W3-
MEHEHHE OTHOCHTEIBHON pa3HUIIbI CKOPOCTEH BOJIH
B HayaJIbHOM (HEHArpy>KeHHOM) U KOHEYHOM (Harpy-
JKEHHOM) COCTOSIHUH TPOIOPIHOHAIBHO JEHCTBYIO-
HIeMy HaIlpsHKEHUIO.

st obecnieyennst OOJbIIEH 4yBCTBUTENBHOCTH K
MEXaHHYEeCKUM HalpsKeHUSM aBTOpaMH IpeJIoxKe-
HO HCTIONIb30BaTh B KOHTAKTHOM BapHaHTE TOJOBHYIO
BOJIHY. DKCIIEPUMEHTHI U PAaCUeThl MMOKa3ajH, YTO ee
YyBCTBUTEIILHOCTh IO CPABHEHHWIO C IOTIEPEYHON
BoyTHOM a1 ctanu 30 Beimre B 2,7 pasa (puc. 11).

ACBAT mporren MeXBEIOMCTBEHHBIE UCTTBITAHS
U IIOCJIE COOTBETCTBYIOIIEH cepTU(UKALMK BHEAPEH
Ha oO0bekTax OAO «I"a3mpom».

[ocrynuina B pegaxuuto 12.04.2013
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VK 621.81.:621.337

OCHOBbI TEXHOJIOT'MH SJIEKTPOKOHTAKTHOI'O
CIIEKAHHMA HAHOCTPYKTYPUPOBAHHDBIX
METAJIJIOTIOJIMMEPHBIX TIOKPHITUI
TPUBOTEXHUYECKOI'O HASHAYEHUW A

10. M. INTECKAYEBCKMI1', B. A. KOBTYH?
! Tomenscxuit pumman HAH Benapycu. Benapycs. 246000, T. Tomens, yi. Kuposa, 32, a
2 ToMenbCKuii HHKEHEPHBII HH-T MHUH-Ba M0 Ype3BBIMAiHBIM cHTyanusM Pecry6onnku Benapycs.
Benapycs. 246023, . T'omens, mpoct. Peunmxwuit, 35, a. E-mail: vadimkov@vandex.ru

[pencraBieHbl MOIEIBHO-TEOPETHYECKUE MOIXOIbI K ONTUMHU3ALUH CTPYKTYPHO-TEXHOJIOTHYECKUX YCIOBHI DIIEKTPOKOHTAKT-
HOT'O CIIEKaHUSI METAJUIONOIMMEPHBIX MOKPBITHIA. [T0Ka3aHo, 4TO MPUMEHEHHE METOI0OB KOMITLIOTEPHOTO MOIEIMPOBAHHMS 30H
(OpMHPOBaHHST TOPOIIKOBBIX KOMITO3UIIMOHHBIX MaT€PUAJIOB Ha MPUHIMIIAX ME30MEXaHNYECKOTO TTOIX0/a C UCIIOJIb30BAHHEM
CTPYKTYPHBIX MOJIEJIEH, aalTHPOBAHHBIX K IIUPOKOMY IHANIa30HY 3HAYCHUN TEXHOJOIHYECKHUX ITapaMETPOB U CBOMCTBAM
HCXOJHBIX KOMIIOHEHTOB MTOPOIIKOBON CHCTEMBI, TIO3BOJISIET YCTAHABIMBATH 3AKOHOMEPHOCTH BIMSHUS TEXHOJIOTHYECKUX (haK-
TOPOB U CTPYKTYPHBIX 0COOEHHOCTEM, & TAKIKE XapaKTEPUCTUK MCXOMHBIX KOMIIOHEHTOB JUCIIEPCHBIX TIOPOIIKOBBIX CHCTEM Ha
MIPOLIECCHI CTPYKTYPOOOPa30BaHusl CIIEUEHHBIX CII0EB. [IpH 3TOM OIpeelAIolee 3HaYeHHE UMEET yUeT JIOKaJIbHOTO BO3JIEH-
CTBHUS TEIUIOBBIX (P)AKTOPOB M BHYTPEHHHMX HAIPsHKEHUH, BOSHUKAIOIIMX B Iporiecce (JOPMUPOBAHUsI OKPbITHIA. bubnuorp. 4,
Tab6n. 1, puc. 9.

Kniwoueesvie cnoea: anekmpokoHmakmuoe cnekamue, MemaiionoiumepHble KOMNOUYUOHHbIE HOKPbLMUSA, MEOHAs MA-
mpuya, KOMnbIOMepHoe MOOeTUPosanUe, Napamempbl CHeKaHus, CMpYyKmypHoO-mexHoio2uvecKue Qakmopul, popmuposanue

nokpuimul

[TepcrieKTUBHBIM HAINPaBICHUEM IOBBIIICHUS JKC-
IUTyaTallMOHHOTO Pecypca U PaCHIMPEHUs HArpy304-
HO-CKOPOCTHBIX PEIKUMOB pa6OTI)I MalllUH U MfEXa-
HU3MOB ABJIACTCA HCIIOJIB30BAHUC B Yy3JIaX TPCHUA
HAHOCTPYKTYpUPOBAHHBIX YIIEPOIHBIMH HAHOTPYO-
KaMH1 1 HAHOJIYKOBHUIIAMHU MCTAJIJIONNOJIMMEPHBIX KOM-
IO3UIIMOHHLIX CaMOCMAa3bIBAOIUXCS MarcpuaioB "
MOKPBITUHA HA OCHOBE NOPOIIKOBON METHOM MaTpUILIbI
[1]. Onnako BBemeHNE OTUMEPHBIX HATTOJIHUTETICH 1
HaHOCTPYKTYp YIJIEpO/ia W3BECTHBHIMH TEXHOJIOTHUE-
CKMMU TPUEMaMH HETIOCPEICTBEHHO B ITOPOIIKOBYIO
IIUXTY W TIOJTyYeHUE KaueCTBEHHBIX MaTEepHalioOB Ha
OCHOBE METATMYECKOW MAaTPHIBI KIACCHYECKUMHU
METOZIaMH TIOPOIIKOBON METAaJUTypruu BechMa 3a-
TPYAHEHO BCIEACTBUE HU3KUX TEMIIEparyp ILUIaBje-
HUA U TEPMOCTOMKOCTH MOJUMEPOB. PelinTh JaHHBIN
BOIPOC MO3BOJSAET METOJ] AIEKTPOKOHTAKTHOTO CIie-
KaHus [2, 3], OTHOCSIIMIICS K Pa3psiiy BBICOKOCKO-
POCTHBIX M BBICOKODHEPIETHYECKHX CIOCOOOB IO-
JIy4EHHs] MATEpUAJIOB U IOKPBITUI M3 MOPOLIKOBBIX
KOMIIO3UTOB. TakuM 006pazom, ero OCHOBHASI 0COOCH-
HOCTH 3aKJIIOYaeTCsI B BOBMOYKHOCTH TOJTYUYEHHUS I10-
KPBITHI U3 MMOPOUIKOBBIX MATEPUAJIOB C Pa3IuYHbIMU
(hM3UKO-XMMHYECKAMHU CBOWCTBAMH.

CrnemyeT OTMETHTH, YTO CBOMCTBA KOMIIO3UITHOH-
HBIX MaTepHUaJiOB C METAJUTMYECKOW MaTpuIei o0y-
CJIOBIICHBI BIMSIHUEM psiia (DaKTOPOB: CBOHCTB, KO-
JIMYECTBA M TUIIA MATPUIIBI U HATIOJHUTEINS; BUAA U

© 0. M. Ilneckauesckwii, B. A. Kosryn, 2013
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XapakTepa pacHpeneseHUs HAIlOJHUTENS B MaTpH-
1[e; KOHCTPYKIINY KOMITO3UTA ¥ TEXHOJIOTHH €T0 IO-
Jy4eHUs; BHEIIHUX Bo3aeiicTBuil. [losTomy 3HaHue
3aKOHOMEPHOCTEH, 00yCIOBIMBAIOLIUX HAJIWYUE B
KOMITO3UTE TEX WJIM MHBIX CBOMCTB, BO3MOXHOCTH
MPOTHO3UPOBAHUS U YIPABIEHUS XapaKTEPOM pa3-
BUTHS MIPOLIECCOB TEIJIONEPEIaun U CTPYKTYpPHpPOBa-
HUS B XOJI€ KOHTAKTHOTO B3aUMOJICHCTBHUS JTUCIIEpC-
HBIX KOMIIOHEHTOB METaJUIONOJIUMEPHBIX CHCTEM,
0COOEHHO TPU BBHICOKOCKOPOCTHOM TEIJIOBOM BO3-
JIEVCTBUU DJIEKTPUUYECKUM TOKOM, MTO3BOJIUT pa-
[IMOHAJBHO MCIIOJIB30BaTh CYLIECCTBYIOIIHUE U
€03/1aBaTh HOBbIE KOMITO3ULIMOHHBIE MaTEepHUaJIbl
C BBICOKHMM YPOBHEM JKCIUIyaTallHOHHBIX XapakK-
TEPUCTHK [4].

B npouiecce ¢popMupoBaHust CTPYKTYPBI U CBOMCTB
HAHOHAIOJIIHEHHBIX METAJIOTOIMMEPHBIX MOPOIIKO-
BBIX MOKPBHITHH BO3HUKAIOT CEPhE3HBIE MPOOIEMBI,
CBSI3aHHBIE C T€M, UYTO M MOPONIKOBBIE METaJIIHYe-
CKHME MaTpPULBI, U JUCIEPCHBIC BKIIOYECHHS IIPH BBI-
COKOCKOPOCTHOM BO3JEHCTBUH JIEKTPUUECKUM
TOKOM BOCIPHHUMAIOT Pa3JIMYHBIE THIIBI TEPMOHA-
MpsKEHUN B 3aBUCHUMOCTH OT YPOBHS TeMIEparyp-
HOTO BO3/I€MCTBUS M BHJa TEIUIOBBIJECIECHHH, OIIpe-
JIeJISIeMBIX TEXHOJOTHUYECKUMHU U CTPYKTYPHBIMHU
¢akxTopamu. Takue MOPOLIKOBBIE CUCTEMBI LEJIECOO0-
Opa3Ho paccMaTpuBaTh KaK CTPYKTYPHYIO MOCIIEA0-
BaTEJIbHOCTb, BKIIIOYAIOILYIO TUCIEPCHYIO MaTpUILy,
30HY KOHTAaKTHOTO B3aUMOJEUCTBUS U AUCIIEPCHBIN

10-11/2013




HanoJHUTENh. [loaTOMY ¢ TOUKH 3peHHs TepMomMexa-
HUKH aJIalTUBHBIX MaTepPHAOB UCCIIETOBAHHUE TEP-
MOHAIPSHKEHHOTO COCTOSTHUSI HAHOCTPYKTYPHPOBaH-
HBIX METAJTOTIOIMMEPHBIX JUCIIEPCHBIX CHCTEM TPH
BBICOKOCKOPOCTHOM BO3IECHCTBUU DIECKTPUUECKUM TO-
KOM U YCTaHOBIJICHUE 3aKOHOMEPHOCTEH CTPYKTYPHBIX
MpEBpaILEHUH B 30HAX KOHTAKTHOTO B3aUMOJICHCTBUS
MCTaJUI — MMOJIMMEP NPCACTABIIACTCA BECbMa CIIOKHOM
U HETPaJMLIMOHHOM 3a7a4eil.

MonenbHO-TeopeTHYeCKUE MOAX0IbI K ONTHMH-
3alliM MapaMeTPOB 3JeKTPOKOHTAKTHOIO ClleKa-
HHSI MTOPOIMIKOBBIX MOKPBITHI. OTHUM U3 BaXKHBIX
TEXHOJOTUYCCKUX IMapaMETPOB 3JICKTPOKOHTAKTHOTO
CTIEKaHNS TIOPOIIKOBBIX KOMITO3UIIHN SBIIAETCS BpEMS
CTIIEKaHUs, KOTOPOE B 3HAYUTEIFHOW CTETIEHHU BIHSIET
Ha XapakTep MPOTEKaHUs MPOIECCOB CTPYKTYPOOO-
pa30BaHMS B MOPOIIKOBBIX CIIOSX W MPEIOTpees-
€T MPOYHOCTHBIE XapaKTEPUCTUKNA U KauyeCTBEHHBIC
MoKa3aTelln MaTepuaioB. Bpems aeKTpOKOHTaKTHO-
IO CIIEKaHUsI METAJNIMYECKUX MOPOIIKOB U KOMITO3U-
LHUOHHBIX MOKPBITUM HA UX OCHOBE TAK)KE OKA3bIBACT
3HAUUTEIBHOE BIUSHUE HA XapaKTep MPOSBICHUS B
MOPOIIKOBOM CJIO€ COMYTCTBYIOMIMX dEKTpodusnde-
CKHX IIPOLIECCOB. B 4aCcTHOCTH, Ha YPOBEHb BIUSHUS
MTOPOXKIAEMBIX JJIECKTPUUCCKUM TOKOM U BO3HUKAIO-
X B MaTepuaie cKuH-3¢deKxTa, KOTOPHIH 3aKII0-
yaeTcs B BRITECHEHHUH JIMHUMN IIPOTCKAHUS DJICKTPU-
YECKOTO TOKAa Ha MOBCPXHOCTH TOKOMPOBOIAIICTO
JJIEMEHTa U MOXKET MPHUBOJIUTH K MPEUMYIIECTBEH-
HOMY CITEKaHHUIO TTOPOIITKa Ha epudeprun mopoIIKo-
BOTO CJIOS, & TaKXKe MUHY-3P(PEKTa, KOTOPHIH MOXKET
MIPUBOJIUTH K NCKAKEHUIO (POPMBI TTOBEPXHOCTH TI0-
porkoBoro ciost. [Ipu 3ToM BO BpeMs BBIIEICHUS
SHEPTUU MPHU MPOXOKICHUH IIEKTPUIECKOTO TOKA
Yyepe3 MOPOIIKOBYI0 CHCTEMY BO3MOYKHO BO3HMKHO-
BEHHUE yIapHBIX BOJH U UX auccunauus. B cBsszu ¢
ATUM ONTHUMU3AIUS U YCTaHOBJICHHUE 3(PPEKTUBHOTO
BPEMCEHHU CIIEKaHHsI TIOPOIIKOBBIX KOMITO3UIUH, 00e-
CIIEYMBAIOIIETO JOCTH)KEHHE TeMIepaTyp CIeKaHUs
HOpOHIKOBOﬁ CHUCTCMBI U 3aJTaHHBIX IPOYHOCTHLIX Xa-
PAKTEPUCTUK MeTaJUTHYeCKOM MaTpulbl, IPCaCTaBIIdg-
I0TCSI BECbMa BaXHBIMU TIPY Pa3pabOTKe TEXHOJIOTHH
(hopMupOBaHHS KOMITO3UITHOHHBIX ITOPOIITKOBBIX TT0-
KPBITAH 3JIEKTPOKOHTAKTHBIM CIIEKAaHHEM.

J1s ycTaHOBIIEHUS ONTUMAIBHOTO BPEMEHH CTIe-
KaHHUA MOPOIIKOBBIX TOHKOCJIOWHBIX MOKPBITUH,
YYHUTHIBAIOIETO XapaKTep BIUSHAS HEKOTOPBIX YKa-
3aHHBIX BBIIIE (PAKTOPOB, MIPOBEICHO MOJACIBHO-TE-
OpETHUYECKOe HCCIeI0BaHNE MPOTEKAINMUX (DHU3U-
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4eCcKuX mpoieccoB. /s aToro Obu1a paspaborana
METOAMKA MOJCIUPOBAHUS CTAJUN MPOXOXKICHHS
3NIEKTPUYECKOTO TOKa yepe3 Me30(parMeHT HaCHIII-
HOTO MOPOIIKOBOTO CJIOS MEIH ¥ pa3paboTaHbl KOM-
MBIOTEPHBIE CTPYKTYPHBIE MOJIENN 30H KOHTAKTHOTO
B3aMMOJICUCTBUS NIEKTPOABI — IIOPOILIKOBBIN CIIOH,
OIHCHIBAIOIINE TEIUIOBOE U HANPSIKEHHO-Ie(hopMu-
POBAHHOE COCTOSHUS MaTE€pPHAJIOB MPHU MPHIIOKECHUU
BHEIIHUX BO3/ICHMCTBUI, a TAK)KE MO3BOISIONINE Ha-
OnmrofaTh B peabHOM MaciiTabe BpeMeHH pa3BUTHE
ANIEKTPOANHAMHYECKHX U TETIOBBIX MTPOIIECCOB B Me-
30¢parMeHTax MOPOIIKOBOTO CJI0sI, POPMHUPYEMOTO
AIIEKTPOKOHTAKTHBIM CITEKaHUEM.

HccnenoBanus npoBeaeHb! i ciaydas GOpMH-
pPOBaHMS TOKPHITUS C TOJIIMHON HACBITHOTO CIIOS
300 mxM u3 menHOrO nopomka mapku [1IMC—1 ¢ pa3-
Mepom vactul] 100 MKM Ha MOBEPXHOCTh MEIHOMU
MIOJJIOKKH TIPU TIOMOILH SIIEKTPOJIOB, U3TOTOBJIEHHBIX
13 Meu Mapku M1, Korjia IIOTHOCTb IEKTPUYECKO-
ro Toka cocrasysier 400 A/MM?, AIropuT™ pelieHus
MOCTABJICHHOM 3a/1auM 3aKJII0YAeTCs B CIEAYIOMIEM:
COCTaBJICHHE CO/IEPIKATEIHLHOTO OMUCAHUS MOJIEIH C
o0ocHOBaHMEM OOBEKTa MCCIIEOBAHNS H YTOUHEHH-
€M CBsI3€li KOMIIOHEHTOB CHCTEMBI; (hOpMaIn3anus
MOJIENIN; POTPaMMHUPOBaHUE MOJIeNTH ¢ 000CHOBA-
HUEM BBIOOpA CPEJICTB; HCIIBITAHUS MOJIETH U TOITY-
YeHWe JOCTOBEPHBIX pe3ynabTaToB. B Tabmmie mpu-
BeJIeHbl (DU3UYECKHE XapaKTePUCTUKH MaTePHAIIOB,
HEOOXOMMEIE [Tl MOJIETUPOBaHusl. TemmeparypHbIii
KO3(QQUIUEHT CONPOTUBICHUS ISl MEIU COOTBET-
creoBain 3nauenuto 0,0068 rpax !, a kosppurmenTt
TEIIO0TAuH JJIsl HarpeThIX MOBEPXHOCTEN MPH CKO-
POCTH BO3YIIHOTO TIOTOKA IS 3aKPBITHIX MTOMEIle-
uuii 0,2 M/c coctapisn 5,2 Br/m? rpan.

B oOmiem cirygae mpu npomycKaHUH dJIeKTpUIe-
CKOTO TOKa 4epe3 MOPOIIKOBBIM CIIOM MOXHO BECh
MpOIIeCC Pa3IOKATh Ha HEKOTOPOE KOJMYECTBO CTa-
U ¥ paccMaTpuBarh ClIeKaHWe MOPOITKOBOTO Mare-
puaia Ha KaKJIOH CTaauu KakK OTAENbHBIN MpoIiiecc,
WCXOAHBIMH PacYeTHBIMH MapaMeTpaMu KOTOPOTO SB-
JISFOTCSL KOHEYHBIE PaCYETHBIE MTapaMeTPhI MPEIbIIY-
IIEro 3Tara.

Bonbioe 3HaueHne npu IEKTPOKOHTAKTHOM CIIe-
KaHUHM UMEET €ro nepsas CTaaus, JUINTEIbHOCTh KO-
Topoii coctasisiet a0 0,3 c. [Ipu npunoxenun pazHo-
CTH MTOTEHIMAJIOB K CIIEKaeMOMY TOPOIIIKOBOMY CJIOIO
MIPOUCXOIUT pe3Koe HapacTaHue Toka. Bpewms, B Teue-
HHE KOTOPOTO MPOUCXOIUT HapacTaHUE TOKa, HE 3a-
BUCHUT OT (hOPMBI U IIJIONIAJIU MONEPEYHOTO CEUCHUS

CRolicTBa 2JIEMEHTOB pacquHoﬁ MoO1e/In Mesoq)parMeHTa 30HBI JIECKTPOKOHTAKTHOIO CIICKAHUSA IMMOPOIIKOBOI0 CJ10s1

SrtemenTei Mozena | Matepran Koapduuuent temonpo- | YaenpHas TemiioeM- | YaenbHoe 351eKTpoco- | IIIoTHOCTH v,
BoxHOCTH A, BT/(K-M) xoctb C, [Ix/(xr'K) | mpotusnenune p, OMM Kr/m3
DnexkTpox Mens M1 390 0,38-10° 1,68-10°% 8,93-10°
IMopomrok Mens [IMC-1 365 0,39-10°3 1,6:10°% 7,2:10°
OKCHIHBIH CII0H Cu,0 1,013 0,429-10° 2,14-10* 6-10°
ITops! Boznyx 0,027 1,009-10° - 1,293
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Puc. 1. Pesynbrarsl MogenupoBanus (a) 1 cXemMa IPOXOXKICHUS K-
TPUUYECKOTO TOKa (6) Ha IEPBOIl CTaUN IpoLEecca IEeKTPOKOHTAKT-
HOTO CHEKaHMs TTOPOMIKOBOTO METHOTO CJIOS TP BPEMEHH CHCKAHUS
03¢

MMPECCOBKHU, HO B TO K€ BPEMs 3aBUCUT OT €€ BBICOTHI:
C YBCJIMYCHHUEM BBICOTHI YBEJIMUUBACTCA BpEMA HaA-
pactanusa. OqHAKO HEOOXOAMMO OTMETHUTH, YTO Bpe-
M HapaCTaHUsS TOKAa 3HAYUTCIIBHO YMCHBIIACTCA IIPU
YBCIIMYCHUHU MTPUKIIAAbIBACMOI'0 YCHUIINA U ITOABOU-

MOTO HaTIPSDKCHHUS.

XapakTepHOit 0COOCHHOCTHIO TTEPBOI CTATNN SIB-
JISeTCsl MPEUMYIIECTBEHHOE TEILIOBBIACICHUE HA
MEXYaCTHIHBIX KOHTAKTaX, 00YCIOBIEHHOE ITPOXOXK-
JICHHEM TOKa Yepe3 MOBEPXHOCTHBIE c1ab0 TIPOBOIs-
e ciou (puc. 1, a).

Cremyer OTMETHUTb, YTO IIPH 3TOM BO3MOXKHO 00-
pa3oBaHue uckpenus. Ha nepBoit ctaguu 31eKTpu-
YECKHUI TOK MPOTEKAET MapaieIbHO JIUHUSIM Hampsi-
KCHHOCTH 3JIEKTPHUECKOTO OIS, 00pasys MpH 3TOM
oTaenbHbIE Henouku (puc. 1, 6).ITpu sTOM TOK B Ka-
KO0 LeNMoYKe UMEEeT MPUMEPHO OJIMHAKOBOE 3Haye-
Hue. Takum 00pa3oM, HEOOXOAMMO OTMETHUTh, YTO B
Hauaje TpoIiecca CleKaHHusI OTCYTCTBYET 3HAYUTEIb-
HBII HAarpeB CaMUX YacCTHII, a TPEUMYIIECTBEHHOE Te-
IIJIOBBIJIEJICHIE TTPOUCXOANT Ha KOHTAKTHOM COTIPO-
TuBieHnU. CpefHss TeMIeparypa MmopOIIKOBOTO CIIOS
Ha TepBoM cTaauu He npeswimaeT 573...623 K. B
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Puc. 2. Pe3ynbprarsl MonenupoBaHus (a) U cXema MPOXOKICHUS
JIIEKTPUYECKOro TOKa (6) Ha IIEpBOM dTale BTOPOH CTaauu mporuec-
ca HIEKTPOKOHTAKTHOIO CIIEKAHUsI IIOPOIIKOBOIO MEAHOTO CIIOS IIPH
Bpemenu crekanus 0,4 c: /, 2 — KOHTAKThl, B KOTOPBIX METaJlI Ha-
XOJMTCSI COOTBETCTBEHHO B TBEP/0-KHKOM H KUJKOM COCTOSIHUHM
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Puc. 3. Pe3ynpTaTsl MOAETUPOBAHUA (@) U CXeMa MPOXOKICHHS
INEKTPUIECKOrO TOKa (6) Ha BTOPOM dTarie BTOPOW CTAJIUHU MPO-
ecca JICKTPOKOHTAKTHOI'O CIIEKaHU ITOPOIIKOBOTO MEAHOI'O CJI0s
npu BpeMeHu criekanus 0,5 ¢ (o6o3HayeHus /, 2 — Te Ke, 4To
Ha puc. 2)
ciy4dae, €ClIM MHTEHCUBHOCTD TEIIOBBIACICHUS IPU
MPOXOXKJACHUU TOKA Yepe3 MOPOILKOBBIM CIOM mpe-
BBILIAET KOJIUMYECTBO TEIUIa, 3aTPavyMBaeMOro Ha Ha-
rpeB MeTajla B 30HE KOHTAKTHOTO B3aUMOJICUCTBUS
YacTHUIl B TBEpAOH (a3e 10 TeMIieparypbl IUTaBICHIS,
a TaK)Ke Ha KOHBEKTUBHBIN TEIJIOOOMEH C OKPYKaro-
LIEN CPEeNON U TEIUIONEpEaady B AJIEKTPOIbL, TO YaCTh
MeTajljla MOXKET IEPEXOJUTD B KUJIKOE COCTOSIHUE.
Ha BTopoii cTajuu Onarojaps HarpeBy, MPOUCXO-
JSIIeMYy TIPU MPOMYCKAHUU DIIEKTPUUECKOTO TOKA,
comtacHo 3akony Jlxoyns—JIeHna, TeMneparypa KOH-
TaKTHBIX MTOBEPXHOCTEH YACTHI[ MTOPOIIKOBOTO Ma-
Tepuajia 3HAYUTEJIbHO MPEBBIIIAET TeMIEpaTypy
CaMMX YacTHIl U JOCTATOYHA ISl MJIABICHUS OKCHI-
HOH IJIEHKHU W 4acTH MeTajuia. beictpoe BblaeIeHUE
OOJIBIIIOTO KOJMYECTBA TEIUIOBOW SHEPTHH BOJIU3HU
MEKYaCTUYHOTO KOHTAKTa MOXKET MIPUBECTU K OTKO-
Jy MeNbYallluX YacTUL, HAXOASIIUXCA B TBEPAOU
¢aze. OnHaKko JaHHOE SBJICHHE HE OKa3bIBaeT 0OJIb-
IOTO BJIMSHUS Ha mpouecc cuekanus. [lpu muas-
JICHUU OKCHAHOTO CJOS U HE3HAUUTEIbHOM 4acTU
METaJllja, HaXOAIErocsi B KOHTAKTHOM B3aUMOJEN-
CTBUH, OTTAJIKUBAIOLIME CUJIbI, BOSHUKILNE B PE3YJIb-
Tare TEeIUIOBOTO PaCIIMPEHHUs, YMEHBIIATCS 0ojiee
yeM B 10 pa3. B pe3ynbrare miaBieHus 4acTu MeTa-
Jla BOBHUKAIOT KUJKOMeTamyeckne MocTuku. He-
00XOJIUMO OTMETHUTh, UTO YACITHHOE JISKTPUICCKOE
COIPOTUBJIEHUE KUIKOU MeJIM B HECKOJIBKO pa3 Ipe-
BBIILIAET YAECIbHOE JEKTPUUECKOE CONPOTUBIICHUE
TBEpA0i Meau. B yacTHOCTH, MpHU HarpeBe Meau J10
970 °C ynenabHOE IEKTPUUECKOE COMPOTUBIIEHUE TI0-
Bbimaercs 10 9,6:107% Om-m. IIpu noselmeHNH TEM-
Neparypsl, CHUKEHUU JaBJICHUS U, KaK CIEICTBUE,
MOBBIIICHUH 3JIEKTPUUECKOTO COMPOTUBIICHUS B KOH-
TAaKT€ YaCTHUL MPOUCXOIUT MOTEPS] YCTOMUYMUBOCTH U
JNECTPYKLUS KUJKOMETAINIMYECKUX MOCTUKOB, 4TO
Hen30eKHO BEJIET K U3MEHEHUIO ITyTH MPOXOKICHHUS
AIEKTPUUYECKOTO TOKA M0 MOPOLIKOBOMY CJIOKO, a MPO-
XOJKJIEHHE TOKA OCYLLUECTBIISIETCS Yepe3 HepacliaB-
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Puc. 4. Pe3ynbrarsl MOAENUPOBaHUS (@) U CXeMa MPOXOXKICHHS JJICK-
TPUUECKOTO TOKa (6) Ha TPEThEM 3Tarle BTOPOM CTaIH MpoLiecca eK-
TPOKOHTAKTHOI'O CIICKAHMs IMOPOIIKOBOIO MEAHOIO CJIOs ITPU BPEMEHU
criekanust 0,6 ¢ (06o3Hauenus /, 2 — Te e, 4To ¥ Ha puc. 2)
JICHHBIC KOHTAKThI, KOTOPbIE UMEIOT 00Jiee HU3KOE
conpoTupieHue. Takum o0Opa3oM, MPOUCXOAUT BO3-
HUKHOBEHHUE TOJO00HBIX KUIKOMETAIITUYCCKIX MO-
CTHKOB Ha JIPyTUX KOHTAKTaX YacCTHUIl MOPOIIIKA.

JmuTenbHOoCTh BTOPOM CTa iU JJIUTCS, HAYUHAS C
0,3 ¢ u 3akanumBaercs Ha 0,6 c. IIpu aTOM pesynbra-
Thl KOMIIBIOTEPHOTO MOJICJIMPOBAHUS MOKA3alu, YTO
CpenHss TeMIleparypa B MOPOIIKOBOM CIIO€ HA JIaH-
HoW ctajauu npesbimaet 623 K. Tak kak BTopas cra-
UL SIEKTPOKOHTAKTHOTO CIIEKAHUS MOPOIIKOBOTO
MaTepuaia XapakTepu3yercst OOIbITUM YHUCIOM W3-
MEHEHUN MyTel NPOXOKACHUS SICKTPUUECKOIO TOKa,
TO IIPU MOJISTUPOBAHUU €€ HEOOXOUMMO Pa3I0KHUTh
Ha HECKOJIBKO ATaIlOB.

[TyTu npoxoxaeHus TUHUHN IEKTPUUECKOTO TOKa
¥ MOJIeJIb TEIJIOBOTO COCTOSTHUS Me3o(dparmMeHTa
30HBI JIEKTPOKOHTAKTHOI'O CIIEKAHUS IMOPOIIKOBO-
ro CJI0sl Ha NIEPBOM 3Tare BTOPOM CTaauU CIIEKaHUs
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Puc. 5. Mozenb COBMEILIEHHOTO TEMJIOBOr0 U Je(OPMUPOBAHHOIO
COCTOSIHUSA, C(HOPMHUPOBAHHOTO 3NIEKTPOKOHTAKTHBIM CIICKaHHUEM II0-
POILIKOBOTO MEIHOIO CJIOS [0 UCTEYEHUH BPEeMEHH criekaHus 1,2 ¢
IpH BO3AEHCTBAN Ha ME30(ParMeHT CKUMAOLIEH Harpy3ku 150 H
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MpeICTaBICHBl HA pUC. 2, HA BTOPOM JTale BTOPOH
CTaJluM CIEKaHUs — Ha PUC. 3, HA TPEThEM 3Talle BTO-

pO¥i cTamny CrieKaHus — Ha puc. 4.

Ha npencraBneHHbIX MOAENAX BUAHO, YTO IIyTU
HPOXOXKICHHSI JIEKTPUUECKOrO TOKA C YBEJIINUCHUEM
BPEMEHHM CIICKAaHUs 3aXBAaTHIBAIOT BCE KOHTAKTHI, OA-
IUIABJISIIOT UX, CHOCOOCTBYSI TEM CaMbIM COCTUHEHUIO
YacCTHUI MEAHM U CIIEKaHHIO TOPOIIKOBON CHCTEMBI.
[Ipu sTOM pe3ynbTaThl KOMIIBIOTEPHOTO MOJECIUPO-
BaHUsI TEIJIOBOTO COCTOSIHUSL METHOTO TIOPOIIKOBOTO
CJIOSI B IPOLIECCE NEKTPOKOHTAKTHOTO CIIEKaHUS T0-
Ka3aJH yIOBICTBOPUTEIBHYIO KOPPEISIHIO C Pe3yIib-
TaTaMM HKCIIEpUMEHTANIBbHBIX HcclieqoBanuil. Ilocie
MPOXOXKJICHHSI TOKA Yepe3 MeKIaCTUIHBIC KOHTAKTHI
WX IJIaBJICHUE COTIPOBOXK/IAETCS ITOBBIIICHUEM DJIEK-
TPUYECKOTO COTPOTUBIICHHSI U ONUCAHHBINA BBIIIEC
npoliece MOBTOPSIETCS BHOBB JIO TUIABJICHHS BCEX Ya-
CTHI MeTayja 100 10 MPEeKPaLCHHs I0AadH TOKa.
Mertamn Ha KOHTaKTHBIX Y4acTKax 4acTHIl II€PEeX0-
JUT B PACIUIaBIIEHHOE WM CHJIBHO Pa3MATYEHHOE CO-
crostHue. YacTuIbl MOPOIIKOBOM CHCTEMBI HauWHA-
0T HE3HAYUTEJIBbHO CMELIAThCs APYT OTHOCUTEIIBHO
JpyTa, 9TO BEAET K YIUIOTHEHUIO KOMIIO3UIIHOHHOTO
Marepuana.

B pesynbraTe onvcaHHBIX BbIIIE MPOLECCOB 00-
pasyeTcs He3HAUYUTEJIbHOE KOJHUYECTBO >KUAKON
(a3pl 1 MHTEHCUBHOE CIIEKaHWE TIOPOIIKOBOM CHCTe-
Mbl. He00X0qUMO OTMETUTH, YTO Ha 3aKIIOYUTEIb-
HOH TpeThel cTaauu, KoTopast HaunHaeTcs Ha 0,6 ¢
Y 3aKaHYMBACTCS HA BPEMEHHOM JHMana3oHe MopsIKa
1,1...1,3 ¢ IpOUCXOAUT MOBBIIIICHUE CPEIHEH TEM-
nepaTypbl TOPOIIKOBON CUCTEMBI, KOTOpAsi J1OCTHUTa-
et 3rauennit 1o 1073...1123 K, 94TO COOTBETCTBYET
YPOBHIO TEMIEPATyp CIEKaHUS MEAHOW MaTPHIIBL.
Ha nannoit ctaguu Takke IPOUCXOAUT 3aBEPIICHUE
MPOLIECCOB YIJIOTHEHHUS IIOPOIIKOBOI'O CJI0S OCPE-
CTBOM TuTacTu4eckoit nedopmaruu (puc. 5). [Ipu mo-
BBIILICHUH JABJICHUS B MOPOILIKOBOH CUCTEME IIyTEM
MOJIa4uM YCUJIMS Ha DJIEKTPOJ MPOUCXOJUT BO3pac-
TaHHWE HAIPSOKEHUS B 4acTUIAX U UX YNPYroe Jie-
¢dopmupoBanue. Ilocne nocTukeHUsT HANPSHKCHHUH
B YACTHIIAX, MPEBBIMIAIONIINX MPeJesl TEeKy4eCcTH Ma-
TepHuana, IPOUCXOJIUT UX IuIacTH4Yeckoe nedopMu-
poBanue. Marepuan 4acTHIl CTPEMHTCSI 3aIlOJHUTD
MCXOHOE MEXYACTHYHOE MTOPOBOE MPOCTPAHCTBO.
Kak crenctBue MoBBINIAETCS TUIOTHOCTh MaTepH-
ana. B To ke Bpemsl Mpu yBEIWYEHUH KOHTAKTHOMN
MOBEPXHOCTH IIPOUCXOAUT CHM)KEHHUE KOHTAKTHOI'O
COINPOTHUBIIEHUs MexkAay yactunamu. [lpu sTom B mo-
POIIKOBOM CJIO€ IPOUCXOANT CHU)KEHHE YKBUBAJICHT-
HBIX HalpspKeHU no Musecy, MakCUMalbHbIE 3HAYE-
HUSI KOTOPBIX COCTaBISIOT nopsiaka 112...156 Mlla.
B pesynbraTte Bo3aeicTBUS AIEKTPUYECKUM TOKOM U
OPWIOKEHUS NaBieHus GopMHUpYyeTCsl MeTalinye-
CKas MeJHas MaTpPHIa, UMEIONIAas OTHOCHUTEIbHYIO
m10THOCTE 80...90 %. Heo0XoguMoO OTMETUTH, UTO
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C YMEHBIIEHUEM T'€OMETPUYECKUX Pa3MEPOB YaCTHUI]
CIIEKaEeMOH MOPOILIKOBON CHCTEMbI CONPOTUBIICHHE
[IPECCOBKM yBeIMunBaeTcs. JJaHHoe siBIeHHE MOXK-
HO OOBSCHUTH TEM, YTO C YBEINYCHUEM KOJIMYECTBA
KOMIIOHEHTOB CHCTEMBI OIIPEACICHHOTO 00beMa yBe-
JIMYUBAETCS MPSAMO MPONOPLHOHAIBHO KOJIHMYECTBO
AIEKTPUUECKUX KOHTAKTOB, BCIEACTBHE YETO CHUXKA-
eTCsl MPOBOAUMOCTb MOPOILKOBOTO CIIOS.

Ha puc. 6 npencrapieHsl 3aBUCUMOCTH TeMIIEpa-
TypbI TIOPOLIKOBOTO CJIOS, ITOJyYE€HHBIE B pe3yJbTare
KOMITBIOTEPHOTO MOJIETMPOBAHUS TETJIOBOTO COCTOS-
HUS 30HBI 3JIEKTPOKOHTAKTHOTO CIIEKAaHUs ITOPOIIKO-
BOTO MEIHOTO CJIOS C TPUMEHEHHEM pa3pabO0TaHHOM
CTPYKTYPHOH MOZAENH, YIUTHIBAIOIIEH CTPYKTYPHBIE
0co0eHHOCTH (HOPMHUPYEMOTO MOPOMIKOBOTO KOM-
[I03UTA, a TAK)XKE B PE3yJbTaTe HKCIEPUMEHTAIBHBIX
nucciaenoBanuii. OnpenesneHne TeMIepaTypsl B 10-
POILIKOBOM CJI0€ IPOBOJWIN Ha CHELHAJIbHO pa3pa-
00TaHHOM pabodyeM MakeTe YCTAaHOBKM IIPH €€ CO-
BMECTHOM HCIOJIb30BaHUH C MAIIMHOM KOHTaKTHOM
moBHoM cBapku MIII-3207 B pexxrMe TOUeUHOro clie-
kaHus. Harpyska Ha IOpPOIIKOBBIN CI0M MEAU OCY-
LIECTBIISLIACH TOJIBKO MO/ IEHCTBUEM CHIIBI TAKECTH
anekTpona. Perucrpanust remmneparypsl B 30He CIieKa-
HUS OCYIIECTBIIAIIACH C TIOMOIIBIO XPOMEIb-aIIOMe-
JIeBOI TepMoMaphl Ha 3JIEKTPOHHOM TOTEHIIMOMETPE
Mewmorpad ¢ aBTOMaTHIeCKO 00pabOTKON CUTHAJIOB,
ocHaieHHoro uHTepdeiicom RS485 ams mapamerpu-
POBaHUSI U IEPEHOCA JAHHBIX B KOMIIBIOTED.

Kak BuIHO, pa3HULa MEXIy 3HAUCHUSIMHU TEM-
eparyp, NOJyUYEHHBIMHU B PE3yJIbTaTe SKCIIEPUMEH-
TaJbHBIX UCCIIEJOBAHUI 1 KOMIIBIOTEPHOTO MOJEIH-
pOBaHMsI, BO BCEM IMaNa3oHe U3MEHEHUS] BpPEMEHU
cnekanud He npespimaet 10...15 %, 4To MOXKHO cuH-
TaTh AOCTATOYHO NPHUEMIIEMBIM B ciIydae (OpMHPO-
BaHUs MTOPOILIKOBBIX CJIOEB JAHHBIM BBICOKOCKOPOCT-
HBIM METOZIOM 3JIEKTPOKOHTAKTHOTO CIIEKaHUSI.

MoaenbHO-TeoOpeTHYECKOe ONMMCAHME BJIMS-
HHUSA CTPYKTYPHO-TEXHOJOTHYeCKUX (paKkTOPOB Ha
TeNnJa0BOe COCTOSIHHE 30HbI ()OPMHUPOBAHUA Me-
TaJNJ0NOJMMEPHBIX MOPOIIKOBBIX NOKPBITHII Ha
OCHOBE MeJAH B Mpoluecce 3JeKTPOKOHTAKTHOTO
cnekaHus. B mporecce 31eKTPOKOHTAKTHOTO CIie-
KaHMsI TOPOLIKOBBIX METAJIJIONOIMMEPHBIX CUCTEM
0C00yI0 3HAYUMOCTH MPUOOPETAIOT BOMPOCKHI TEO-
PETHUYECKOTO ONMCAHUS U UCCIIEAOBAHUS IPOLIECCOB
MepeHoca M paclpoOCTPAHEHUS Telia B 30HaX Gop-
MUpPOBaHMs MOKpbITHHA. [Ipu 3TOM HEeoOxonumo yuu-
TBIBaTh, YTO OBICTPOE BBIJCIICHUE TEIJIOBOM SHEPIUU
BOJIM3M MEKYAaCTUYHOTO KOHTAKTa BCIEACTBUE MPO-
XOXKJCHHS IEKTPUUECKOIO TOKA, U OCOOCHHO, KOT-
Jla MEKAY CMEKHBIMH METANTMYECKIMH YaCTHLIAMHU
HUMEIOTCSl AMBJIEKTPUUECKUE TPOCTPAHCTBA (BO3YX,
JUBJIEKTPUYECKUI HAMTOMHUTENb, OKCHUHAS TIJICHKA U
T.J.), MOKET MPUBOJUTH K BOSHUKHOBEHHUIO Pa3HOO-
Opa3HbIX SBJICHUH, ONPENIENIEMBIX ANEKTPUICCKIMH,
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Puc. 6. 3aBucuMocTH TeMIepaTypbl B IIOPOIIKOBOM CIIO€ OT Bpe-
MCHU CIICKaHHUA ITPpU BO3H€ﬁCTBHH DJICKTPHUYICCKHUM TOKOM: 11—
Ppe3yNbTaThl KOMIBIOTEPHOTO MOJIEITUPOBAHUS; 2 — DKCIICPUMEH-
TaJIbHBIC 3HAYCHUA

TerI0()U3NUECKUMH 1 MEXaHUYECKUMH XapaKTepH-
CTUKAMU KOMIIOHEHTOB. BbI3bIBa€T TaKKe HAYyUYHbIN
MHTEpEeC UCCIIE0BAaHNE TEIIJIOBOTO COCTOSHUS JIEKT-
POIOB-ITyaHCOHOB, MTOCKOJIBKY Ha ITPOLIECCHI Pacpo-
CTPaHEHUS Teljia B HUX 3HAYMTEIHHO BIHSIOT pa3Me-
PBI IJIOMIAM KOHTAKTA CO CIIEKAeMbIM MaTE€PHUAIOM U
MPUPO/JIa MOPOIIKOBON KOMITO3UIITUOHHON CHCTEMBI.
HeobxonnmMo Taxxe OTMETUTh, YTO TEOPETUUECKOE
ONMCaHMe, UCCICOBAHNE U aHAJIU3 MOJIeH pacmpe-
JeJICHUsl TEMIIEPaTyp, IPagueHTa TeMIIeparyp U Te-
IUTOBBIX TIOTOKOB, @ TaKXe MOJyYeHUE KOPPEKTHBIX
PE3YNBTaTOB UCCIIEA0BAHUM MO3BOSIOT ONTUMHU3HPO-
BaTh U IIPOrHOZUPOBATh paclpesiesieHHe TeMIepaTyp,
TEIUIOBBIX TOTOKOB M Tpajiu€HTa TeMIIepaTyp BHYTPHU
KOMITO3UIIMOHHOTO METAJJIONOJIMMEPHOTO MOPOIIKO-
BOTO MaTrepuajia Mpu U3MEHEHUH CTPYKTYpPHO-TEXHO-
JIOTHYECKUX YCIIOBUI.

B cBsi3u ¢ yka3aHHBIM BbIIIE ObliIa pellleHa KOM-
MBIOTEPHAs TUIOCKONapajliebHas 3aa4qa CTalioHap-
HOU Terurionepeaayu MpH NEKTPOKOHTAKTHOM CIIe-
KaHUM METaJIONOIMMEPHBIX [TOPOIIKOBBIX CHCTEM C
MEJIHOM MaTpHuIleH, Korjla TeMIiepaTypa MexX1y IByMs
AJIEKTpOAaMU U B 30He criekaHus pocturaet 1073 K,
T.€. TEMIIEPATypPbl CHEKaHUS MEHOTO MOPOIIIKA.

PaccMmoTpuM paciipeniesieHrne TeMieparypHbIX Mo-
neil B 30He GOpMHUPOBAHHUS MOPOIIKOBOTO CIIOS IPU
CXEMe CIEKaHUs, KOrja J1Ba JEKTPOJa HAXOASTCs B
KOHTaKTE€ CO BCEH CIeKaeMOW MOBEPXHOCTHIO MaTe-
puaia — KOMIIO3UIMK MeaHoro nopouika u 10, 20 u
50 06. % IIT®D, paBHOMEPHO pacHpeeICHHOTO B
MeTaJuTmuecKoit marputie (puc. 7).

PesynpraTsl MoeTMpPOBaHNUS MMOKA3aJIH, YTO HAH-
OOJIBIINI HArpeB AIEKTPOAOB HAOIIOIACTCS TIPH CIIe-
KaHUW KOMIIO3UIHH, coaepxkarieit 10 00. % IITDD
(puc. 7, a), cnabee mpu CcrieKaHUHM KOMITO3WTA, COMIEP-
xarmero 20 (puc. 7, 6) u 50 00. % (puc. 7, 8). BugHo
TaK)Ke, 4YTO MEJHbIE YaCTHIIbl, HE KOHTAKTUPYIOIINE
C IOJIMMEPOM, IOJHOCTBIO IPOrPEBAOTCS A0 TEM-
neparyp 1073 K, T.e. 10 TEXHOJIOTMYECKOH TemMmepa-
Typsl criekanus. [loBepxHOCcTHAs 001acTh BEPXHETO
3NIEKTPO/Ia, KOTOPBIH HE KOHTAKTUPYET C YaCTHLIAMHU
[ITDD, Takxke MporpeT CUIbHEE, YEM HUKHUM dIIeK-
Tpox, rie HabrogaeTcs paspsiB u3otepM. [Ipu sTom
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Puc. 7. Mozenu pacrnpeaeneHus TeMIepaTypHbIX MoJiel B Me30(parMeHTax 30H 3JIEKTPOKOHTAKTHOTO CIICKaHHs METAJIONOINMEp-
HOTO TIOPOIIKOBOTO CJIOS TTPU PA3IHMYHON CTETIEHN HAIIOIHEHHs MeIHOI MaTpuis! yactiunamu [ITOD: a — 10 06.%; 6 — 20; 6 — 50

YPOBEHb TEMIIEPAaTypHBIX TOJICH B HUYKHEM DIIEKTPO-
JIe B 30HE KOHTaKTa ¢ nmojauMepHoi yactuueit [1TDD
MEHbIIIE, YEM B 30HE KOHTAKTa JIEKTPO/Ia C MEIHBIMU
yactuuamu Ha 10...15 %. Pa3psiB u30TepM B 2JIEKT-
poaax HaOmonaeTcs U NMpHU HAJIMYUK B 30HE CTIEKAHUS
20 00. % monumepHbIx yactuil [ITDD (puc. 7, 6). Men-
HBIE YaCTHIIbI, KOHTAKTUPYIOIINE C TIOJIMMEPHBIMH Ya-
CTHIIAMH, TAaK)K€ UMEIOT MEHBIIYIO TEMIepaTypy 1o
CPaBHEHHIO C YAaCTUIIAMH, HE KOHTAKTHPYIOIIUMH C Ya-
ctuamu [ITD3. Kak BuaHO, IpU yBEIUUEHUH CONEP-
YKaHWS TTOJTUMEPHOTO HAITOITHUTENSI B METAJUTMYECKOM
TTOPOIIIKOBOI MaTpHIle CHIKAETCS TeMITepaTypHasi Ha-
IPYKXEHHOCTh B LEHTPAJILHOW YaCTH 30HBI CIICKAHUS
METaJUIONOIMMEPHOTO MaTepHaja ¢ OMHOBPEMEHHBIM
CMCILCHHEM YYaCTKOB TEMIIEPATYpPHOTO PABHOBECHS
9MIEKTPOIOB K NIeprUepUIHHBIM 00IACTSIM.

[Ipu HaXOXAEHUU B 30HE CIIEKaHUsI PABHOTO KO-
JINYECTBA MEHBIX U MOJMMEPHBIX YacTull (puc. 7, 8)
HaOJroaeTcs onpeAeNeHHas TeMIeparypHas cTadu-
JIU3alMs B IOPOLTKOBOM METAJIIIONOIMMEPHOM KOM-
MMO3UIIMOHHOM CJIO€, 3HAYUTEIHHOE CHUKEHHUE MPO-
rpeBa 000MX AJIEKTPOJOB, YBEINYEHNE KOTNYECTBA
30H pa3pbiBa M30TEPM, HO HEIOCTATOYHBIH HATrpPEB
MEJIHBIX YaCTHUIl JJIsI KAYeCTBEHHOTO CIIEKAHHS Me-
TAJJTAYECKOW MaTPUILIbI.

MexaHu3MBbI TETJIOBBIJIEICHUS M PacCIpOCTpaHe-
HUS TeIia B 00beMe METaJUIOTIOMMEPHON TTOPOIIIKO-
BOM CHCTEMbI 1 OCOOCHHO Ha TPaHMULIAX JUCIIEPCHBIN
MeTaJll — TUCHEPCHBIM NOJMMEp OKa3bIBAIOT CyIlle-
CTBEHHOE BJIMSIHHE Ha MPOLIECCHI CTPYKTYpooOpazo-
BaHMS KOMIIO3UIIMOHHBIX MOPOMIKOBBIX MOKPBITUH.
N3-3a KpaTKOBPEMEHHOCTH Mpoliecca dJIEeKTPOKOH-
TaKTHOTO CIIEKaHHsI OYCHb TPYIHO OIICHUTH IKCIICPH-
MEHTAJIBHBIMH METOJIaMH XapaKkTep pacrpocTpaHe-

10-11/2013

HUS TEIUIOBBIX IMTOTOKOB KaK B 00BhEME MOPOIIKOBHIX
METaJIONMONIMMEPHBIX CHCTEM, TaK M Ha TPaHHIlAX
paszjena AUCIEePCHBIA MeTasl — AUCIEPCHBIN MOJIH-
Mep pacripe/ielieHue TeMIIepaTyPHBIX TOJIel U TeMIIe-
paTypHBIX TPaJlueHTOB. BMecTe ¢ TeM uccienoBaHue
U YCTAHOBJICHUE 3aKOHOMEPHOCTEH MPOIECCOB Te-
IJIONEePEaul B TAKUX MOPOIIKOBBIX CUCTEMAX SIBIISI-
€TCsl JIOCTAaTOYHO BXKHBIM HA CTAJIUHN UX Pa3pabOTKH.

J71st OLleHKH CBOMCTB MOPOIIKOBBIX KOMITO3UIIUOH-
HBIX MaTepUaOB JaHHOTO KJAcca, B YaCTHOCTH, B 30-
HaX KOHTAKTHOTO B3aUMOJICHCTBUS TOJIMMED — METAILT,
KOTOpbIC HauboJIee MOBEPIKECHBI TIepenaay TeMiepa-
TYp MEXAY TOKOIPOBOIAIIMMHU MEAHBIMU YaCTULAMU
1 TOKOHCTIPOBOAAIMIMMU YaCTULAMM IOJIMMEPA, ObLIA
HCIIONB30BAHBI TTOAXOABI CTPYKTYPHOTO MOAEIUPOBA-
HUS C IPUMEHEHNEM KOHEYHORJIEMEHTHON TUCKPETH-
3aiuu. Ha puc. 8 npezcrapieHbl MOJIENH paciipeene-
HUS TEMITEPATYPHBIX TOJIeH B 00JIACTH MCCIIEAOBAHUS
Me3o(parMeHTa 30Hb (DOPMUPOBAHUS METAIIIONONH-
MEpPHOH TIOPOIIIKOBOW CHCTEMBI TIPH Pa3iInIHOM BpeMEH!
BO3JICUCTBYS NEKTPHYESCKAM TOKOM B TIPOLIECCE IIEKTPO-
KOHTaKTHOTO criekaHusi. Heo0xommMo moT4epKHy Th, 4To
0COOCHHOCTBIO JIAHHOU 3aJ1a4U SIBIISICTCS yYET BPEMEHH
HAXOXK/IEHHS KOMITO3UIIMOHHON TIOPOIIKOBOM CHCTEMBI B
30HE CTICKaHUs, T.€. pelICHA 3aa4a HECTAIMOHAPHOM Te-
ionepesad. B COOTBETCTBUU € MOIyYEHHBIMU paHEe
JITAHHBIMU IIPUHSTO, YTO BPEMsI BO3ACHCTBHUS JIEKTpUYe-
CKHM TOKOM Ha METAJIIONOIUMEPHYIO TTOPOIITKOBYIO CH-
CTeMy B 30HE MIEKTPOKOHTAKTHOTO CIIEKaHHS COCTABIISET
ot 0,3 mo 1,2 c. Cria Toka, MomBOIMMAst K ICTOYHHKY BBI-
JICJIEHMs] TEIlIa, COCTaBIIIET 12 KA.

JleTanbHbIM aHaIWU3 MOJYYEHHBIX PE3yJIbTaTOB
MO3BOJINIT YCTAHOBUTH clienytomiee. PaccmarpuBas
ciIy4ail HarpeBa, KOT/ia BpeMs CIIeKaHUs COCTaBIISIeT
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Puc. 8. Mozenu pactpeaeneHust TeMIIepaTypHbIX M0JIeH B 30He KOHTAKTHOTO B3aumozeicTBust Meab — [ITDD npu pa3Hom BpeMeHU

crnekanust: a — 0,3 ¢,6—0,6,6—0,9;2— 1,2

0,3 ¢, Temmeparypa B KOHTAKTHBIX 30HaX MEXIY Me-
TaJUTMYECKUMH YaCTUIIAMH METaJUIOTIONMMEPHOH TI0-
pormIKoBoO# cuctemsl gqocturaet 623 K (puc. 8, a), a
Ha OCTaJBHOM MOBEPXHOCTH METHBIX YaCTHII B UCCIIE-
nyeMmoM Me3odparmente ot 601 1o 623 K.

[To Mepe ynaneHus OT MOBEPXHOCTH YaCTHUI] MEIH
K UX LIEHTPY IPOUCXOIUT CIIaKUBaHUE U30TepM. B
001acTIX KOHTaKTa YacCTHI] MM HAOIOAeTCs CTy-
IICHHUE U JIOKAJIN3aIUs OOJIBIIIOTO KOJIMYECTBA U30JTH-
HUH, 4TO MOATBEPKIAET HAOIIOIAeMOE XapaKTepHOe
CHIDKEHHE TeMIIepaTyphl B JaHHOH oOmactu 10 530 K
Ha PacCTOSIHUM 25 MKM OT ITOBEPXHOCTH METHON ya-
CTHUIIBI K €€ IeHTpy. B 00macTn KOHTaKTHOTO B3au-
MojelicTBUs yacTuna meau — gactuma IITDD Bua-
HO, UTO NPHU YTAJICHUU OT TTOBEPXHOCTH KOHTAKTA K
LIEHTPY MOJMMEPHON YacTHIIBI TEMITepaTypa CHUXKa-
ercs ¢ 440 no 390 K, B TO Bpems kKaKk Temieparypa
B MeJHOH yactuue ysennuupaercs oT 440 no 495 K
MIPH PACCMOTPEHHUHN 30HBI YIAIICHUS OT TOYKH KOHTAK-
Ta Ha 25 MKM. [Ipu 3TOM CylecTBEHHOE BO3IEUCTBUE
Ha ypOBEHb TETUIOBOTO COCTOSHUS TepudepUHBIX
YYaCTKOB JUCIEPCHBIX YACTHULl OKA3bIBACT HAJIUYHUE
[Op B paccMarpuBacMoM Me30(]parMeHTe.

[Ipu yBenumyenun BpemeHu cnekanus no 0,6 ¢
HaOo1aeTCs MOBBIIICHHE YPOBHS OMHYECKOTO Ha-
rpeBa MEeTaJJIONOJIMMEPHOMN MOPOIIKOBOU CHUCTEMBI.
[Ipu sTOM TemmnepaTypa B 30HaX KOHTAKTHOTO B3aH-
MOJEUCTBHSI MEITb — METb COCTABIISIET Mmopsinka 923 K
(puc. 8, 6), a Ha OCTaTbHON TOBEPXHOCTH MEIHBIX
gactur] ot 770 mo 912 K. 3menenune remmneparypHo-
IO COCTOSIHUSI B METHBIX YaCTHIIaX, HE KOHTAKTUPYTO-
X ¢ gactumeh [1TDD, mpoucxoauT B HaNIpaBJICHUN
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OT WX MOBEPXHOCTHU K I[EHTPY TaKHUM 00pa3oM, 4To
TeMIlepaTypa Ha pacCTOSHHUU 25 MKM OT €€ MOBEepX-
HOCTH cocTaBisieT okono 695 K. B obnactu KoHTaKT-
HOTO B3aMMOJIEWCTBHS YacTUIIA MEIU — YacTUIA T0-
JuMepa HaOMIoaeTCsl CHUKCHUE TeMIIeparypsl ¢ 584
1o 495 K B HanpaBieHUU OT KOHTAKTHON ITOBEPXHO-
CTH K LIEHTPY IOJIMMEPHOM yacTulbl. B 10 e Bpems
B MEIHOW YacThIle HaOI0AaeTCsl IPOTHBOTIOIOKHAS
KApTUHA, XapaKTEPU3YIOIIAsCs OBBIIIEHUEM TEMIIE-
patypsl ot 589 no 695 K npu paccMOTpeHUH 30HBI
yIaJdeHUs OT TOUKM KOHTAKTa Ha 25 MKM.

B cnyuae HarpeBa MeTaI0NOAMMEPHON OPOLIKO-
BOH cuctembl B TeueHue 0,9 ¢ TemmepaTypa B 30HAX
KOHTaKTHOTO B3aUMOJECUCTBUS METAJLI — METAJI CO-
crasisier 1223 K (puc. 8, 6), a Ha TOBEPXHOCTH METHBIX
yactul ot 736 no 1111 K. Ilpu ynanenun ot nosepx-
HOCTH K IICHTPY MEIHBIX YaCTHUII, HE KOHTAKTUPYIOIIUX
C yacTulel nmoauMepa, TeMIreparypa CHUKaeTcs, J10-
cturas 3HadeHus 934 K Ha pauaibHOM paccToSHUN 25
MKM. B 00acTyi KOHTaKTHOrO B3aMMOIEHCTBHS YaCTH-
11a MM — YacTHIIa MTOJIMMepa BUIHO, YTO MPH yajie-
HUU OT KOHTAKTHOU MTOBEPXHOCTH K IIEHTPY ITOIMEP-
HOW YaCTHIIBI TeMITepaTypa cHmxkaercs 1o 553 K, B To
BpeMs KaK B MEIHOW YacTUIle HA00OPOT MOBHIINAETCS
110 896 K npu paccMOTpeHUH 30HbI YAAJIEHUS OT TOUKU
KOHTAKTa Ha 25 MKM.

[Ipu noctukeHun TemMneparypbl OMHMYECKOTO Ha-
rpeBa MopomkoBoi cuctemsl g0 1356 K, uto obe-
crieurBaeTcs BpeMeHeM crnekanus 1,2 ¢ (puc. 8, 2),
MEJIHbIC YaCTUIIbl MPOrPEBAIOTCS MPAKTUUECKHU PaB-
HOMEPHO 110 BCEH IMJIOIIAAN J0 TeMIeparypsl clie-
kaHus, coorBeTcTByromeit 1073 K, a B Toukax KoH-
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Puc. 9. 3aBucuMOCTHU BIUSHUSA BPEMEHH 3JICKTPOKOHTAKTHOTO
CHEKAHUSA METaJJIONONMMEPHON OPOIIKOBOMH CUCTEMBI Ha U3Me-
HEHHUE TeMIIEPaTypbl B XapaKTEPHBIX TOYKAX KOMIO3HLIUU: | —
uentp yactuupl [ITO3; 2 — touka koHTakTa Meap — IITDI; 3,
4 — 1eHTp MEIHOH YacTUIIBI COOTBETCTBEHHO KOHTAKTUPYIOLICH
¢ yactuueil IIT®D u He KoHTaKkTUpYIOLIEH; 5 — TOYKa KOHTaKTa
Menb — Melb

TAKTHOTO B3aUMOJICHCTBUS TUCIIEPCHBIX YaCTHUIl MEIH
HaOJIIOAI0TCS YYaCTKU JIOKAJILHOTO HAarpeBsa 70 TeM-
meparypsl IUTaBJICHUS. TakKe YCTaHOBJICHO, UTO TIpe-
BBINICHUE TeMIIEPaTypPhl TEPMOOKHUCIUTETHLHON JTe-
CTPYKIIUH TTOJITMEepa HaOII0MaeTCsS B JIOKAIBHBIX
00J1aCcTSIX MX KOHTAKTHOIO B3aUMOJIEHCTBUS ¢ MEIHbI-
MM YacCTHIIAMHU Ha paJMaibHOM PACCTOSIHUM, HE Tpe-
BbiaromeM 18...20 MKM OT MOBEPXHOCTU YaCTUILIbI
[IT®3 k ux ueHTpy.

Ha ocHoBanuu nony4eHHbIX Pe3yabTaTOB MOACIb-
HO-TEOPETUUYECKUX HUCCIEIOBAHUM MOCTPOCHBI 3a-
BUCHUMOCTH, XapaKTEPU3YIOIIUE BIUSHUE BPEMEHU
AIEKTPOKOHTAKTHOTO CIICKAHUS HA U3MEHEHUE TeMIIe-
paTypsl B XapaKTEpPHBIX TOYKaX Me30()parMeHTa Io-
POIIKOBOI METaJUIONOIMMEPHOM cUCcTeMBI (puc. 9).

B 3akmiouenue cienyetr OTMETUTh, YTO MPEAio-
JKEHHBIA MOJIEJIbHO-TEOPETUUECKUN MOJX0/T MO3BO-
JIIeT pa3pabaThiBaTh KOMIIBIOTEPHBIC CTPYKTYPHBIE
MOJIENT 30H KOHTAKTHOTO B3aMMOJCHCTBUS JICKTPO-
JIbl — MOPOIIKOBBIN CJIOH, ONMKCHIBAIOIIME TETIIIOBOE
1 HaNpsDKeHHO-Ae(POpMUPOBAHHOE COCTOSHUS Ma-
TepUaIoOB NPU MPUIIOKEHUHU BHEITHUX BO3JACHCTBUM
(TUTOTHOCTP PIIEKTPUYECKOTO TOKA U YCHIIHE CHKATHUS
AJIEKTPOJIOB) B YCIOBHSIX HECTAIIMOHAPHON TEILIO-
nepenayu, OTIMYAKOLIIMECS OT CYIIECTBYIOLIUX BO3-
MOXHOCTBIO yUE€Ta BIUSHUSA BPEMEHHU 3JICKTPOKOH-
TAaKTHOT'O CIICKAaHMs, KOHTAKTHOI'O B3aMMOJICHCTBUS
MMOBEPXHOCTEH M 0COOEHHOCTH CTPYKTYPBI YaCTHII
MTOPOIIKOBOTO CJIOSI (HATMYME OKCUIHOIO CJI0S U I10-
pPOBOrO MpPOCTpaHCTBa) HA (pOpMHUpPOBAHUE TEeMIIe-
paTypHBIX ToJieH, nedopMalui KOMIIOHEHTOB, pac-
MpeeiCHNEe TEMIIEPaTypPhl, TEPMO- U MEXaHHUUECKUE
HampspkeHus. Ha ocHOBe Takoro moaxoma u mpoBe-
JICHHOTO KOMIUIEKCA MCCJICIOBAHUN ONITUMHU3HPOBA-
HO C YYIE€TOM DKCIIEPUMEHTAIEHON KOPPEISIINHA BPEMS
HaXO0XJI€HUsI TTOPOIIKOBOM CUCTEMbI B 30HE CIIeKa-
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HUS TIPU AJICKTPOKOHTAKTHOM BO3JICHCTBUH IS 3a-
JAHHBIX TEXHOJIOTUYECKUX YCIOBUI (OPMHUPOBAHUS
MOPOIIKOBBIX METaJIONOIMMEPHBIX HAHOCTPYKTYPH-
POBaHHBIX OKPBITUN C TOJIIUHON HACBIITHOIO CJOS
300...500 mxm, cocrasmsromee 1,1...1,3 ¢, obecre-
YHBAIOIIEE JIOCTHKEHUE TEMIIEPATyPhl CIICKAHUS Me-
Tayuaecko MeaHon Marpurtel 1073...1123 K, a npu
OJITHOBPEMEHHOM BO3JICMCTBUH 33aIaHHOW Harpy3kou
— 3aBepIICHHE MPOIECCOB YIUIOTHEHHS HACBIITHOTO
MTOPOTIIKOBOTO CJIOSI TOCPEJICTBOM TIACTHIECKOH Jie-
(bopMani ¥ CHM)KEHHE DKBUBAJIICHTHBIX HAIIPSIKE-
HUW 110 Mu3ecy B cOpMHUPOBAHHOM TOPOIIKOBOM
noKkpsITUM ToMmKHOM 90...100 MKM 10 ypOBHS 3Ha-
yenuit 112...156 MIla.

BrnepBrie mokazaHo, 4To npu (GOpMUPOBAHUH
MOKPBITHH 3JEKTPOKOHTAKTHBIM CIIEKAHHEM, KOT-
Ja TeMIlepaTypa O0CTUTaeT 3HAUYeHHH, o0ecmeun-
BAIOIIMX DKCTPEMalIbHbIE YCIOBUS TEIMJIOBOTO OMH-
YeCKOTO HarpeBa M TeIIoNepeaayd B MOPOIIKOBON
METaJUIONOIMMEPHON cucTeMe, TeMIleparypa B aua-
METPaTbHOM CEUEHUH MEJHBIX YaCTHUI] CHIYKACTCS B
1,4...1,5 pa3a, B TO BpeMs Kak TeMIleparypa B aua-
METpaTbHOM CEUEHUH TMOTMMEPHBIX YaCTHI] CHUXKA-
ercs B 2,8...3,0 pa3a. YcraHOBIEHHBIH d(DdeKT cro-
COOCTByeT «3CTaeTHOMY» Pa3BUTHIO MPOIECCOB
TEIJIONepeiayld ¢ BOSHHKHOBEHHEM JIOKAIBHBIX Tep-
MOHAIPSDKEHUH B 30HAX (U3MUECKOTO KOHTAKTa Me-
TaJl — TIOJIMMEP U KOHIEHTPUPOBAHUIO TEILIOBOM
SHEPTUU B MOBEPXHOCTHOM CJIO€ AUCIIEPCHBIX TOIH-
MEPHBIX YaCTHUIl U OJlarojapsi HU3KUM 110 CPaBHEHUIO
C YaCcTHUIIAMHM METAJUTNYCCKON MaTPUIbl 3HAYCHUSIM
TEIJIONPOBOAHOCTH YACTHUI] MOJTUMEPHOTO HAMOJIHU-
Tens, a Takxke Boicokoit (800...900 °C/c) ckopocTu
HarpeBa MopoIIKOBOM KOMITIO3UIIMOHHON CUCTEMBI U
KpaTKOBPEMEHHOCTH TIpoliecca CcrieKanus (Topsaka
1,1...1,3 ¢) mpOUCXONNUT TIEpeHATIpaBICHUE PACIIPO-
CTPaHEHMS TEIJIOBBIX MOTOKOB, YTO B COBOKYITHO-
CTH CHIDKAET TEPMOHANPSHKEHHOCTh Ha TPAHUIIE Pa3-
Jlera TUCTIEPCHBIN TTOMMep — JAUCIIEPCHBIA MeTalll,
BCIIEJICTBUE YETO MPOILECChl TEPMOOKHUCIUTEIHHON
JIECTPYKIIMU MPAKTUYSCKU HE pa3BUBAIOTCA 110 Ha-
MIPABJIICHUIO K [IEHTPY YaCTHI] TOJIUMEPOB.
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NON-INVASIVE STRUCTURAL HEALTH MONITORING
OF STORAGE TANK FLOORS

V. DIMLAYE!, P. MUDGE!, P. JACKSON?,
TAT-HEAN GAN! and SLIM SOUA!
I'NDT and Asset Reliability Technology Group, TWI Ltd., Cambridge, CB21 6AL, Great Britain
2 Plant Integrity Ltd., Cambridge, CB21 6GP, Great Britain. E-mail: tat-hean.gan@twi.co.uk

Large above ground storage tanks filled with hydrocarbon and hazardous liquids such as oil, oil-derived products, chemicals
and process plant liquids are in widespread use in the UK, Europe and throughout the world. Tank farms are normally located in
coastal areas close to large centres of population. Leakage from corroded storage tanks, especially from their floors, is a major
environmental and economic hazard and poses a significant threat to those living in the vicinity of tank farms, as well as to the
rest of the UK and Europe. The current, and growing, risk of tank failure together with the potential risk for fire and explosion at
nearby petrochemical plants is wholly unacceptable. This paper illustrates the work carried out in the UK Technology Strategy
Board (TSB) Tank Integrity Monitoring (TIM) project, for the structural health monitoring of large above ground bulk liquid
storage tank floors without the need to access the inside of the tank or to empty its contents, using ultrasonic guided waves
(UGW) as a non-destructive testing technique. A structural health monitoring system for acquiring ultrasonic guided wave data
over long periods of time was developed. The performance of the permanent attached transducers and the structural health
monitoring system was also investigated to demonstrate their reliability. The propagation of the guided wave signals has been
validated experimentally on a 4 m diameter tank floor, and tomography imaging has been developed for detection and location

of defects. 3 Ref., 6 Figures.

Key words: guided wave, ultrasonic, tank floor, tomography, storage tanks, structural health monitoring system

1. Introduction

Various NDT methods such as penetrant testing,
magnetic particle, radiographic testing, eddy current,
thermography and acoustic emission were used to in-
spect storage tank floors [1,2]. Current inspection meth-
ods require the tank to be drained in order to create a
safe environment, suitable for personnel entry, in order
to carry out inspections which can be time consuming
and expensive. As such, there is a need to develop a fast-
er, lower cost and safer method to assess the structural
integrity of tank floors. The objective of this study was
to develop a structural health monitoring method for the
tank floors using low frequency UGW. The low frequen-
cy UGW have the ability to propagate long distances in
planar and tubular structures and is already used for the
inspection of pipes [3].
2.Experimental Set-Up
2.1.Tank Monitoring System

A 4 m diameter tank floor was used to carry out the
structural health monitoring experiments for damage
locality and detection. The wall thickness of the tank
floor was 7 mm with a seam weld running along the
diameter of the tank floor. The tank is shown in Figure 1.

A multitude of transducers were permanently at-
tached around the perimeter of the tank floor. The
commercially available 24 channel Teletest system
and an additional 80 channel multiplexer were used
to collect a broadband frequency range of data. The
botany of the tank floor structural health monitoring
system is illustrated in Figure 2.

Figure 1. Tank floor of 4 m diameter

2.2.Ultrasonic Guided Waves

The ultrasonic guided waves propagating within
the plate structure contain various wave modes; de-
pending on the frequency of excitation, the funda-
mental wave modes generated are the symmetric SO
and asymmetric A0 wave modes. In this study, the
characteristics of the SO wave mode are used. The
presence of the SO and A0 in the acquired time do-
main signals is illustrated in Figure 3.. Time domain
signals acquired.
3. Result
3.1. Reliability

The structural health monitoring system was used
to collect data continuously over three months. One
very important factor for a robust structural health
monitoring system is the reliability of the transducers

© V. Dimlaye, P. Mudge, P. Jackson, Tat-Hean Gan, Slim Soua, 2013
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24 channel
Teletest system

80 channel
Multiplexer

Figure 2. Tank floor structural health monitoring system

and electronics. The stability of the aforementioned
transducers, which were studied over the three month
time period, are illustrated in Figure 4. Tomography
representation for the stability of transducersFigure
4, the results of which can be displayed using tomo-
grams that were intermittently generated. It can be
seen that the distribution of the energy over the circu-
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Figure 3. Time domain signals acquired
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lar structure is fairly constant over a prolonged peri-
od of time suggesting no failure or degradation in the
performance of the transducers and electronics.

4. Defect Detection and Location

The capability of defect defection in terms of size
and location was studied. A large set of baseline data
were acquired which covers wide environmental con-
dition changes.

A single defect of diameter 70 mm and through
thickness were introduced initially, then a second and
third defect of 70 mm and 20 mm, respectively, were
then added to the tank floor. A set of data was then
collected after each defect addition. The positions of
the defects are shown inFigure 5. Defect size and lo-
cation: 70 mm defect (left) and 70 mm, 70 mm, 20
mm defect (right) Figure 5.

The tomograms were generated using character-
istics of the SO wave mode acquired at the opposite
receiving transducers. The detection and location of
the added defects have been made possible by the to-
mography technique used. The tomograms are shown
iFigure 6. Tomograms for 70 mm defect (left) and for 70
mm, 70 mm, 20 mm defects (right)n Figure 6.

5. Conclusion

The use of ultrasonic guided waves for the structur-
al health monitoring of storage tanks has been investi-
gated on a 4m diameter tank floor. For the purpose of

Figure 5. Defect size and location: 70 mm defect (left) and 70 mm,
70 mm, 20 mm defect (right)

W xa W 100 200 30 0200 0 [ ]
Figure 4. Tomography representation for the stability of transducers
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Figure 6. Tomograms for 70 mm defect (left) and for 70 mm, 70
mm, 20 mm defects (right)

structural health monitoring, it is of paramount impor-
tance to have a reliable system in terms of transducer
performance and a stable pulser-receiver system.

The experiments carried out, based on the data
acquired, demonstrate the stable performance of the
permanently attached transducer and of the pulser-re-
ceiver used. The SO wave mode from the receiving
transducers has been used to generate the tomograms.

The tomography technique has been successful-

82 A mresymerEeas

ly implemented alongside the developed structural
health monitoring system for the detection and loca-
tion of defects of 20 mm to 70 mm in size.
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NUMERICAL SIMULATION AND EXPERIMENTAL
INVESTIGATION OF REMELTING PROCESSES
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The numerical simulation of remelting processes enables us to link the local solidification conditions to the operating param-
eters. Here, we discuss some recent studies aiming to develop specific aspects, e.g. the alternating current distribution during
ESR of steels and superalloys, the ensemble arc motion in a VAR furnace and the influence of electromagnetic stirring on the

macrosegregation in remelted ingots. 27 Ref., 1 Tabl., 5 Figures.

Key words: vacuum arc remelting, numerical simulation, electromagnetic stirring, current distribution, macrosegregation

I. Introduction

Consumable electrode remelting processes have
been developed to produce high-performance alloys
dedicated to critical applications, for which high met-
allurgical quality ingots are necessary. Consequently,
primary melting is not sufficient and remelting pro-
vides valuable advantages such as a fine grain struc-
ture, limited occurrence of solidification defects,
low level of micro- and macrosegregation and good
soundness of ingots.

The principle of the VAR (Vacuum Arc Remelt-
ing) process, as illustrated in figure 1-a, consists in
melting a consumable metallic electrode of the re-
quired grade under a high vacuum, in order to ob-
tain a sound ingot of good structural quality [1]. Dur-
ing remelting, an electric arc is maintained between
the tip of the electrode (which acts as the cathode)
and the top of the secondary ingot, in order to ensure
melting of the electrode. Liquid metal falls through
the arc plasma and progressively builds up the in-
got, which solidifies in contact with a water-cooled

VaCUUm
chamber
clectrode

electric coils
electric arc

liguid pool
mushy zone
cooling circuit
3 gap
solid ingot

i
Figure 1. Schematic representation of (a) the VAR process, (b) the ESR process
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copper crucible. In order to stabilize the arc, it can
be confined with the aid of an axial magnetic field
created by an external induction coil. The interaction
with the melting current stirs the liquid metal, the ro-
tation induced being in the orthoradial direction. By
reversing periodically the coil current, stirring can be
alternated.

In the case of Electro Slag Remelting (ESR), an
alternating current is passed from the electrode to the
water-cooled baseplate through a high-resistive calci-
um fluoride-based slag, thus generating Joule heating
[2]. The energy is both transferred to the electrode for
the melting and to the secondary ingot. Molten met-
al is produced in the form of droplets which fall and
build up the secondary ingot, as shown in figure 1-b.
Insulation from air and chemical refining, due to the
presence of slag, improve the inclusional quality.

Remelted materials are special steels and nick-
el-based superalloys. Vacuum Arc Remelting also
represents the final stage in the melting cycle of reac-
tive metals, such as zirconium and titanium. The stra-
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tegic importance of these products and their very high
added value make it essential to acquire a detailed un-
derstanding of the melting processes. Mathematical
modelling is a valuable tool to enhance fundamental
understanding, since it allows us to link operating pa-
rameters, such as the melting rate, ingot diameter or
cooling conditions, to local solidification conditions,
and thus to the ingot final quality. The work presented
here is part of a program initiated some twenty years
ago in Institut Jean Lamour to develop numerical
software for simulating the remelting operations, and
subsequently to help optimizing the processes. The
first version of the numerical model SOLAR (which
stands for SOLidification during Arc Remelting) was
applied to the simulation of VAR for reactive metals
[3]. Since then, the model has been constantly im-
proved. In the beginning of the century, it was adapt-
ed for nickel-base superalloys and special steels.[4,5]
More recently, a similar model has been developed
for the ESR process [6]. The development started in
2004 with a basic hydrodynamic model of the slag,
whose complexity was increased step by step. The
last model has several common bases with the SO-
LAR code, since ESR and VAR are quite similar in
terms of ingot growth and solidification.

A general description of both models (i.e. SO-
LAR and SOLECS, which stands for SOLar—type Esr
Complete Simulation) and their validation was part
of a communication at the International Conference
on Welding and Related Technologies into the Third
Millenium, which was held in Kiev in 2008 [7]. Here,
we will focus our attention on 3 recent studies aiming
to develop some specific aspects of the behavior of
actual remelting processes.

I1. Current distribution during electroslag
remelting

During the last years, several researches have been
presented, aiming to simulate the whole process in a
transient way, or discuss in more detail the electro-
magnetic fields in ESR [8-13]. Among these models,
the simulation software SOLECS was developed at
1JL, as stated in the Introduction. During the growth
of the ESR ingot, the slag is in contact with the wa-
ter-cooled mould, which is responsible for the for-
mation of a layer of solidified slag at the interface.
As the secondary ingot rises, this layer is partially re-
melted and crushed between the metal and crucible,
resulting in a slag skin which acts as a thermal insu-
lator and provides ESR ingots with a smooth lateral
surface [2].

In the paper by Weber et al. [6], it was written
that “we assume that the solidified slag skin insulates
electrically the slag and ingot from the mold. This as-
sumption is particularly questionable and needs to
be confirmed. Indeed, in some cases, the model pre-
dicts a discontinuous solid skin surrounding the slag
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cap, implying a possible electrical contact between
liquid slag and mold”. While this strong assumption
is made classically in the literature devoted to ESR
simulation [14,15], it was sometimes claimed [16,17]
that a certain amount of current is able to flow into
the Cu crucible. This phenomenon could modify the
thermohydrodynamic behaviour of the slag and lig-
uid pool, hence influencing the solidification process.
Therefore, the goal of our study is to quantify this
phenomenon, and determine the impact of the solid
layer thickness and electric conductivity of the solidi-
fied slag on the current distribution during electroslag
remelting.

To reach the water cooled crucible and baseplate,
the melting current supplied to the electrode and lig-
uid slag can either flow in the ingot pool or directly
through the solidified slag skin. The resulting current
distribution depends on the electrical resistance of
that phase, hence the solid slag conductivity and skin
thickness. In this section, we present the computation
of electromagnetic phenomena with a simplified ge-
ometry. The thickness of the solidified slag skin is as-
sumed to be uniform and the assigned electrical con-
ductivities are estimated values. The main input data
are gathered in Table L.

The effects of the variations of two parameters
(electrical conductivity and thickness of the solid slag
layer, written with italic characters in Table I) on the
current distribution and resulting Joule heating were
studied. The electrical conductivity was allowed to
vary in the range 10 — 400 Q" ''m™!' (1073 Q!-m™!
corresponds to a full insulation while 400 Q ''m! is
the conductivity of the liquid slag). The thickness of
the solidified slag skin was set to 4 or 6 mm. In the
literature, the computed current distribution is most
often represented by visualizing the magnitude of the
current density phasor (i.e. the maximum value for
each component of the current density), which clas-
sically leads to the observation of an important skin
effect in the electrode and ingot [6,11,14,18]. Indeed,
it is well known that the current distribution is related

Table I.Parameters used in the simulations

Melting current (maximum value) 10 kA
AC frequency 50 Hz
Electrode radius 26 cm
Mould external radius 30 cm
Mould thickness 2.5cm
Electrode immersion depth I cm
Electrical conductivity of the metal 106 Q''m!
Electrical conductivity of the liquid slag 400 Q''m™!
Electrical conductivity of the solid slag | 1073 —400 Q 'm™!
Thickness of the solidified slag skin 4/6 mm

10-11/2013
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to the value of the skin depth into the different mate-
rials: if the latter is larger than the actual dimension
of the domain, the current distribution is homoge-
neous, e.g. into the liquid slag. However, within this
study, we chose to represent the instantaneous current
distribution at a precise moment in the alternating pe-
riod ¢ = 0. In addition to the visualization of the skin
effect, such a representation also highlights the local
variation in the phase angle caused by the variation in
the induced magnetic field into the metallic conduc-
tors, as it was shown by Li et al. [13].

The first step of the study consists in confirm-
ing that part of the melting current is likely to flow
through the solidified slag layer and directly enter the
mould. Figure 2 presents the computed results ob-
tained either when the solid layer behaves as a per-
fect insulator (such behaviour is reached as soon as
the electrical conductivity is lower or equal to 1073
Q~'-m™!) or when the electrical conductivity is set to
15 Q '-m!. The solidified slag skin is supposed to be
4 mm thick. Clearly, when the electrical conductiv-
ity of the solid slag is set to 15 Q'-m™!, part of the
current actually flows through the skin to reach the
mould. The solidified slag layer does not act as a per-
fect electrical insulator and this modifies the current
distribution in the system. Our result confirms some
previous claims in the literature[16,17] and raises
new questions regarding the consequences of such a
loss of current on the process efficiency.

Figure 3 summarizes the effects of a variation in
the electrical conductivity of the solid slag and in the
thickness of the solidified slag layer: it represents the
evolution of the total Joule heat generated accord-
ing to both parameters. The electrical conductivity of
the solid slag appears to be a crucial parameter of the
process. This observation emphasizes the necessity to
have access to actual measurements. The thickness
of the solidified slag layer also influences the current
distribution in the system. However, in the range of

1 MM}

i

Figure 2. Current density distribution (A'm2) computed with two
values for the electrical conductivity of the solidified slag skin: 1073
Qlm (a)and 15 Q'm! (b)
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tested values, the impact of this factor remains of sec-
ondary importance.

In its present state, this model considered a uni-
form layer thickness along the slag/crucible interface.
However, this parameter is liable to vary from a neg-
ligible value to few millimetres during a real remelt-
ing. To take into account this variation, as well as to
assess the influence of the electrical current distribu-
tion on the ingot solidification, the next step of our
study will consist in a full coupling of the model with
a numerical simulation of the whole ESR process.
Results obtained will be compared to actual experi-
mental observation.

II1. Ensemble arc motion during vacuum
arc remelting

Knowledge of the electric arc behaviour in the
VAR process is based on visualization studies per-
formed first at Sandia National Laboratories [19]
during the remelting of steel or Ni-based superalloy
electrodes. Similar experiments have then been car-
ried out by Chapelle et al. on Zr electrodes [20]. A
conclusion from these observations is that the behav-
iour of the arc is similar to the diffuse mode of a vac-
uum arc created between cold solid electrodes. The
arc consists of several dispersed clusters of cathode
spots moving over the whole surface of the cathode.
Such behaviour seems to imply that the total energy
transferred from the arc to the cathode tip is distribut-
ed uniformly; in particular, no azimuthal direction is
privileged, so an axisymmetric behaviour is expected
at the macroscopic scale, consistent with the flatness
of the cathode tip during full-scale melting.

However, it has been recently reported that the arc
often does not behave axisymmetrically at the mac-
roscopic scale. Based on measurements of the lumi-
nosity and magnetic field created by the arc [21, 22].
Ward et al. suggested that most of the time, the elec-
trical centre of the arc was rotating in a time-aver-
aged sense around the ingot centreline with a constant
speed (period equals typically 20 to 40 s when a su-
peralloy electrode melts under nominally diffuse con-
ditions). Then it was assumed that the distribution of
current flow and heat input followed the distribution

85




j CBAPKA W POOACTBEHHBLIE TEXHONOM KA

of this location and a part of the arc was assimilat-
ed to a loosely focused rotating spot, radially located
away from the ingot centreline. A 3D model of the
ingot pool, using this representation as a boundary
condition, [23] enabled the authors to conclude that
the hydrodynamic behaviour of the melt pool and in-
got solidification process can be greatly influenced by
such an ensemble arc macroscopic motion.

In order to confirm the previous statements, the
dynamic behaviour of the arc in an industrial VAR
furnace has been investigated. Two synchronized vid-
eo cameras positioned in front of diametrically oppo-
site viewing glasses on top of the furnace chamber
were used to film the annulus gap between the elec-
trode and crucible wall. Video images were recorded
during the melt of a Zy2 ingot with various stirring
conditions.

To help interpreting the recorded films, an im-
age processing procedure similar to that proposed by
Ward et al. [21] was developed. First, each film was
split into a series of images. Then a 2 s moving aver-
age was applied to suppress high frequency fluctua-
tions related to individual cathode spot behaviour and
the sampling frequency was reduced to 5 frames/s. A
given region of interest was extracted from each im-
age and all the results were put side by side to build a
temporal sequence (figure 4-a). Finally, the luminosi-
ty in the extracted region was quantified and a Fourier
analysis was performed to determine the frequencies
of fluctuations along the sequence.

An example of two sequences corresponding to
diametrically opposite regions is illustrated in figure
4-b. A plot of the evolution of the luminosity for both
sequences is also shown on the figure. The luminosity
fluctuates quite regularly, with an alternation between
very bright time periods and other time periods dur-
ing which it is notably reduced. The fluctuations of
luminosity in the two diametrically opposed regions

=

i

are essentially in phase opposition. A frequency anal-
ysis indicates that these fluctuations involve several
periods, with a dominating period of the order of 30
s, identical for the two cameras.

These fluctuations may be related to the arc be-
haviour. Indeed, it can reasonably be considered that
the luminosity fluctuates as a consequence of the evo-
lution of the spatial distribution of the arc, whose
centre of gravity moves across the electrode surface
with a period of about 30 s. This phenomenon was
observed for all the melt conditions tested. The dom-
inant period of the fluctuations was of the same or-
der of magnitude for all melt conditions (including
the conditions without any stirring). It seems in par-
ticular to be unconnected to the reversal period of the
magnetic field. Thus, an ensemble motion of the arc
seems to exist for all operating conditions and it ap-
pears to be relatively independent of the presence of
an external axial magnetic field.

This work enables us to confirm the conclusions
reached by Ward et al. [22] who reported a value of
the time constant of the arc motion very similar to the
one determined here. As discussed previously, the ex-
istence of a slow motion of the arc centre (with a time
period of around 30 s) could have important implica-
tions for the modelling of the VAR process.

IV. Electromagnetic stirring and macrosegrega-
tion in var zirconium ingots

Despite the use of electromagnetic stirring, chemi-
cal heterogeneities develop in the mushy zone during
the solidification stage. One of the main challenges
for Zr and Ti producers is to master the VAR process
in order to control the macrosegregation in remelt-
ed ingots. Macrosegregation results from the associ-
ation of microsegregation and transport phenomena.
The latter are primarily due to the flow in the liquid
and mushy parts. It is now well established [24,25]
that the hydrodynamics of the melt pool depends on

MMy

0.8 F

Luminosity (a.u.}

0.6

k " i i "

16 2(M} 240 280 J20

1240 t. 5
f

Figure 4-a. Temporal sequence used to study the fluctuations of luminosity above the ingot
Figure 4-b. Typical temporal sequences obtained for two diametrically opposite regions
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the combined action of the followings: thermal and
solutal buoyancy, self-induced electromagnetic force
and the periodic centrifugal force caused by the an-
gular movement generated by the stirring. The aim
of this section is to investigate numerically the action
of these forces on the macrosegregation of Zircaloy 4
VAR ingots.

In order to improve the description of the solid-
ification and related macrosegregation, a multiscale
model has been recently incorporated into SOLAR to
simulate the solidification of multicomponent alloy
VAR ingots. It is based on a volume-averaged Eul-
er-Euler two phases formulation [26, 27]. At the mac-
roscopic level, the permeability of the mushy zone
is given by the Carman-Kozeny law, depending on
a microstructure dimension typically of the order of
the secondary dendrite arm spacing (SDAS). A mac-
roscopic k-¢ model that takes into account the actions
of both the thermosolutal buoyancy and the influ-
ence of the solid phase in the mushy zone is used to
simulate the turbulent nature of the flow. The phase
change is treated locally at the microscopic level,
either by assuming the lever rule or accounting for
grain growth controlled by finite diffusion of alloy el-
ements in both liquid and solid phases.

A Zy4 electrode was remelted in a production fur-
nace. Two stirring sequences were successively applied:
a strong alternated stirring followed by a weak con-
tinuous one. In addition, a continuous and strong stir-
ring was temporarily used in order to mark several melt
pools in the ingot. The recording of the actual operating
process parameters provided input data for the model.

Thermosolutal buoyancy effects are simulated
thanks to the Boussinesq approximation. Thermal and
solutal expansion coefficients for Zr alloys are not
available in the literature. Nevertheless, the thermal
expansion coefficient B. was estimated from data on
pure liquid Zr. To investigate the influence of solutal
convection caused by Sn concentration gradients (Sn
is the major alloying element in Zy4), we have simu-
lated 4 cases:

(a) By =0, B> =0
(b) BT >0, Bssn =V,
(¢) By > 0B <0 and (d) By > 0, B> > 0.

The positive value of the solutal expansion coef-
ficient BSS“ (case d), was calculated from the volume
additivity assumption. The other value (case c) was
intentionally negative. Case a corresponds to the ab-
sence of all thermosolutal buoyancy, which means
that the flow is only caused by the electromagnetic
stirring.

For the four cases, the final maps of Fe segrega-
tion computed by the model are shown in figure 5.
Because of the application of two successive stirring
sequences, two main segregation patterns can be ob-
served along the ingot height. In addition, we can
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Figure 5. Maps of Fe segregation in the Zircaloy-4 VAR ingot for
the 4 cases studied

see two inclined depleted bands caused by the pool
markings. The enriched zone at the top of the ingot
was caused by the solidification of the last melt pool.
The average concentration of Fe in the liquid pool in-
creases as the ingot grows because its partition coeffi-
cient is less than unity.

When thermosolutal buoyancy is not accounted
for (case a), the model predicts an iron enrichment in
the ingot central zone whatever the stirring employed.
Actually, the centrifugal force due to the angular flow
is predominant and generates a clockwise flow cell.
Consequently, iron-enriched liquid accumulates at the
bottom of the melt pool and in the mushy zone, caus-
ing a positive segregation near the axis. Alternated
stirring causes a weaker radial macrosegregation than
unidirectional stirring. For both stirring practices, ac-
counting for thermal convection (case b) increases
slightly the radial macrosegregation of the ingot cen-
tral part, as thermal buoyancy strengthens the centrif-
ugal force. In the mushy zone, the consequence is a
more intensive circulation resulting into more trans-
port of enriched liquid towards the centerline.

The effect of solutal convection on the centerline
macrosegregation is visible on figures 5-c and 5-d.
In case (c), radial segregation close to the centerline
is notably amplified because all the volumetric forc-
es cooperate. On the opposite, in case (d), the solu-
tal buoyancy is counteracting and reverses the flow in
the mushy zone at the bottom of the pool. The coun-
terclockwise upward flow in the mushy zone reduces
the segregation in the central region. When stirring
is alternated (bottom half of the ingot), iron concen-
tration is roughly uniform while a continuous stirring
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(ingot top half) results in a positive segregation band
located at /R ~ 0.25 (R is the total radius of the in-
got). This band forms due to the small counterclock-
wise flow loop induced by the solutal convection,
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Within the Austrian network of excellence COMET K-project JOIN4+ companies and research institutes cooperate in funded
research projects. JOIN4+ exhibits a total budget of 6.6 Mio. Euros, which is covered by all research partners, the Austrian
government as well as the involved provinces. Currently eight different projects in two areas are treated. In this contribution the
funding situation as well as selected results are presented. 11 Ref., 7 Figures.
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1. Introduction

Innovative and competitive products require
sound basic research with according budgets. As one
positive example the Austrian Network of Excellence
for Joining Technologies JOIN4+ is presented in this
contribution. International partners from industry and
academia in the field of welding technology cover rel-
evant tasks enabling the company partners to intro-
duce innovative products on the global market.

2. Funding concept

The Austrian Research Promotion Agency (FFG)
offers different concepts for co-financing of applica-
tion-oriented research. The current COMET-program
(Competence Centres for Excellent Technologies)
contains three different routes (K2, K1 and K-pro-
jects) which covers different aims, budgets and con-
tract periods. [1].

K-projects are focused on the application, which is
very attractive for companies. Nevertheless compared
to K1 and K2, K-projects show the smallest overall
budget.

2.1. Basic guidlines

Within K-projects company partner have to fi-
nance 50% of the project volume by means of in-kind
or cash contribution.

5% of the overall budget has to be covered by the
research partners by means of inkind contributions.
Two third of the residual is funded by the as fore men-
tioned FFG and one third is covered by the involved
provinces of Austria. The maximum possible funding
is limited for each K-project.

2.2. Projects and partners

Within the K-project JOIN4+ 15 company partners
are actively involved in eight different projects. Two
partners are from Germany, one is from Switzerland,
the remaining are from Austria:

Company partners:

< Air Liquid Austria GmbH

< Audi AG

< Berndorf Band GmbH

© N. Enzinger, C. Sommitsch, 2013
10-11/2013

Bombardier Transportation Austria GmbH
Benteler SGL Composite Technology GmbH
Fronius International GmbH

InfraTec GmbH

Jansen AG

MCE —Maschinen und Apparatebau GmbH & Co
pewag austria GmbH

PLASMO Industrietechnik GmbH

Wilhelm Schmidt KG

voestalpine Draht GmbH

voestalpine Stahl GmbH

Welser Profile AG

Five scientific partners from Austria and one from
Germany are completing the project team:

Research partners:

<~ Johannes Kepler University Linz, Institute
for Communications Engineering and RF-Systems

< Fraunhofer Institute for Mechanics of Materials

< Graz University of Technology, Institute for
Materials Science and Welding

< Vienna University of Technology, Institute of
Materials Science and Technology

< Light Metals Technologies Ranshofen

< Schweiftechnische Zentralanstalt Wien

In each subproject at minimum two companies
and one research partner have to be involved. One
requirement of this research funding approach is the
strong link between different subprojects leading to a
significant added value compared to single projects.

As shown in Figure 1: Coupling of different
sub-projects covering different topicsl different
sub-projects within JOIN4+ are coupled to each other.
Additionally to informal information exchange, semi-
nars and other activities are organised by the JOIN4+
management.

Due to different focus of the diverse projects tow
clusters were formed. These areas are called Advanced
Materials Joining focusing on the behaviour of the
material to be joined and Advanced Joining Processes
& in-situ Process Control concentrating on advanced
joining processes. Additionally, modelling and simu-
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Figure 1. Coupling of different sub-projects covering different
topics

lation is applied to all projects and a strategic project
is run within JOIN4+,

2.3. Organisation

The Institute for Materials Science and Welding at
Graz University of Technology in Austria is the re-
sponsible consortium manager. Different persons in
charge cover scientific, financial and operative tasks.
To consider and protect different interests of scientific
and company partners, the core partners are joined in
the legal consortium ARGE JOIN4+, supporting the
consortium management.

2.4. Boundary conditions

Additionally to the funding contract each individ-
ual sub-project is defined by a project contract deter-
mining tasks, responsibilities and intellectual property
rights between the partners. Funding is paid annually
based on the given cost report.

For documentation, annual reports have to be for-
warded to the funding organisation. These reports
also include success stories. Additionally the K-pro-
ject is evaluated after two years and after the end of
the funding period. As a result of these evaluations
changes and advancements can be requested by the
funding organisation.

Depending on the requirements of the involved
provinces additional efforts are necessary such as the
formulation of a marketing concept or the setup of a
homepage.

3. Selected results
3.1. Soft zone

The soft zone due to welding of advanced high
strength steels often is a limiting factor in the appli-
cation of these materials (Figure 2: Soft zone due to
welding of high-strength steel. [2]2).

In this sub-project it is systematically investigated,
which welding parameters are essential in the devel-
opment of this weak zone and how they change the
local material properties. Furthermore it is explored,
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Figure 2. Soft zone due to welding of high-strength steel [2]

which variables, describing the soft zone, signifi-
cantly influence the strength of a real joint. Basically
the static strength is investigated but also the fatigue
strength is considered.

Therefore extensive experimental thermo-me-
chanical investigations are performed to evaluate the
numerical finite element simulation using Abaqus
solver. [3] The systematic variation of different varia-
bles describing the soft zone shows that especially the
quotient of width of the soft zone and sheet thickness
as well as the level of the soft zone compared to the
strength of the base materials are the most influencing
factors. However preparation of the seam, especially
of the bevel angel, was found to be less important.

Additionally microstructure development due
to welding is modelled by means of SYSWELD. In
house developed routines are implemented to consid-
er effects like grain growth. [4] Variables necessary in
these routines are based on microstructural character-
isation of different treated microstructures by means
of metallography. The results are then verified and ex-
trapolated by use of MatCalc simulations. With this
coupling of different methods it is possible to calcu-
late the grain size and therefore to estimate material’s
strength due to an applied welding process.

3.2. Chain

In a predecessor project a prototype for a total-
ly new approach in chain production was designed.
Two half links are welded by means of linear friction
welding. [5] In the current sub-project the influence of
different welding parameters such as amplitude, fre-
quency, friction force and forging force on the quality
of the joint is investigated systematically. It is found
that the geometry of the flash is a reasonable indicator
for the quality. This correlation enables very fast in-
line quality estimation during the start-up phase of the
process. Furthermore it is found that with decreasing
welding cycle time the quality of the joint improves.
Based on this it is concluded could that this new pro-
duction process is highly economic (Figure 3: With
decreasing friction time the joint quality improves.
Quality is estimated by means of flash geometry from
not acceptable (A) to very good (D).3).

Additionally to comprehensive experimental
investigations of the friction welding process of
chains, a simulation program of the process is de-

10-11/2013




CBAPKA W POOCTBEHHBIE TEXHONOM MK (

Friction time  flash

10,0
0

= 8r 6.9

o -

E 6 F 3,7

Eir l 13.0

T2} 1
'-'I 1 L 1

A

Flash
Figure 3. With decreasing friction time the joint quality improves.
Quality is estimated by means of flash geometry from not accept-
able (A) to very good (D)
veloped. A sever difficulty is the proper description
of the heat input, which is based on friction and
significantly changes during the process. By means
of an inverse approach both heat input and temper-
ature dependant friction coefficient is estimated.
Therefore the local temperature of the chain, as an
input parameter for this calculation, has to be meas-
ured as a function of time.
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Figure 4. Comparison of measured and calculated temperature
during friction welding

With the estimated heat input as a boundary condi-
tion the transient temperature field and subsequently
deformation as well as flash formation can be calcu-
lated by means of an FE code, see Figure 4: Compar-
ison of measured and calculated temperature during
friction welding.4. [6]

3.3. Pin structures

Applying the CMT process (Cold Metal Transfer)
developed by Fronius it is possible to produce differ-
ent geometries of so called pins, as shown in Figure 5.

‘*‘—H“—’ q‘—ni Sl e _‘:

Figure 5. Different geometries of pins with characteristic
dimensions
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By proper application of voltage and mechanical
movement of the filler wire the height and shape of
the pin can be determined.

Using such pins enables to strengthen the joints
between dissimilar materials such as steel and alu-
minium or even metal and fibre reinforced polymers
by form-fit. [7]

In this project two different goals are defined. In
a first step the production process of the pin itself is
modelled. Especially heat input distribution during
welding and shaping of the pin is modelled in a cou-
pled FE calculation for different materials such as
steel, titanium aluminides, etc. Secondly, the proper-
ties of the pins in combination with the materials to
be joined are estimated. These properties depend on
a high degree on the process of welding and shaping
which is performed prior to the mechanical loading.

Aluminium pins face a special challenge for a
successful application. Based on the thermo-physical
properties they cannot be produced shorter than ap-
proximately 2 mm. Since one possible application is
automotive industry where thin sheets are of interest,
even 2 mm pins seem to be too long. Therefore one
current focus in research is to produce much shorter
pins for aluminium.

Based on the Surfisculpt® process, which was de-
veloped by TWI for steel, electron beam process is ap-
plied to structure the surface of aluminium thin sheets

i
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T
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Figure 6. Surface structuring by pins (a) is produced from base
material by electron beam introduced material flow (b)

-

91



] CBAPKA W POOACTBEHHBLIE TEXHONOM KA

und TMAZ -

SZ und TMAZ
simulantion

Figure 7. Comparison of experimentally and numerical-
ly determined thermo mechanical affected zone after FSSW of
AA6082-T6 [11]

(Figure 6: Surface structuring by pins (a) is produced
from base material by electron beam introduced ma-
terial flow (b).6). This approach has not been reported
for aluminium alloys so far.

Friction stir spot welding (FSSW) of AA6082-T6

Additionally to the sub-projects that have been
submitted, proved and funded by the COMET pro-
gram, there is a further possibility to finance basic re-
search projects in the so-called non-k area, where the
company partners directly finance strategic projects.
One topic under consideration deals with the model-
ling of microstructure evolution of aluminium alloys
during the friction stir spot welding process.

Based on previous projects [9,10] a physically
based model developed to describe the microstructur-
al evolution due to FSSW [11]. To generate proper
material input parameters for the simulation, Gleeble
experiments are conducted with a torsion unit. The
grain size representing the thermo mechanical heat
affected zone is measured from specially defined
welding experiments. These results are then used to
evaluate the simulated thermo mechanical heat affect-
ed zone by means of the calculated grain size distribu-
tion, see Figure 7: Comparison of experimentally and
numerically determined thermo mechanical affected
zone after FSSW of AA6082-T6. [11]7.

4. Summary

The Austrian K-project JOIN4+ is a very successful
cooperation between companies and academia. In two
working areas eight different projects with significant
interconnections are treated. Following key issues can
be summarized:

< Basic mechanisms of friction welding

< Prediction of properties of welded joints in ad-
vanced high strength steels

< Improved reliability for detection and charac-
terisation of weld defects
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< Improved process reliability by control of sig-
nificant welding parameters

< Development of modern sensors for welding
processes

< Joining of dissimilar materials

Sound communication between the project part-
ners stimulates to find surprising solutions leading to
innovative and advanced results. A further advantage
of this approach is the possible starting point of a
long-term cooperation between acting partners.
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An overview of Laprosolda’ activities in research, development and innovation of welding processes is presented within three
main areas: fundamentals, instrumentation and application. Since the group philosophy aims to develop different welding pro-
cesses, in this work three cases are presented to illustrate these areas. The first one deals with the measurement of heat input
for derivative arc-welding processes. The second case shows embedded systems developed for arc-welding monitoring and
control. The last one presents the evaluation of conventional and controlled short-circuit GMAW processes for pipe welding.
The objective is to present the ongoing activities and prospects related to welding technology within Laprosolda group. 16 Ref.,

3 Tabls, 10 Figures.

Key words: heat input measurement, monitoring and control, pipe welding, ongoing activities, prospects

1. Introduction

Welding technology demands continuous re-
search, development and innovation through the
years. It is defined by ISO 3834 (2005) as a special
manufacturing process, since quality assurance can-
not be realized by final inspection only. The joining
is totally dependent on personnel, equipment and fa-
cilities. Therefore, development and improvement
of equipment and methods are needed for constant
development.

In this context, the Brazilian group named Laprosol-
da (Center for Research and Development of Welding
Processes) started its activities in research, development
and innovation of welding processes in 1992. The group
philosophy aims to develop different welding processes
in three main areas (or work line) named: the Funda-
mentals of Welding (arc physics, metal transfer during
derivative processes, corrosion in welded joints, deriv-
ative arc-welding processes and numerical simulation
of heat transfer, residual stress and distortion correlated
to welding processes), Instrumentation for Arc-weld-
ing Processes (remote monitoring and controlling for
arc welding, embedded wireless monitoring system,
low-cost vision system, calorimeters, sound monitoring
system, waveform synchronized weaving, development
of dedicated experimental rigs and luminescence sen-
sors for AVC and joint tracking) and Application (pipe
welding of API steels and CRA, overlaying for wear and
corrosion purposes, RSW for AHSS in MFDC and AC
machines, stainless steel weldability and health and safe-
ty — fumes, radiation and electromagnetic fields).

The objective of this work is to summarize the
activities that have been done and what is intend to
do in the future in Laprosolda group within the scope
of these three areas. In order to illustrate these activi-

© Louriel O. Vilarinho, Laura O. Vilarinho, 2013
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ties, three following cases are presented. The first one
deals with the measurement of heat input for deriv-
ative arc-welding processes. The second case shows
embedded systems developed for arc-welding moni-
toring and control. The last one presents pipe welding
with conventional and derivative GMAW processes.
2. Heat input measurement for derivative
processes

One of the most influent parameter on the welding
process is the heat delivered to the workpiece (heat in-
put) due to its direct connection with changes in met-
allurgical characteristics and mechanical properties
of the weld joint. In order to quantify the heat input,
different methods have been developed, both theoret-
ical (analytical and numerical ones) and experimental
(calorimetry), with large dispersion of results.

Calorimeters used for thermal studies in welding
include different methodologies and physics basis for
their construction and with, technological advances,
calorimeters increase in sophistication. The last trend
is the use of liquid-nitrogen calorimeter (Pepe, 2010),
which is based on the measurement of evaporated
mass from a recipient with liquid nitrogen and this
mass is correlated to the heat input. Although lig-
uid-nitrogen (N2L) calorimeter is a powerful tool for
heat input measurement, it was not found in literature
any attempt in automatize or take external effects into
account.

Therefore, a fully automatic N, L calorimeter (Fig-
ure 1) was developed at Laprosolda basing on pneu-
matic automation for measuring heat input during dif-
ferent arc-welding processes, with improvement from
previous literature work, minimizing the influence of
operator, environment, welding time and transfer time
(from rig to N2L recipient). Very good repeatability
was found with maximum data scattering of 3.0 %.
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DAQ system Due to the increase importance of de-
rivative GMAW processes, their thermal efficiencies
were measured. These processes are STT (Surface
Tension Transfer), RMD (Regulated Metal Deposi-
_ tion), CMT (Cold Metal Transfer), GMAW-P (Pulsed)
and GMAW-VP (Variable Polarity). It must be point-
ed out that the correct nomenclature to designate such
variants is “GMAW process with controlled short-cir-
cuit metal transfer by using commercial RMD/STT/
CMT power sources manufactured by Miller/Lincoln/
Fronius”. This nomenclature is usually summarized
in the form of “RMD/STT/CMT Process” in order to
simplify both oral and written communication.
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Figure 1. Experimental rig for N,L calorimeter

Table 1. Measurements by using the N2L calorimeter for derivative processes

1[A] WFS Vv, L, U, I, P E.q E,, | Rend
[em/min] [em/min] [em] [V] [A] [W] [J/mm] [J/mm] [%]
115 2.3 12.3 15 18.4 119 2147 1055 774 73.4
E 115 2.3 12.3 15 18.4 119 2134 1045 780 74.7
z 155 33 17.6 15 16.6 154 2606 851 681 79.9
155 33 17.6 15 16.6 154 2629 892 692 77.5
76.4
1[A] WFS v, L, U, I P Eou E,, | Rend
[cm/min] [cm/min] [em] [V] [A] [W] [J/mm] [J/mm] [%]
A 115 2.3 12.3 15 17.5 118 1906 903 741 82.0
5 115 2.3 12.3 15 17.5 118 1917 902 722 80.1
155 33 17.6 15 17.5 156 2651 957 730 76.3
155 33 17.6 15 17.6 154 2645 944 720 76.2
78.6
1[A] WFS v, L, U, I, P E.q E,, | Rend
[em/min] [cm/min] [cm] [V] [A] [W] [J/mm] [J/mm] [%]
= 115 22 11.2 15 10.7 114 1646 861 649 75.4
% 115 22 11.2 15 10.9 113 1658 863 652 75.6
155 33 17.0 15 12.0 156 2464 816 622 76.3
155 33 17.0 15 11.9 157 2465 851 657 77.2
76.1
1[A] WFS v, L, u, I, P E.q E,, | Rend
[em/min] [cm/min] [cm] [V] [A] [W] [J/mm] [J/mm] [%]
5 115 3.0 15.8 15 21.2 113 2773 1049 744 70.9
< 115 3.0 15.8 15 21.5 113 2816 1031 725 70.3
% 155 4.0 21.3 15 25.7 154 4368 1184 813 68.7
155 4.0 21.3 15 25.3 155 4360 1180 812 68.9
69.7
> 1TA] WES Vi L, U, L P, « E 4 Eip Rend
A [em/min] [em/min] [em] [V] [A] [W] [J/mm] [J/mm] [%]
% 115 3.0 15.8 15 21.9 115 2775 1462 860 58.9
% 115 3.0 15.8 15 22.1 115 2793 1512 867 57.3
58.0
o
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Figure 2. Instantaneous electric power for different GMAW
processes

Welding parameters were adopted from previous
Laprosolda researches (Vilarinho et al., 2009 and
Costa, 2011) and preliminaries runs were carried out
to select proper parameters at two current levels of
115 and 155 A. ASTM A36 plates were used with 1.2-
mm AWS ER70S-6 wire and Ar+25 % CO, (short-cir-
cuit) and Ar+5 % O, (spray) as shielding gases. Data
acquisition was carried out for monitoring voltage,
current, wire feed speed and mass (scale read out) at
2.0 kS/s. Welding energy calculation was performed
by Equation 1. The heat input is calculated by latent
heat of N,L and thermal efficiency is calculated by
dividing heat input by welding energy.

> U
Pinst - n D
where P, is instantaneous power [W]; U, is voltage
for each i sample acquired by DAQ system [V]; /. is
current for each I sample acquired by DAQ system
[A]; and n is the number of samples. This power must
be also divided by the travel speed.

The results are shown in Table 1. It must be point-
ed out that this table shows one replica for each condi-
tion to show repeatability. It is possible to observe the
higher values of electric power (and therefore weld-
ing energy) for GMAW-P and GMAW-PV (Figure 3).
This is due to the fact that these processes demands
free-flight transfer mode, i.e, they demand high arc
lengths and therefore higher voltages when compared
to the other processes (STT, RMD and CMT), which
uses controlled short-circuit transfer.

For STT process the measured values for thermal
efficiency range from 74.0 % to 78.7 %, when current
arises from 115 A to 155 A. This shows an increase in
heat losses by convection and radiation. The average
thermal efficiency for STT is 76.4 %, which is low
when compared to 85 % presented by other authors
(Hsu and Soltis, 2003 and Pepe, 2010). For CMT
process, Pepe (2010) presents average value of 86 %,
which is also higher than the ones found in this work:
75.4 % for 115 A and 76.8 % for 155 A. The reason for
this discrepancy is the range of parameters used here
and other authors, and the fact that welding time for
these authors are considerably lower (25 seconds for
literature and 42 seconds in this work).
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During RMD process, thermal efficiencies of 91.0
and 76.3 % were measured for 115 A and 15 A, re-
spectively, i.e., a similar behavior was found when
compared to other processes. Measurements from
other authors were not found in literature and since
these results are close to the ones measured for STT
and CMT, they are considered to be adequate. The
main reason for such close measured values for ther-
mal efficiency is due to the fact that the welding pa-
rameters were previously investigated (Costa, 2011)
and represent an optimized condition for these three
processes (STT, RMD and CMT) for a given situation
(welding of carbon-steel pipes in single pass).

GMAW-P process presented a decrease in thermal
efficiency from 70.6 % to 68.8 % when current de-
crease from 115 A to 155 A, which again indicates a
higher heat loss for higher currents and a demand for
higher arc voltage. The latter contributes to a higher
heat input. The average value of thermal efficiency
for GMAW-P found in literature (Joseph et al., 2003)
varies from 62 % to 73 %, against 69.7 % in this work
and in Bosworth (1991), which reports values from
75 % to 80 %.

Among the GMAW processes, GMAW-PV is the
one that presented the lowest thermal efficiency with
an average of 58.0 %, with no statistical variance
between current levels (115 A and 155 A). Harwig
(2003) reports that the heat input by GMAW-PV is
at least 25% lower when compared to GMAW-P and
almost half when compared to conventional spray
transfer for a given wire feed speed.

2.1. Embedded systems for monitoring and control

Different devices from different manufacturers
provide monitoring for welding process, with focus
on specific parameters. Ongoing trend follows the cre-
ation of equipment for practical and simple use, with
the elimination of adaptive circuits and greater flexi-
bility. This is highlighted by the fact that the monitor-
ing equipment must be adapted to the manufacturing
environment and not otherwise. The demand for flexi-
bility is accomplished by replacing traditional cabling
system by wireless communication one, which is not
readily available/applicable for welding monitoring.

The initial idea of an embedded device (complete
and independent system prepared to perform a unique
and determined task — Cunha, 2007) with wireless
communication is originated in the dissemination of
computer networks for manufacturing and techno-
logical development of communication products and
portable data (notebooks and smartphones). This sce-
nario indicates the integration of welding monitoring
with wireless communication, which is an achievable
reality and promising technology. Therefore, it is pre-
sented a series of independent embedded (‘“‘autono-
mous”) systems with specific features (proprietary
technology, scalability, portability, autonomy, flexi-
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Table 2. Comparison of resolution for different resolutions of A/D converters

Parameter Range Required resolution A/D 10 bits A/D 12 bits A/D 14 bits

Voltage (V) +100 0,1 +0,196 +0,048 +0,012

Current (A) +500 1 +0,978 +0,244 +0,061
4o The human interface of MpSo system is based
Z 39 on web server technology and it is accessible by any
%00 equipment with a built-in web browser. The main
= page of the system has a configuration section, where
=10 : . ) . ) . . the user selects among fixed acquisition time (0.5 to
.'m;: : 4.s.), finite and cqntinuous acquisition, and the possi-

=400} bility for data saving.

= 300 Once initiated, MoSo receives the data from the
€200k embedded system and shows waveforms for voltage,
E 100k current and wire feed speed. It also shows the rectified
0 ) : - : h s s mean and RMS (root mean square) values of each pa-
2000 2010 2020 2050 2040 2050 2060 2070 rameter. The whole system was tested with GMAW

Time (ms)

Figure 3. Current and voltage signal obtained by using MoSo and
reference system: 19.0 V; 4 m/min, Ar+25 % CO2 and 1.0 mm-
ER70S-6 electrode

bility and low cost / simplicity of operation), namely:

* Wireless signal monitoring;

* Vision-based joint tracking;

» Waveform synchronized weaving;

* Sound monitoring for regularity index determi-
nation.

The first one is a system for wireless arc-welding
signals monitoring (so-called MoSo — Welding Mon-
itor in Portuguese, Machado, 2011), which consists of
an independent embedded system, capable of moni-
toring arc-welding processes and communicating in a
robust and flexible way to different devices, with a us-
er-friendly system, using the state-of-the-art in com-
munication technology. It employs an A/D converter
resolution of 12-bit (Table 2) with the Microchip Ze-
roG ZG2100M for Wi-Fi communication module and
the dsPIC33FJ256GP710 as the device to be used.

short-circuit and spray, GMAW-Pulsed, GTAW-AC
(alternating current) and GTAW-Pulsed. Using the
statistical parameter knows as Pearson coefficient (r),
the waveforms saved by MoSo where compared to a
reference system (from a worldwide manufacturer of
DAQ systems), and shows results above 0.7, indicat-
ing a strong correlation between the waveforms. The
rectified mean and RMS values obtained show rela-
tive errors below 2.5 %, which is required by BS7570
(2000). As an example, Figure 3 presents a compari-
son between the results (waveforms) from MoSo sys-
tem and reference one for GMAW with short-circuit
transfer. The resemblance between the obtained sig-
nals from both developed and reference systems is ev-
ident. Therefore, the developed system met its objec-
tive and it is capable of performing the required tasks.

The second system is a low-cost vision system,
which is based on the use of high-power (70 W) la-
ser diodes with low cost. It can be used for man-as-
sisted supervision, for joint tracking and for process
parameter control, such as arc length and weaving

Figure 4. ViaSolda system images from left to right: a — GTAW at 250 A, 150 A (shorter exposure) and 150 A (longer exposure) , b— GMAW
at 150 A for globular transfer (30 V), short-circuit transfer during short-circuit (18 V) and short-circuit transfer during open arc (18 V)
—

26 éﬂmﬂmm_mm
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amplitude. The developed vision system is so-called
ViaSolda and consists of an analogic low-cost cam-
era (CCD Costar SI-M331) with low exposure time
(1.25 ps) and resolution of 768x494 pixels. Also Via-
Solda system uses a developed near-infrared (905 nm)
illumination set that consists of 19 high-power laser
diodes (Osram SPL PL90_3). It also has a high power
circuit and a programmable MCU (microcontroller)
capable of generating enough power to the diodes and
an electronic trigger to turn the camera on (shuttering)
and the illumination system at the same time. In this
case a frequency of 30 Hz (frames per second) was
selected (Mota, 2011).

The images obtained by ViaSolda are shown in
Figure 4. It is possible to assert that the developed
low-cost vision system is fully capable of viewing the
weld pool and its surrounds and, therefore can be used
as a vision-based joint tracking system.

The third proposed system is an embedded and
dedicated system capable of monitoring the torch an-
gles (attack and working angles) during torch move-
ments (travel speed and weaving). By using the meas-
urement of the torch angle, the system can control the
power source and lead to different set of parameters
(in the present version, three different sets are possi-
ble). This is underlined by the requirements of field
joining, which involve variability in geometry, con-
sumables, equipment, personnel skills, land site and
weather. Among those, the tolerance of the groove it-
self is a major concerned when mechanized welding
is performed. Therefore, it is important to develop
strategies that can cope with poor geometric toler-
ances, which are estimated from 1.6 to 3.0 mm for

both root opening and alignment of the groove. One
possible strategy for overcoming this limitation is the
use of synchronous waveforms with torch position-
ing during its weaving. The idea is to vary welding
parameters, such as positive to negative polarities or
high to low currents, dependently to the waving setup,
as shown in Figure 5. Also different waveforms can
use, since they are synchronized with weaving.

Therefore, it was developed and assessed a sys-
tem Conparte (Parameter Control System by Weav-
ing, in Portuguese), which is capable of monitoring
the torch angles (attack and working angles) during
torch movement (travel speed and weaving). During
the weaving three regions are considered (as shown in
Figure 5) and numbered 1, 2 and 3. Once each of these
regions is identified, the Conparte system commands
a welding power source (IMC DIGIPIus A7) to select
a specific welding program. The identification of each
spatial region can be done by different sensors. In
this case, a three-axis accelerometer (MMA7361L),
a magnetic-contact sensor (9028PA) and an optic in-
frared receiver (TCST1103) were used (Figure 6).
As mentioned, it identifies three mentioned regions
and set three different programs in the power source,
accordingly to Table 3 for GMAW with ER70S-6
1.2 mm wire and Ar+25 % CO,,.

The final acquired signals for the three sensors
are shown in Figures 7a, 7b and 7c, respectively for
optic infrared receiver, magnetic-contact sensor and
three-axis accelerometer sensors. These images show
the synchronization between the program selection
(P2 or P4) according to Table 3, with immediate re-
sponse shown in current curves. Therefore, it is pos-

Figure 6. Sensors used in Conparte system: magnetic 9028PA (left), optic infrared receiver TCST1103 (center) and accelerometer

MMAT7361L (right)
10-11/2013
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Table 3. Programs used for validating Conparte system

Sensor Program | Current (A) er?nfl‘j:ris?eed
Optic infrared P2 150 3.0
receiver P4 200 3.5
Magnetic-contact P2 300 6.0
sensor P4 260 8.0
Three-axis P1 220 6.0
accelerometer P2 260 8.0
Note: In all cases, the pulse period was set as 18 ms for each
program.

sible to state that Conparte system was capable for
performing waveform synchronized weaving.

The fourth system is a sound monitoring system.
The sound monitoring has been always treated as a
possibility for welding control but with little applica-
tion, justified by its low robustness by external noises
interference. Sound monitoring is not new (Arata et
al., 1979), but successful application has been possi-
ble by using modern instrumentation and processing
(Cudina et al., 2008 and Cayo and Alfaro, 2009). Dif-
ferently from these authors, instead of using the signal
to identify a trend on its own, here it is propose to
use the sound to calculate a regularity index, already
established during the monitoring of electrical signals
(voltage and current).

The study of metal transfer regularity in short-cir-
cuit welding processes has already been done by elec-
trical signals monitoring. Different indexes for estab-
lishing suitable conditions, such as regularity in this
transfer, have been proposed. One of them is so called
Vilarinho’s Regularity Index (IVcc), which is a meth-
odology created by the group Laprosolda/UFU based
on Equation 2

IVee = (;L + %

cc ab (2)
where, stcc is the standard deviation of short-circuit
period (time), stab is the standard deviation of open-

arc period (time), tcc is the average of the short-circuit
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Figure 7. Signals obtained from Conparte system for different sensors:
(a) optic infrared receiver, (b) magnetic-contact sensor and (c) three-axis
accelerometer

period (time); tab is the average of open-arc period
(time).

Therefore, it is presented the use of sound signal
from conventional short-circuit GMAW process for
IVce determination and compare it with the one ob-
tained by electrical signals. The use of conventional
short-circuit is justified by the fact that besides it has
been widely used, it is expected to its use in opposi-
tion to derivative processes, which demand high-cost
equipment. The final goal is to verify the feasibility of
sound monitoring to measure metal transfer regulari-
ty without electrical instrumentation or where sound
monitoring is simpler and straightforward. Weldments
were carried out and comparisons between the results
provided by electrical and sound analysis have been
carried out. Two types of microphones (electret and
commercial ones) and three distances (200, 400 and
800 mm) from the process were employed.

Figure 8 illustrates the obtained results when com-
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Figure 8. Relationship among current, voltage and sound signals
d
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Figure 9. Example of obtained electrical signals

paring electrical and sound signals, which after pro-
cessing calculate the mentioned index with difference
lower than 0.5%. It is possible to conclude that the
developed sound monitoring methodology is capable
of measuring the regularity index similarly to the one
calculated from electrical signals and the suitable dis-
tances between the microphones and the welding is
from 200 to 400 mm, with a delay time of 0.7 and
1.1 ms, respectively. For 800 mm (2.1-ms delay) the
signal-to-noise relationship is so low that calculation
was not possible.

3. Pipe welding with conventional and derivative
gmaw

Brazil’s continental size and the increasing demand
for oil and gas in new industrial areas outside Brazilian
south-southeast axis have established a great challenge
for fast and reliable expansion of pipelines. Such need
requires the continuum development of joining technol-
ogies, which main trend has been the development of
power sources capable of waveform control. This fea-
ture introduced the concept of GMAW derivative pro-
cess and its version for short-circuit metal transfer (also
known as controlled short-circuit) has become a trend in
the search for high productivity and high quality weld
beads, especially for pipe welding.

It 1s believed that the waveform control, achieved
in such GMAW derivative processes, improves the
metal transfer and reaches stability on both process
and weld pool. Also the waveform control aggre-
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gates value to the power source, i.e., the conventional
short-circuit GMAW process requires power sources
with lower cost in comparison to the derivative ones.
Therefore, it is presented the use of GMAW process-
es with conventional short-circuit transfer and deriv-
atives (STT, RMD and CMT) for pipe welding, es-
pecially for the root pass in pipe welding, which is
critical for the cadency of field welding. The root pass
was investigated using downhill progression, 1.2-
mm ER70S-6 wire and both Ar+25 % CO, and pure
CO, as shielding gases. A V-butt joint was used with
15. bevel angle, 1-mm root face and 3 to 4-mm root
opening preparation in 8-mm thickness on API 5L
X-65 with 8” pipe. Contact tip to work distance was
15 mm. Conventional short-circuit GMAW and RMD
processes were carried out by using PipePro 450 RFC
power source. PowerWave 450 power source were
used for the STT process, whereas TPS 5000 were
employed for CMT. The parameter set for each pro-
cess was varied together with weaving technique and
wire-feed speed, keeping the same amount of deposit-
ed material. Analyses of the weld beads were carried
out by visual inspection and metallographic analysis
based on of API 1104 (2010).

Figure 9 presents an example of electrical signals
(voltage and current) obtained during welding. The
waveforms for the derivative process comprise two
stages. The first one refers to the moment when the
droplet and the electrode touch the weld pool and
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Figure 10. Examples of suitable weld beads (macrographs) ob-
tained with up to 1.5 mm of Hi/Low (thickness: 8 mm)

there is a control for reducing the increase in weld-
ing current. And a second one, when the current in-
crease promoting the droplet detachment, followed by
a maintenance of constant value for both voltage and
current, which characterizes the open arc phase.

Concerning the bead quality, Figure 10 presents
the macrographs with misalignments (Hi/Low) for
each process at three positions: flat, vertical (down-
hill) and overhead.

These results show that derivative and conven-
tional short-circuit GMAW processes are capable
of achieving sound welds even if misalignments
are present. In this case, the correct setup of weld-
ing parameter is capable of handling up to 1.5 mm of
misalignment in the root (Hi/Low). It indicates that
derivative and conventional short-circuit GMAW pro-
cesses present suitable operational envelopes for all
investigated processes, even when misalignment (Hi/
Low) up to 1.5 mm is presented in the root.
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4. Final considerations

Different ongoing activities and prospects related
to welding technology within Laprosolda group were
presented. They indicate the group philosophy, which
is aimed to develop different welding processes in
three main areas (or work line): the Fundamentals of
Welding, Instrumentation for Arc-welding Processes
and Application. It is possible to conclude that the re-
sults and the techniques presented here are powerful
tools for R&D&I in welding technology.
5. Acknowledgements

Authors would like to thank Fapemig, CNPq,
Laprosolda/UFU and CTBC/Algar Telecom.

1. API 1104:2010: Welding of pipelines and related facilities.

2. Arata, Y. et al. (1979) Investigation on welding arc sound.
Transact. of Joining and Welding Research Institute, 8(1),
25-31.

3. Bosworth, M. (1991) Effective heat input in pulsed current
gas metal arc welding with solid wire electrodes. Welding J.,
70, 111-117.

4. (2000) BS7570: Code of practice for the validation of arc
welding equipment.

5. Cayo, E.H., Alfaro, S.C.A. (2009) A non-intrusive GMA
welding process quality monitoring system using acoustic
sensing. Sensors, 9, 7150-7166.

6. Costa, T.F. (2011) Application of MAG processes with short-
circuit transfer in conventional and controlled modes for
carbon-steel pipe welding: MSc. Thesis, Federal University
of Uberlandia, MG, Brazil.

7. Cudina, M., Prezelj, J., Polajnar, 1. (2008) Use of audible
sound for on-line monitoring of gas metal arc welding
process. Metalurgija, 47, 81-85.

8. Cunha, A.F. (2007) What are embedded systems? Saber
Eletronica, 43, July, 414.

9. Harwig, D.D. (2003) Arc behavior and metal transfer in
the VP-GMAW process. Cranfield University: School on
Industrial Manufacturing Science.

10. Hsu, C., Soltis, E.P. (2003) Heat input comparison of STT
vs. short-circuiting and pulsed GMAW vs. CV Processes. In:
Proc. of 6th Int. Conf. on Trends in Weld. Res., 369-374.

11. (2005) ISO 3834: Quality requirements for fusion welding of
metallic materials.

12. Joseph, A., et al. (2003) Measurement and calculation of arc
power and heat transfer efficiency in pulsed gas metal arc
welding. Sci. and Technology of Welding and Joining, 8(6),
400-406.

13. Machado, M.V.R. (2011) Embedded system for wireless
signal monitoring during arc welding with technological
approach. MSc. Thesis, Fed. Univ. Uberlandia.

14. Mota, C.P. (2011) Near-infrared vision system for arc-
welding monitoring: Master Thesis, Federal University of
Uberlandia, MSc. Thesis, MG, Brazil, 137f.

15. Pepe, N. (2010) Advances in Metal Arc Welding and
Application to Corrosion Resistant Alloy Pipes. Cranfield
University.

16. Vilarinho, L.O. et al. (2009) Methodology for parameter
calculation of VP-GMAW. Welding J., 92-98.

Recieved 26.03.2013

10-11/2013

-

4



CBAPKA W POOCTBEHHBIE TEXHONOM MK t

UDC 621.791.947.2.03:621.375.826

MICRO-WELDING OF ALUMINUM ALLOY BY SUPERPOSITION
OF PULSED Nd:YAG LASER AND CONTINUOUS DIODE LASER
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The combination of a pulsed Nd: YAG laser and a continuous diode laser could perform the high-performance micro-welding of
aluminum alloy. A pulsed Nd:YAG laser was absorbed effectively from the beginning of laser scanning by pre-heating Nd:YAG
laser pulse with the superposition of continuous LD, and wide and deep weld bead could be obtained with better surface integrity.

6 Ref., 2 Tabls, 8 Figures.

Key words: pulsed Nd:YAG laser, aluminum alloy, micro-welding

Introduction

Mobile products such as PDA, Notebook PC and
mobile phone have been widely used in the fields of
information and communication technology. In the
automobile industry, hybrid vehicle and electric ve-
hicle attract customers because of their low energy
consumption, and they are expected as the key prod-
ucts of next generation. In order to accomplish highly
performance of these products, lightweight and high
specific strength materials are required. Aluminum
alloys have been widely used to achieve lightweight
and miniaturization in these fields, hence high-perfor-
mance welding has been required. A pulsed Nd:YAG
laser of 1064 nm in wavelength has been applied to
the micro-welding of aluminum alloy [1]. However,
the absorption rate of a Nd:YAG laser by aluminum
alloys is only 5 % at room temperature, as shown in
Figure 1 [2, 3]. Since the absorbed laser energy is
very low, high peak power laser system must be used
to achieve sufficient penetration depth and acceptable
bead width. High peak power is useful to increase the
penetration depth and the bead width, but the exces-
sive heat input leads to the deterioration of surface
quality and integrity due to the spatter and the poros-
ity [4].

On the other hand, the aluminum alloy shows the
high absorption rate around 8§10 nm as shown in Fig-
ure 1. The wavelength 808 nm of diode laser (here-
after LD) is useful to increase the absorption of la-
ser energy, and its absorption rate is 3 times higher
than that of Nd:YAG laser of 1064 nm. In addition,
low cost and high power LD is available by the re-
cent development of semiconductor technology, and
the high brightness LD is also expected. Therefore,
the micro-welding technology of aluminum alloy by
the combination of a pulsed Nd:YAG laser and a con-
tinuous LD was proposed, and efficient absorption of
Nd:YAG laser was expected [5, 6].

©'Y. Okamoto, S. Nakashiba, T. Sakagawa, A. Okada, 2013
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Figure 1. Absorption rate of aluminum alloy A3003 at room
temperature

However, it is difficult to perform the sufficient
deep penetration depth with good surface integrity
at the beginning of laser scanning. The higher peak
power could become the penetration depth deeper,
while the deterioration of surface integrity might be
noticed. The deeper penetration depth from the begin-
ning of laser scanning with the better surface integri-
ty is very useful for the industrial application. From
the viewpoints mentioned above, the effects of super-
posed continuous LD on micro-welding of aluminum
alloy by a pulsed Nd:YAG laser were investigated,
and the pre-pulse method was discussed in order to
improve the penetration depth even at the beginning
of laser scanning by pre-heating Nd: YAG laser pulse.
Experimental procedures

Figure 2 shows the schematic diagram of laser ir-
radiation system. Table 1 shows the specifications of
a pulsed Nd:YAG laser and a continuous LD used
in this study. A pulsed Nd:YAG laser of 1064 nm in
wavelength and continuous LD of 808 nm in wave-
length were superposed on the same beam axis by
a dichroic mirror, and the superposed laser beam of
two wavelengths were delivered to a processing head
through an optical fiber of 300 pm diameter with SI
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Figure 2. Schematic diagram of laser irradiation system with superposition of pulsed Nd: YAG laser and continuous diode laser

Table 1. Specifications of pulsed Nd:YAG laser and continuous
diode laser

Nd:YAG laser Diode laser
Max. average power Pa 250 W 65 W
Max. peak power Pp 2.5kW -
Wavelength A 1064 nm 808 nm
Pulse repetition rate Rp 1-500 Hz CwW
Pulse duration t 0.08 - 1.2 ms CwW

type. These laser beams were collimated and focused
by lenses of 80 mm in the focal length. The welding
experiment was carried out by controlling a scanning
velocity of stage at the focusing point with N, shield-
ing gas of flow rate 57 I/min. The aluminum alloy
A3003 of 0.5 mm thickness was used as a specimen

9 YAG

Power

7.0 ms | Time

7.0 ms 1.2 ms

Section PyaG
1 00,2 ms 1306
2 92m-0.4 ms 2375
3 0.4m-0.6 ms 2019
i 0.6m-0.8 ms 1544
3 0.8m-1.0 ms 1306
6  1.0m-1.2 ms 930

Figure 3. Irradiation waveform of pulsed Nd:YAG laser and con-
tinuous LD
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Table 2. Physical properties of aluminum A3003

Specific heat 900 J/(kg-K)
Thermal conductivity 237 W/(m-K)
Density 2.73 g/em?
Poisson’s ratio 0.33
Young’s modulus 70 kN/mm?
Coefficient of thermal expansion 2.4 x 109K

except for welding experiments of battery case, and
its physical properties are shown in Table 2.

The irradiation waveforms of Nd:YAG laser pulse
and continuous LD are shown in Figure 3. The pow-
er of pulsed Nd:YAG laser can be controlled every
0.2 ms. In general, the sharp heating up and cool-
ing down might lead to the welding defects such as
blow holes and cracks. Therefore, the main pulse of
Nd:YAG laser for the processing was controlled with
a gradual increment and decrement of laser power
during the pulse duration 1.2 ms. In the case of su-
perposition of two laser beams, the irradiation of con-
tinuous LD started before the main Nd:YAG pulse as
shown in Figure 3.

Effect of superposed continuous diode laser on
welding results

Figure 4 shows the surfaces and cross sections
of weld bead for aluminum alloy A3003 of 0.5 mm
thickness with and without the superposition of con-
tinuous LD under the same peak power of Nd:YAG
laser. Although the power of continuous LD is ap-
proximately 1.2 % against the peak power of pulsed
Nd: YAG laser, the superposition of continuous LD
made it possible to increase the bead width by 15 %
and the weld depth by 150 % compared with welding
results without continuous LD. It means that the ener-
gy of pulsed Nd:YAG laser could be absorbed effec-
tively to the aluminum alloy by superposition of con-

10-11/2013

g = L

Ay TV



CBAPKA W POOCTBEHHBIE TEXHONOM MK t

Surface

Sconning iilm:t_lnn

Cross-sectlon

20 jam

P = OW Py = 30w

Figure 4. Surface and cross section of weld bead in bead-on-plate
irradiation at scanning velocity v = 30 mm/s, pulse duration of
Nd:YAG laser t = 1.2 ms, pulse repetition rate of Nd:YAG laser
Rp =120 Hz, peak power of Nd:YAG laser Py, ; = 2375 W and
average power of LD P, ; =30 W

tinuous LD. In general, the absorption rate increases
with increasing the temperature of material. Thus, it
is considered that the continuous LD could become
the surface temperature higher compared with the
case without continuous LD [5], hence the high ef-
ficient absorption of laser energy made it possible to
increase the penetration depth and bead width.

3 mm Thickness: 0.5 mm
—mn '
Thickness: 0.3 mm
AJ003
10000
A Velocity v = 20 mm s
B Velogity v = 35 man s
E oo b E= 1.5 1/F, Pyac= 2200W, t=0.8 ms,
'% e Rp = 175 Hz, Shielding gas:Nz= 23 | “min
-
= .-.“__-d-‘"-.-'-'.‘-ll
T 50O = —
. _...--""-.-..-""""..-
& = &
2 700 e
GO0 i i i i i
T
T00
£ 600 |- |
r) _..-P"""--
B - Y
= 500 fgrm===== amemdnu= 1_____.,.—-"
E
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] 1 20 30 §0 S0 (71
b Power of continuous LI Py W

Figure 5. Change of bead width and penetration depth for
power of continuous diode laser at scanning velocity v = 20
and 35 mm/s, pulse duration of Nd:YAG laser T, = 1.2 ms,
pulse repetition rate of Nd:YAG laser R /=120 Hz, peak pow-
er of Nd:YAG laser Py, = 2375 W
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Figure 5 shows the variations of bead width and
penetration depth at scanning speed 20 mm/s and 35
mm/s in welding experiments of aluminum alloy bat-
tery case. The size of battery case is 30 mm-width x
5 mm-length x 0.3 mm-thickness. The top cover plate
of 0.5 mm thickness was fitted and pressed into the
inside of battery case. The bead width and penetration
depth increased with increasing the continuous LD
power at both scanning speeds. The penetration depth
without continuous LD at scanning velocity 20 mm/s
is approximately 500 um, and the equivalent penetra-
tion depth could be obtained even at higher scanning
velocity 35 mm/s by the superposition of continuous
LD 50 W. When the average power of continuous
LD is 60 W, the penetration depth was approximate-
ly 1.5 times larger than that without continuous LD.
The bead width at scanning velocity 35 mm/s with
continuous LD was also higher than that at scanning
velocity 20 mm/s without continuous LD. Moreover,
good quality weld beads could be obtained as shown
in Figure 3.

It is confirmed that the effect of continuous LD
on the penetration depth was remarkable at the fast-
er processing speed. The high throughput and quality
micro-welding by using pulsed Nd:YAG laser could
be expected by superposition of continuous LD.
Effect of pre-Nd:YAG laser pulse on penetration
depth at the beginning of scanning

In order to achieve the high absorption of
Nd:YAG laser even at the beginning of laser scan-
ning, pre-heating Nd:YAG laser pulse was investi-
gated in the bead-on-plate experiment as shown in
Figure 6. It was expected to keep the high surface
temperature before the irradiation of main Nd:YAG
laser pulse with the irradiation of continuous LD. As
shown in Figure 6 (a), firstly, a continuous LD was
irradiated on the specimen surface. Secondly, the pre-
Nd:YAG laser pulse was irradiated as a rectangular
pulse waveform to increase the surface temperature
at the beginning of laser scanning. After the pre-
Nd:YAG laser pulse, the main Nd:YAG laser pulses
were irradiated.

Since the surface condition has greatly influ-
ence on the absorption state, the peak power of pre-
Nd:YAG laser pulse on the surface condition was
investigated. Figure 6 (b) shows microphotographs
of irradiated surface for various peak powers by the
single laser shot. For more than peak power S00W,
the specimen surface was molten and became glossy,
and the glossiness of specimen surface might reflect
a main Nd:YAG laser pulse. On the other hand, the
specimen surface was not glossy in the case of peak
power 400 W, even the surface temperature increased.
Therefore, the peak power 400 W was used for the
pre-Nd:YAG laser pulse at pulse width 1.2 ms for
300 um spot diameter.
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Power

Pre-Nd: YAG

7.0 ms | 1.2 ms ‘ 7.0 ms

Nd:YAG

Section Pyac
1 0-0.2 ms 1306W
2 9.2m-0.4 ms 2375w
3 DAm-0.6 ms 2019%W
4 0.6m-0.8 ms 15344W
3 D.Bm-1.0 ms 1 306W
6 1.0m-1.2 ms G500W

Pyac= 400W Py ai= SO0W

= 1.2 ms, Assist gas: Ny

L + Y oy 2(H) L
Py = GODW Py ;= T00W

Figure 6. Irradiation waveform and irradiated surface state at pulse duration of Nd:YAG laser T = 1.2ms without continuous LD in pre-
heating method: (a) Irradiation waveform of pre-heating and main Nd:YAG lase pulse; (b) Irradiated surface for various peak powers

of pre-heating pulse by single shot

Figure 7 shows the surfaces and cross sections of
weld bead at the beginning of laser scanning. Here,
the power density of pulsed Nd:YAG laser was set in
the transitional region between heat conduction weld-

Surface

Cross-section

With pre-heating PI.IJ =0W Without pre-heating

Surface

Cross-section

Without pre-heating

With pre-heating

Pop = 30W

Figure 7. Welding results at the beginning of laser scanning with
and without pre-Nd:YAG laser pulse at scanning velocity v =
= 30 mm/s, pulse duration of Nd:YAG laser t = 1.2 ms, pulse
repetition rate of Nd:YAG laser R_ = 120 Hz, peak power of
Nd:YAG laser Py, ; = 2375 W, peak power of pre-Nd:YAG laser
pulse P_ =400 W and average power of LD P, ; =0, 30 W. (a)
P, ,=0W;(b)PLD=30W
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ing and key-hole welding. In the case of only main
Nd: YAG laser pulse without the pre- Nd:YAG laser
pulse, the penetration depth gradually increased in the
scanning direction regardless of superposition of con-
tinuous LD (B, D). The penetration depth was unsta-
ble in the case of pre-Nd: YAG laser pulse without the
superposition of continuous LD (A). It is considered
that the absorption rate of pulsed Nd:YAG laser was
unstable at low specimen surface temperature, since
the power density is the transition condition between
the heat conduction welding and the key-hole weld-
ing. On the other hand, in the case of pre-Nd:YAG
laser pulse with the superposition of continuous LD
(C), it was obvious that the penetration depth became
larger from the beginning of laser scanning by stable
higher absorption of laser energy. Moreover, the sta-
ble welding process could be performed with steady
bead width and penetration depth. It indicated that
not only the use of pre-Nd:YAG laser pulse but also
the combination of pre-Nd:YAG laser pulse and the
superposition of continuous LD made it possible to
increase the molten volume at the beginning of laser
scanning.

The temperature change of specimen surface was
investigated by the numerical calculation in order
to discuss the welding phenomenon with and with-
out the pre-heating pulse. The general finite element
program ‘ANSYS Rev.11.0°, in which the unsteady
calculation is possible, was used for the numerical
analysis by using the analytical model as shown in
Figure 8 (). In the case of superposition of contin-
uous LD, the key-hole effect was assumed. Inter-
nal heat generation by the heating element of shape
mixed column and hemisphere was considered as a
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heat source as shown in Figure 8 (b). The total power
of a pulsed Nd:YAG laser and a continuous LD was
irradiated as an internal heat generation. A continu-
ous LD was irradiated on the specimen surface ex-
cept for pulsed Nd:YAG laser shot. The absorption
rate of pulsed Nd:YAG laser was defined as 15 % for
a heat flux and 30 % for an internal heat generation,
and 30 W continuous LD was given by temperature
dependent absorption rate, which were determined by
the former investigation [5, 6]. The pulse waveform
of main Nd:YAG laser was the same as shown Figure
6 (a). Pre-Nd:YAG laser pulse and a main Nd:YAG
laser pulse without the superposition of continuous
LD were given as a heat flux of absorption rate 15 %
as shown in Figure 8 (c). A pulse of Nd:YAG laser of
300 pm spot diameter was irradiated at the pulse rep-
etition rate 120 Hz and the scanning speed 30 mm/s.
The convective heat transfer condition of air was con-
sidered after the set time of laser irradiation. Except

Analysis model
(¢ = 0.5 mm}

i) -
%" (2} Whole

A:nm s
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for the laser beam irradiated area, the convective heat
transfer condition of air was also considered. The
pure aluminum thermo physical properties of speci-
men were used for this analysis. Coefficient of heat
transfer and the initial temperature were 35 W/(m?-K)
and 296 K, respectively.

Figure 8 (d) shows the calculated surface tem-
perature of spot center before the irradiation of main
Nd:YAG laser pulse. In the case of only Nd:YAG la-
ser pulse, the surface temperature was the same as an
initial temperature before the first main Nd:YAG laser
pulse, since there was no energy input. Only continu-
ous LD irradiation increased the surface temperature
by 40 K. By using both pre-heating pulse and contin-
uous LD, the surface temperature increased approxi-
mately 200 K higher than that of main Nd:YAG laser
pulse without pre-heating pulse. The absorption rate
of Nd:YAG laser to aluminum alloy increases dras-
tically more than 900 K, melting point of aluminum

analytical model

A]m

Heat flux
Internal heat source Heat flux
(b} Analytical model with {c) Analvtical model without
continuous LI continuous LD
GO0

® YAGHLD {pre-heating)

* YAG+LD

A YAG
=
= 200
2
2 400
E
k3
-
=
5 300
]

Pyac™ 2375 W, e = 400 W, 1= 1.2 ms,
Rp= 120 Hz, B ;= 30 W, v = 30 mm /s
Enn L 1 L 1 L

1 2

3 4 3

Number of pulse N

(d} Caleulated surface temperatures of spot center before

irradiation of main Nd:

YAG laser pulse

Figure 8. Analytical model and calculated surface temperatures of spot center before irradiation of main Nd:YAG laser pulse with and
without pre-Nd:YAG laser pulse at scanning velocity v =30 mm/s, pulse duration of Nd:YAG laser T = 1.2 ms, pulse repetition rate of
Nd:YAG laser R, = 120 Hz, peak power of Nd:YAG laser Py, = 2375 W, peak power of pre-Nd:YAG laser pulse Pre= 400 W and

average power of LD P, ;= 0,30 W
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alloy. Without pre-heating pulse and continuous LD,
a pulsed Nd:YAG laser was irradiated on the speci-
men surface at low temperature firstly, which led to
the unstable absorption of a pulsed Nd:YAG laser
beam. On the other hand, it is easy to reach the melt-
ing point in the case with pre-heating pulse and con-
tinuous LD compared with the case of only Nd:YAG
laser irradiation. Therefore, it was considered that the
energy of pulsed Nd:YAG laser could be absorbed ef-
fectively and stably to the specimen surface because
of its higher surface temperature even at the begin-
ning of laser scanning with pre-heating pulse and
continuous LD.

Conclusions

The effects of superposed continuous LD on mi-
cro-welding of aluminum alloy by a pulsed Nd:YAG
laser were investigated, and the pre-pulse method
was also discussed in order to improve the penetra-
tion depth even at the beginning of laser scanning by
pre-heating Nd:YAG laser pulse. Main conclusions
obtained in this study are as follows.

(1) The energy of pulsed Nd:YAG laser could be
absorbed to the aluminum alloy effectively, since the
surface temperature of specimen was kept higher by
the superposition of continuous LD during the inter-
val time of Nd:YAG laser pulse.

(2) The high-efficiency and high-quality welding
for aluminum battery case could be performed by the
superposition of pulsed Nd:YAG laser and continuous
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diode laser. 15 % increase in bead width and 150 %
increase in penetration depth were obtained by the su-
perposition of continuous LD.

(3)A pulsed Nd:YAG laser was absorbed ef-
fectively from the beginning of laser scanning by
pre-heating Nd:YAG laser pulse with the superposi-
tion of continuous LD due to the high surface tem-
perature of specimen. The combination of pre-heat-
ing Nd:YAG laser pulse and continuous LD made it
possible to perform the stable welding state from the
beginning of laser scanning by stable absorption of
pulsed Nd:YAG laser.
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MECHANICAL BEHAVIOR AND FAILURE
OF SANDWICH STRUCTURES

E. GDOUTOS
School of Engineering, Democritus University of Thrace, GR-671 00 Xanthi, Greece. E-mail: egdoutos@civil.duth.gr

The failure behavior of composite sandwich beams under three- and four-point bending was studied. The beams were
made of unidirectional carbon/epoxy facings and various core materials including PVC closed-cell foams, a polyure-
thane foam and an aluminum honeycomb. Various failure modes including facing wrinkling, indentation failure and core
failure were observed and compared with analytical predictions. It was established that the initiation, propagation and
interaction of failure modes depend on the type of loading, constituent material properties and geometrical dimensions.

11 Ref., 2 Tabls, 4 Figures.

Key words: investigation of failure behavior, three-point bending, sandwich beams, carbon-epoxy facing, various core

materials, strength-to-weight ratio

1. Introduction

Sandwich structures consisting of strong and stiff
facings and light weight cores offer improved stiffness
and strength to weight ratios compared to monolithic
materials. Under flexural loading the facings carry al-
most all of the bending, while the core takes the shear
loading and helps to stabilize the facings. Facing ma-
terials include metals and fiber reinforced composites.
The latter are being used in advanced applications due
to the large strength-to-weight ratio. The core mate-
rials mainly include honeycombs, foams and wood.

Possible failure modes of sandwich structures in-
clude tensile or compressive failure of the facings,
debonding at the core/facing interface, indentation
failure under concentrated loads, shear core failure,
wrinkling of the compression face and global buck-
ling. Recently, the authors have performed a thorough
investigation of the failure behavior of sandwich
beams with facings made of carbon/epoxy composite
material and core made of foam materials [1-6].

In the present work, failure modes were investi-
gated experimentally in sandwich beams under four-
point and three-point bending. Failure modes ob-
served and studied include core failure, face sheet
wrinkling and indentation failure.

2. Materials and Specimens

The sandwich beams were fabricated from 8-ply
unidirectional carbon/epoxy (AS4/3501-6) facings
and various core materials. The facings were bonded
to the core with an epoxy adhesive (Hysol EA 9430).
The assembly was cured at room temperature. The
facings and core had a thickness of 1 and 25.4 mm,
respectively. Beam specimens 25.4 mm wide and of
various lengths were cut from the sandwich plates.
Tables 1 and 2 give some characteristic properties of
the sandwich constituent materials.

3. Experimental Procedure

Special test fixtures were fabricated to provide
three- and four-point bending for beams of various
lengths. Five span lengths of 10.2, 20.3, 25.4, 40.6

Table 1. Properties of balsa wood, aluminum and foam-filled honeycomb, and polyurethane materials

Aluminum Foam Filled Polyurethane
Property Balsa Wood CK57 Honeycomb Honeycomb FR-3708

PAMG 5052 Style 20
Density, p kg/m? (Ib/ft}) 150 (9.4) 130 (8.1) 128.3 (8) 128.3 (8)
In-plane long. comp. elast. mod., E, MPa (ksi) 129.5 (18.8) 9.5(1.38) 24.1 (3.5) 38.5(5.6)
In-plane long. tens. elast. mod., E;, MPa (ksi) 93.6 (13.6) 4.5 (0.65) 1.3 (0.19) 416.6 (60.4)
In-plane trans. comp. elast. mod., E,. MPa (ksi) 129.5 (18.7) 6(0.87) 7.6 (1.1) 38.5(5.6)
Out of plane comp. elast. mod., E, , MPa (ksi) 5394 (782.3) 2125 (308) 269.1 (39) 108.7 (15.8)
Transverse shear elast. mod., G5, MPa (ksi) 58.7 (8.5) 579 (84) 8.5(1.23) 10.3 (1.49)
In-plane long. comp. strength, F,  MPa (ksi) 0.78 (0.11) 0.2 (0.03) 0.4 (0.06) 1.15(0.17)
In-plane long. tensile strength, F;, MPa (ksi) 1.13 (0.16) 1.63 (0.24) 0.48 (0.07) 1.1 (0.16)
In-plane trans. comp. strength, F,  MPa (ksi) 0.78 (0.11) 0.17 (0.03) 0.32 (0.05) 1.15(0.17)
Out of plane comp. strength, F;  MPa (ksi) 9.6 (1.39) 11.8 (1.7) 1.35(0.2) 1.74 (0.25)
Transverse shear strength, F,, MPa (ksi) 3.75 (0.54) 3.45(0.5) 0.75 (0.11) 1.4 (0.2)

© E. Gdoutos, 2013
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Table 2. Properties of carbon/epoxy facings, adhesive, and H100 and H250 PVC foams
Property Facing FM-73 Adhesive | Foam Core (H100) | Foam Core (H250)
Density, p, kg/m? 1,620 1,180 100 250
Thickness, h, mm 1.01 0.05 254 254
Longitudinal Modulus, E;, MPa 147,000 1,700 120 228
Transverse Modulus, E,, MPa 10,350 139 403
Transverse Shear Modulus, G,,, MPa 7,600 110 48 117
Longitudinal Compressive Strength, F, , MPa 1,930 1.7 4.5
Transverse Compressive Strength, F, , MPa 240 1.9 6.3
Transverse Shear Strength, F,; MPa 71 33 1.6 5.0

and 76.2 cm were tested. In studying the effects of
pure bending, special reinforcement was provided for
the core at the outer sections of the beam to prevent
premature core failures. Also, under three-point bend-
ing, the faces directly under concentrated loads were
reinforced with additional layers of carbon/epoxy to
suppress and prevent indentation failure. Only in the
case when the indentation failure mode was studied,
there was no face reinforcement. The concentrated
load was applied to the specimens with a cylinder of
diameter of 25.4 mm (1 in.).

Strains on the outer and inner (interface between
facing and core) surfaces of the facings were record-
ed with strain gages. Most gages were oriented along
the axis of the beam, but some were mounted in the
transverse direction to record transverse strains. Beam
deflections were measured with a displacement trans-
ducer (LVDT) and by monitoring the crosshead mo-
tion. The deflection was also monitored with a course
moiré grating (31 lines/cm). Longitudinal and trans-
verse strains in the core were measured with finer
moiré gratings of 118 and 200 lines/cm. The deforma-
tion of the core was also monitored with birefringent
coatings using reflection photoelasticity.

4. Failure Modes

A number of failure modes were recorded and
studied in the composite sandwich beams subjected
to three- and four-point bending. They include wrin-
kling of the compression facing, core failure and in-
dentation of the loaded face. These failure modes are
discussed in the following sections.
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Compression Facing (Composite Facing Failure)

Busckling
{No Composite
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1 '
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Figure 1. Facing wrinkling in sandwich beam under four-point bending
(Divinycell H100 foam core; dimensions are in cm)
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4.1. Compression Facing Wrinkling

Compression facing wrinkling failures were ob-
served in sandwich beams under both four-point
and three-point bending. Fig. 1 shows moment ver-
sus strain results for two different tests of sandwich
beams with Divinycell H100 cores under four-point
bending. Evidence of wrinkling is shown by the sharp
change in recorded strain on the compression facing,
indicating inward and outward wrinkling in the two
tests. In both cases the critical wrinkling stress was
6, = 673 MPa.

Wrinkling is a localized short-wave buckling of
the compression facing. Wrinkling may be viewed
as buckling of the compression facing supported by
an elastic continuum, the core. The critical wrinkling
stress according to Heath [7] is given by

12
|2k EsEp

Cc.,.=|T —
3k, (1=vpyvy)

where h,,h.: facing and core thicknesses, respec-
tively; E,,E,_,: facing and core moduli, respective-
ly; v;; : Poisson’s ratio associated with loading in the
i-direction and strain in the j-directio and the indices
1 and 3 refer to the in-plane and through-the-thickness
directions, respectively.

Equation (1) predicts the following value of the
wrinkling stress

(M

G, = 687MPa.

This value is close to the experimental value of
673 MPa.

In the case when shear is present in addition to
bending, the influence of the transverse shear mod-
ulus of the core, G, ,, must be taken into account.
An expression given by Hoff and Mautner [8] has the
form

0. = (B ESG )1/3

cr f 173 ~el3 (2)

where c is a constant usually taken as equal to 0.5, 0.6,
or 0.65. Note that the critical stress in this expression
depends only on the elastic moduli of the facing and
core materials. In the relation above the core mod-
uli are the initial elastic moduli if wrinkling occurs
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while the core is still in the linear elastic range. This
requires that the shear force at the time of wrinkling
be low enough or, at least,

V<AF, 3)

where A_ is core cross sectional area and F  the shear
strength of the core. This is the case for long span
beams under three-point bending.
4.2. Core Failure

Core failures were observed in sandwich beams
under three-point bending. The core carries primar-
ily the applied shear loading. In short beams under
three-point bending the core is mainly subjected to
shear and failure occurs when the maximum shear
stress reaches the critical value (shear strength) of the
core material. In long-span beams the normal stresses
in the core become of the same order of magnitude
or even higher than the shear stresses. In this case,
the core is subjected to a biaxial state of stress and
fails according to an appropriate failure criterion. It
was shown that failure of the core materials can be
described by the Tsai-Wu failure criterion [9]. For a
beam loaded under combined bending and shear, the
foam is subjected to longitudinal normal stress, G,
and in-plane shear stress, 5 (t,5). The Tsai-Wu crite-
rion for this case takes the form

fio+ fiyof =1k @)
where
1 1 1 1 T
= e = —— fu=— k=
MR TR RRE TR R
F,.F. .= tensile and compressive strengths in the in-

plane (1, 2) direction. F; = shear strength on the 1-3
plane.

:J

Figure 2. Moire fringe patterns corresponding to horizontal and vertical
displacements in sandwich beam under three-point bending (12 lines/
mm; Divinycell H250 core)
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In the above equations o,, 6, and 7, are the normal
and shear stresses referred to the principal material
directions (in-plane is direction 1 and through-the-
thickness is direction 3), F, and F, are the com-
pressive and tensile strengths along the in-plane di-
rection, F, and F, are the compressive and tensile
strengths along the through-the-thickness direction
and F (= F ;) is the shear strength on the 1-3 plane.

The state of deformation and failure mechanisms
in the core were studied by means of moiré method.
Fig. 2 shows moiré fringe patterns in the core of a
sandwich beam with Divinycell H250 core under
three-point bending. The moiré fringe patterns corre-
sponding to the horizontal and vertical displacements
away from the applied load consist of nearly parallel
and equidistant fringes from which it follows that the
normal strains are zero, while the shear strain is nearly
constant across the core thickness. This is valid only
in the linear range.

4.3. Indentation Failure

Indentation failure was observed in beams under
three-point bending when no special reinforcement of
the facing or the core was provided in the area un-
der the load. Fig. 3 shows the variation of the applied
load with the displacement of the indenting roller for
a 36 cm long beam under three-point bending. The
displacement represents the sum of the global beam
deflection and the local indentation, but it is more sen-
sitive to the local indentation. Therefore, the propor-
tional limit of the load-displacement curve is a good
indication of initiation of indentation. In the present
case the beam was made with a Divinycell H100 core.
The load at initiation of indentation is 735 N. The
peak load measured was P = 1080 N.

The indentation failure of the sandwich beam can
be predicted by treating the loaded face as a beam
resting on a foundation. For linear elastic behavior,
the core is modeled as continuous distributed linear
tension/compression springs. The stress c at the in-
terface between core and facing is proportional to the

Lowd (N}
1200

B00

4
'.F 1 mm

. i'.l‘.'s i mm

400

J60 mm

L 1
0 i & 12
Displacement, mim
Figure 3. Load versus deflection under load of sandwich beam under
three-point bending (carbon/epoxy facings, Divinycell H100 core)
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local deflection, w
c=hkw (5)

where k is the foundation modulus given by [10]

E 3 E 3
k= 0.64 =3 5| =3 ©)
hf Efl

For a long (assumed infinite) facing the deflection
wp under the load P is [10]

P 2kb
where
1.18 | E
A =—— 3—= (8
hy \Ep

and b is the width of the facing.

Yield of the core under the load occurs when the
interfacial stress o reaches the yield stress of the foam
core. The critical load at initiation of core yield is cal-
culated from Egs. (5) to (8) and the yield condition as

E,
By:1‘706yxbhf3? O]

where o is the yield stress of the core.

As the load increases beyond the yield value, plas-
tic deformation propagates through the core from the
center to the ends of the facing. For a rigid-perfectly
plastic foundation the local bending stress at the upper
surface of the facing is given by [11]

9P’

=57 (10)
16b"h; o,

For a beam in three-point bending the global stress
in the facing is
PL
Cp=—""7T—""+
4bh,(h,+h,)

where £, is the thickness of the facing.

Indentation failure occurs when the sum of the lo-
cal and global bending stresses, & 7 and ¢ B reaches
the compressive strength of the facing material. The
load at initiation of indentation in Fig. 3 is 735 N and
agrees with the calculated value of 800 N from Eq.
(9). The peak load measured is P, = 1080, while the
calculated value is P =1310N. The difference in
the results may be attributed in the simplifying as-
sumption of a rigid-perfectly plastic foundation.

5. Failure Mode Transition

From the above discussion it is obvious that in-
itiation of a particular failure mode depends on the
geometrical characteristics, the material properties
and the loading conditions of the beam. In the case
of beams under three-point bending when reinforce-
ment of the facings or the core is provided to sup-
press indentation failure, the prevalent failure modes
are facing wrinkling and core failure. For short spans,
core failure occurs first and then it triggers facing
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Figure 4. Critical load versus span length for failure initiation in sand-
wich beams under three-point bending. Horizontal lines indicate core
shear failure and curved lines indicate failure by compressive facing
wrinkling

wrinkling. For long spans, facing wrinkling can occur
before any core failure. Thus, a curve for the critical
load for core failure initiation versus span length is
obtained. On the other hand, the critical load for fac-
ing wrinkling as a function of span length can be pre-
dicted from Eq. (2). Fig. 4 shows curves of the critical
load versus span length for initiation of failure by core
failure and facing wrinkling for a sandwich beam with
various core materials.

The intersection of the curves defines the transition
from core failure initiation to facing wrinkling initia-
tion. Note that for core materials H250, balsa wood
and aluminum honeycomb with increased through-
the-thickness Young’s modulus the compressive fac-
ing wrinkling failure curve is displaced, according to
Eq. (2) to the right, and therefore, the critical length
for failure mode transition from core failure to wrin-
kling increases. Thus, as the through-the-thickness
Young’s modulus of the foam increases, the critical
length of the beam for failure mode transition from
core failure to wrinkling, also increases.

6. Conclusions

Failure modes of composite sandwich beams de-
pend on the type of loading, constituent material
properties and geometrical dimensions. For sandwich
beams made of unidirectional carbon/epoxy facings
and PVC closed-cell foam cores failure modes ob-
served and studied include core failure, compressive
facing wrinkling and indentation failure. Experimen-
tal results were compared with theoretical predictions
whenever they were available.

Following initiation, interaction of failure modes
takes place leading to catastrophic fracture. Thus,
failure initiation by plastic deformation of the core
degrades the supporting role of the core and precip-
itates other failure modes, such as facing wrinkling.

When core failure and stiffness degradation occur
first, the critical wrinkling stress is substantially re-
duced. Thus, catastrophic failure of a sandwich beam
appears to be the result of initiation propagation and
interaction of failure modes, as influenced by type of
loading, constituent material properties and geometri-
cal dimensions.
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[IJTASMEHHBIE ITPOLIECCHI B METAJUIYPT' N
N TEXHOJIOI'M HEOPTAHUYECKNX MATEPHNAJIOB

10. B. IBETKOB, A. B. HUKOJIAEB, A. B. CAMOXHWH
WuctutyT MeTaiurypruu u Marepuanosenenus uM. A. A. baiikosa PAH.
P®. 119991, Mocksa, JleanHckuit mpocr., 49. E-mail: tsvetkov@imet.ac.ru

ChopmysupoBaHa anmapaTypHO-TEXHOJIOTHYCCKas! KIIacCU(PUKAIHS TNIa3MEHHBIX TMPOIECCOB B METALTYPIHH U TIPH 00paboTKe
MarepuasoB, MO3BOIUBIIAS OLICHUTh MEPCIICKTUBBI UX MPAKTHYECKOTO MPUMEHEHHUS M IIyTH ONTHUMHU3aIUH KOHCTPYKTUBHO-TEX-
HOJIOTUUECKOTO o(opmiieHnsi. O00pyI0BaHUE IS MIAXTHBIX MeYeH ¢ TIa3MEHHBIM HATPEBOM U MPOIICCCHI BO3ICHCTBYS TIa3MBbI
Ha METaJUTypPrHUECKHIE PaCIIaBbl HIMEIOT OJIM3KHE MPOTOTHIIBI B KIIACCHYECKOH MeTautyprun. CTpyWHO-IIJIa3MEHHBIC POIECCHI,
OPUCHTHPOBAHHBIC HA MOJIYYCHHUE BEIICCTB B JUCIICPCHOM COCTOSIHUU, TPEOYIOT CO3JJaHHsI OPUTHHAIBLHOTO 000PYIOBaHHUS.
ABTOpamMH pean30BaHbl MPOIECChI TNIA3MEHHO-BOIOPOIHOTO BOCCTAHOBJICHHSI OKCHJIOB TYTOIUTABKUAX METAJIIOB, IJIa3MEHHOM
BOCCTAaHOBHTEIILHOM TNIABKKM OKCHJIOB TPYIIITBI JKeJie3a, MOMYYCHHs COSTUHEHUI METaJUTOB (KapOuIbl, HUTPHIBI, OKCHIIBI H JIp. ),
MTO3BOJISFOIIME TIPOU3BOIUTE MPOIYKTHI B BUJIC TUCIICPCHBIX MOPONIKOB. OHU OTIIMYAOTCS BO3BMOYKHOCTBIO SHEPIO- U PeCypcoc-
OepexKeHUsl, IOTYyUCHHUS TIPOTYKTOB C 0COOBIMH IKCILTyaTAI[HOHHBIMU CBOMCTBAMU M COBMECTUMOCTH C OKPYIKAIOIICH CPeTOii.
[petoxeHa KOHIEIIUS MOAYIBHOTO YHEPIOTEXHOJIOIHIECKOTO KOMIUIEKCa, 00bEINHSIOIEro Ha 0a3e IIa3MeHHOH TeXHUKU
MIPOM3BOJICTBO SHEPIHU M XUMHUKO-METAIUTYPTUUECKOE N3TOTOBJICHHE METAILIOB, CTAJICH U CIUIABOB M3 MPUPOIHOTO U TEXHOTCH-
HOTO CBhIpbsi. Takoi 9KOJIOTHYECKU YUCThIA KOMITJICKC MIO3BOJIUT CHU3UTh DHEPrO- U pecypco3arparsl. bubmuorp. 15, puc. 10.

Knwueswvie cnoesa: cmpyﬁHo-maaMeHHble npoyeccsl, Oucnepcyble NOPOULKU, NIAZMOXUMUYECKAA YCMAHOBKA, Boﬂbd)paﬂ/t,
IHepeo- upecypcoc(iepeofcel—me, 3Hep20mexn(moeuqecr<ud KOMnJiekce, nﬂaS’MeHHO-oyZOSO@ JCU@KO¢CI3’H0€ B80CCMAHOBIEHUE dHCe-

Jges3a

UccnenoBanuss (hU3HKOXUMHHM M TEXHOJIOTUU BO3-
JICHCTBHS TEPMHUYECKOM TUIa3MbI Ha BEUIECTBO B pas-
JIMYHBIX arperatHblX COCTOAHUAX, HaAIlPaBJICHHBIC
Ha pPa3pabOTKy 3KOJIOTUYECKU YHCThIX JHEPro- H
pecypcocOeperamux — MpoleccoB  MPOU3BOACTBA
MaTepHuasoB ¢ OCOOBIMHU CBOMCTBAMH, B TOM YHCIIC
HaHOMATepHaIOB, OCHOBAaHBI Ha HAYYHOW TEOPHH O
BO3JICI>'ICTBI/IH BBICOKOKOHICHTPUPOBAHHBIX MCTOYHU-
KOB DHEpPrUH Ha BemecTro [ 1, 2].

B pesynbrare cucteMaTHue€CKHUX MCCIIeT0BaHUM
TEPMOJMTHAMUKHY, KHHETHKN M MEXaHU3Ma BOCCTaHOB-
JIEHUSI OKCUIHBIX CUCTEM C HCIIOJIb30BAHHEM COBpE-
MEHHBIX METOJIOB UCCIEAOBAHUS TOTIOXUMUYECKUX
peakIuii, MOJIOKEeHHI TeTepOTeHHOTO Karaln3a, Te-
OpuHU a0COIIOTHBIX CKOPOCTEH peakIlfil co3/1aHa Te-
OpHUsl MPOLIECCOB BOCCTAHOBIICHUSI METAJIJIOB B pa3-
JINYHBIX arperaTHBIX COCTOSHUSAX, B TOM YHUCJIE MIPU
BO3JICHCTBUU MTOTOKOB TEPMHUUECKON TIa3MBl [3, 4].

Pa3paboTana MeTO0JIOTHS UCCICIOBAHMS T1J1a3-
MCHHBIX ITPOHECCOB, OCHOBaAHHAsA Ha BLICOKOTCMIIC-
paTypHOM TEPMOJMHAMUYECKOM aHaJIN3€e, MaTeMa-
TUYCCKOM MOACIIMPOBAHUU W SKCICPUMCHTAJIbHBIX
KHHCTHYCCKHUX HCCICOAOBAHUAX, C HCIIOJIB30BAHHUCM
CIIeITHaIbHO pa3paboTaHHOM ammaparypsl [5].

B xone cTpyiiHO-IIJIa3MEHHBIX TTPOIECCOB BBISB-
JIeHa OTIpEeISIIoNIas posib TEIIoMaccooOMeHa s
pacmpee’IeHHOro B TUIa3MEHHOM ITOTOKE JTUCTIEPTH-
pOBaHHOTO 00pabaThIBAEMOTO BEIIECTBA U €T0 Tepe-
X0J/ia B Ta30BYI0 (ha3y, T.e. CTENEHU TOMOTCHU3AIHH
npotuecca [3, 5-8].
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CdopmynupoBaHa anmapaTypHO-TEXHOIOTHISCKAsT
KJTaccuUKaIys TUIa3MEHHBIX MPOIECCOB B METal-
Iypruu u 00padoTKe MaTepraoB, MO3BOIMBIIAS OLle-
HUTH TIEPCIIEKTUBBI UX MPAKTUYECKOTO TPUMEHEHHUS,
a TakKe IMyTH ONTHMHU3AINH KOHCTPYKTHBHO-TEXHO-
norudeckoro oopmienus [7] (puc. 1). OredecTBeH-
HbIe pa0OTHl B 00JIACTH MPUMEHEHUS TIa3MEHHOM
TEXHUKH MPOBOJMIIACH B PsiJiec OpraHu3aui, HO, K
COXKAJICHHIO, HE TIOJIYYUIH CYLIECTBEHHOTO Pa3BU-
tust. OJHAKO UCTIOJIB30BaHUE SJICKTPOAYTOBBIX IIa3-
MOTPOHOB METaBaTHON MOLIHOCTH CHOCOOCTBYET
YCIENIHOMY MPUMEHEHUIO TIJIa3Mbl B MIPOMBIIIICH-
HBIX IIAXTHBIX arperarax (Harmpumep, B IIa3MEHHBIX
Barpankax B CIIIA) wmm B mporeccax mia3sMeHHON
nepepaboTKH MUHKCOAEPIKAIMNX MbUIEH Ha 3aBOjE
¢dbupmer «Steel» (ILBerus).

[Ipornieccrl BO3IEUCTBUS T1a3Mbl HA METAJLTYPIH-
YeCKHe PacIliaBbl, KOHCTPYKTUBHO O(OpPMIICHHBIE B
BHJIe TUTA3MEHHBIX TIe4eil, B psijfe BApUAHTOB TOIY-
YWJIA IOCTATOYHO HIMPOKOE MPUMEHEHHUe B BUJIE pa-
(MHUPYIOIIETO U JETHPYIOMIETO MepPEeIUIaBoB, Iia3-
MEHHOTO IMOJIOrPeBa MeTajula mepe]i HempepbIBHOM
paznuBkoii. OTeuecTBEeHHBIE pa3pabOTKH peann3o-
BaHHbIE Ha YeIIOMHCKOM METaJUTypPrUueCKOM 3aBOJIC,
nepeHeceHsl Ha 3aBoj Bo @paiitane (ObiBas [/IP),
TJIe YCIIENTHO Ppou3BoawiIn 10 150 Mapok KauecTBEH-
HBIX CTajIell U cII1aBoB. BIiociieicTBUHU MO JIUIIECH3UU
3aBOfIa UCIIOJIb30BATUCh B ABCTpun (5S0-TOHHAS 111a3-
meHHas redb Gupmbl «FEST-Alpine»). Hamu paspa-
OotaH u BHeIpeH Ha KkoMOuHaTe «HOXKypaTHUKEIIb
MPOLECC MIa3MEHHONW BOCCTAHOBUTEIIBHOM IIaBKU
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Harpepom

[Laaamennse HPONECCR TPpH
IHhI,lL'iil'llI-IIi! PLTAME A
METAWLIYPIMHCCEHE PDACiLIaBbl;
TLLEMCHHBC NCYH ]Klll|IIIIi!'|P_'\'I(.I[lI.i!ii
HCTHPRY R e PETLTABRE,
BROCCTAMOERT ST BHZH  TLTBR
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Crpyvilno-maasMenibie pauescs
(NAAIMEHHAA NOPONTKORAR METIIV TS,
NOAYMEHHE HAHOMOPOUKGE CIOco0aMi
IASMEH RO BOCCTAHORTEH WA

W CHITesa)

ITaaamennan obpaborea

{peaka, HANABKA, CHapKa,
(hopMOOGPAIOBARNE, HANLLICHNE,
YIPOYHENHE I0BePXIOCTI)

Puc. 1. AnmapaTypHO-TEeXHOJIOTHYECKas KIacCHPUKAIUS
MIJIa3MEHHBIX MPOLECCOB B METAJUIYpPTHH U Ipu oOpadoTke
MaTepHanoB

OKCHUJIHOTO CBIPbSI IPUMEHUTEIBHO K TIPOU3BOJICTBY
METaJTU4eCKOro kobasbsTa (puc. 2, 3), BIOCISICTBUI
HMCIOIb30BaHHBIN JJI TOJIYUCHH A HUKCIIA.

AHanu3 mpoLeccoB YeTBEPTOTO Kilacca He ABJIS-
eTCS IPEAMETOM PACCMOTPECHUS HACTOAIICH CTaThH,
OJTHAKO CJIEIyEeT OTMETHUTh MX PAaCIPOCTPAHCHHE B
MIPOMBIIIIIEHHOCTH, HAIIPUMEp MPOIIECCOB TUIa3MeH-
HOM pe3KH, MIa3MEHHOro HamnblieHus. BecbMa nep-
CIIEKTHBHBIM SBJISIETCS TaKXKe TuTa3MeHHast 00paboTka
MTOBEPXHOCTH.

Ogcnanoe chipse  BoccTanopireb

Puc. 2. [lina3meHHas meub Uit BOCCTAHOBUTEIBHOW IIABKU OK-
CHJIHOTO CBIPbS

10-11/2013
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Puc. 3. HpOMLIHIJIeHHa}I IUTa3MEHHAS I€Yb BOCCTAHOBUTEIBHOM
IIJIaBKHA OKCHUJIHOI'O ChIPbA

B omimume oT mpoueccoB MepBbIX ABYX KIIACCOB,
Y KOTOPBIX IUTa3MEHHOE 000py/I0BaHNUE HMEET aHAIIO-
TUYHBIE TIPOTOTHUIIBI B KJIACCHYECKOW METaITypTHu,
JUTSL TIPOLIECCOB TPETHETO Kiacca (CTpyHHO-TIa3MeH-
HBIX) TpeOyeTcs co3/iaHue OPUTHHAIBLHOTO 000pya0-
BaHUs.

Kak npaBuiio, cCTpyiHO-IJIa3MEHHBIE NpOLEC-
Cbl OPUECHTHUPOBAHBI Ha IMOJYYCHHE BCIICCTB B IUC-
MepPCHOM cOCTOSHUU. [1ma3meHHsIe mporeccsl momy-
YEHUS MOPOLIKOB OTJINYAIOTCSl YHUBEPCATIbHOCTHIO
(puc. 4). Ilpu BBeneHUH BEIIeCcTBa B JTIOOOM arperat-
HOM COCTOSIHUHU B IJIa3My, T€HEPUPYEMYIO Pa3jIny-
HBIMHM MCTOYHHKAMH, KOTOPBIC OTINYAIOTCS XUMHU-
YECKHM COCTaBOM, MBI C TOMOLIbI0 (PU3UUECKUX U
(U3UKO-XMMHUYECKUX MPOLIECCOB MosyyaeM chepou-
JU3UPOBaHHbIC, MNIAKUPOBAHHBIE TIOPOLIKH, & TAKKE
MOPOIIKH JJIEMEHTOB U COCAMHEHHUN PAa3TUYHON ANC-
MEPCHOCTH, B TOM UHCIJI€ HAHOpa3MEpHBIE.

Hamu BniepBble B MUPOBOM IIPAKTUKE PEATU30BAH
MPOMBIIIEHHBIH MPOIIecC MiIa3MeHHO-BOJIOPOIHO-
T'0 BOCCTaHOBIICHHUS OKCH/IA BONIb()pama ¢ MOTyIeHHEM
VIABTpaIUCIIEPCHOTO TIopoIKa Boibdpama. Ha ero oc-
HOBE CO3/IaHbl MaTePUANIbl C OCOOBIMH KCILTyaTaIld-
OHHBIMHU cBoiicTBamH [9]. IIpogemMonCcTprpOBaHO, 4TO
IUIa3MEHHbIE METAJUTyPrHYE€CKUE IPOLIECCHI, TIPH YCIIO-
BHU PaIMOHAILHOTO BEIOOpA 00BEKTa M ONTHUMHU3AIINT
KOHCTPYKTHBHO-TEXHOJIOIMYECKOr0 0hopMIIeHHS, SIB-
JISTIOTCSL SHEPTO- U pecypcocOeperaromMy B ooecreye-
HHUU COBMECTUMOCTH C OKPYXKAIOILIEH Cperon.

Jns ynprpanucnepcHbIX NPOAYKTOB IJIa3MEH-
HOTO BOCCTAHOBIICHHUSI OKCHIOB BOJIb(paMa mpoje-
MOHCTPHUPOBAH PSiJ NPAKTUYECKUX MPUMEHCHHH,
OCHOBaHHBIX Ha OCOOCHHOCTSIX YJIBTPaIUCIIEPCHOTO
COCTOSIHUS (CHIDKEHHE TeMIIepaTyphbl H SHEProeMKO-
CTU KOMITaKTUPOBAHUS, I/IHTGHCI/I(I)I/IKaHI/ISI IponeccoB
CIICKaHHA U CBApPKU, IMOTYYCHUE HAa UX OCHOBE TBEP-
JABIX CIIJIaBOB MOBBINICHHON TBEPAOCTHU U U3HOCO-
CTOHWKOCTH).

Pazpaborana u 3amareHTOBaHa KOHCTPYKITHS TII1a3-
MOXMMHYECKON yCTaHOBKH AJIS [IOJYUYCHHsI HAHOIIO-
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MeTa/LTOR coeTHIelH I

(oKe1bI,

HILTPILABL,

KapOIIn,

Puc. 4. Cxema m1a3MeHHON TEXHOJIOI'UHU IIPOU3BOACTBA [IOPOIIKOB

POIIIKOB METAJIOB ¥ XUMHYECKUX COSAMHEHUH TTPH
B3aMIMOJICHCTBUH JUCTIEPCHOTO M TTAPOOOPa3HOTO ChI-
pbsl B CTpye TEPMUUYECKOH IJIa3Mbl, TEHEPUPYEMOU
ANEKTPOLYTOBBIM IIJIa3MOTPOHOM (pHC. 5).
Wccnenosan psiji mi1a3MOXUMHAYECKHX MTPOIIECCOB
MOJTyYeHUS] HAHOJIUCTIEPCHBIX TTOPOIITKOB METAJIIOB 1
COC/IMHCHUM. YCTaHOBIICHBI TEPMOIUHAMUYECKUE H
KHHETUYECKHE 3aKOHOMEPHOCTH U YITPABJISIOIIHE T1a-
paMeTphl, 00€CIICUNBAIOIINE MTOJIYYCHUE TOPOIIKOB
3aJJaHHOTO XMMUUYECKOTO U JUCIIEPCHOTO COCTABOB.
Pa3paboTanbl METOABI yIIpaBJICHUSI CPETHUM pa3Me-
pOM qacCTHUIL HOHy‘-IaeMI)IX HOpOH_IKOB HpI/I N3MCHCHUHN
SHTAJBINH TJIA3MEHHOM CTPYH, pacxoaa ChIPhs, KOH-
CTPYKTHBHBIX 0COOCHHOCTEH peakTopa, a TakkKe IMpu
HCTIONb30BAHUH Ta30BOM 3aKaJKH MPOTYKTOB TIA3-
MOXMUMHUYECKOro B3auMojeiicTBus. B kauectse npe-
MMYIIECTB MpeAIaraeMoil TeXHOJIOTHH MPOJAEMOH-
CTPHUPOBAHBI MTOJTydaeMble HAaHOITOPOIIKH (METaIIIBI,
KapOWIbl, HUTPUABI, KAPOOHUTPHUIIBI, OKCUIBI U JIP.),

Puc. 5. IInazmoxumuueckas ycTaHOBKa CHHTE3a HAHOIIOPOIIKOB
oo,

KapOHOHATRH L)

HeOoJbIIast TPOJIOJKUTEIBHOCTh TUIa3MEHHBIX MPO-
reccoB (<0,01 ¢) u BbIcOKast MPOU3BOAUTEIBHOCTh
000py10BaHMs, BO3MOKHOCTb UCTIOIb30BAHUS TPaIu-
IIMOHHOU CHIPHEBOH 0a3bI O3 TIPEIBAPUTEILHOM TO-
TOTOBKH, 3HAUUTEIbHBIH THAIa30H IPOU3BOANTEIb-
voctH (0,1...n-10 xr/a) [10-13].

Pa3zpaboTansl pU3NKO-XUMUYECKHE OCHOBBHI H
NPUHIUIB KOHCTPYKTUBHO-TEXHOJIOTUYECKOTO
odopmIIeHHs IpoLecca NOMyUeHHUsl IMyTeM CHHTE3a
B YIVIEBOIOPOJCOAEPIKALICH IJIa3Me HAaHOTIOPOILKOB
CUCTEMBI BOJb(ppaM-yriaepos (puc. 6), ucroinbsye-
MBIX JUIsl TOJyYEHHUsI HAHOIIOPOIIKOB MOHOKapOuia
BoJIb)paMa B KaueCTBE OCHOBBI JJI MPOU3BOJCTBA
HAHOCTPYKTYPHBIX TBEPABIX CIIJIABOB CO 3HAUYUTEIIb-
HO TIOBBIIICHHBIMHU SKCIUTYaTal[HOHHBIMU CBOWCTBAMH

Karoa

raapaa
Aoy

f W \

| W

Puc. 6. IlpuHIMNHanbHAsS CXeMa MOJYYCHUSI HAHOTIOPOIIKOB
Bonbdpama u {W-C} B cTpye TepMHUUECKOH MIa3Mbl JyrOBOTO
paspsiia
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Puc. 7. Cragun nonmydeHus HAHOCTPYKTYPHOTO TBEPAOTO CIIaBa

(puc. 7). AKTyanbHOCTb 3TOH MpoOIEMBI ISl OTeue-
CTBEHHO! IOPOILIKOBOM METAJLUIYPIUU ONIPEAEIISET-
cs cienyromuMu ¢pakropamu. B HacTosmee Bpems
pOoccHuiicKasi MPOMBIIUICHHOCTh MOTPEOIsIET OKOJIO0
3000 1 TBepabIX cruiaBoB (mpumepHo 10 % mupoBo-
ro nmotpebieHus). TpeTh 3TOro KoaudecTBa Ipuood-
petarot 3a pyoeskom, 1200 1/rox npoussoaut K3TC,
300 T — 3aBox «Ilo6emut», 100 T — pupma «AJI»,
OCTaJIbHOE — JpyTue MelIKue mpousBonutenu. Poc-
CHMCKHE NPEeIIpPUATHS B HACTOSIILIEE BPEMS BbIIJIAB-
JISTIOT TOJIBKO CpellHe- U KpyITHO3epHHucThIie (Oonee 1
MKM) TBEpAbIE CIUIaBbl. 3a/1a4a MOBBIILICHNS KadyecTBa
TBEP/BIX CIUIABOB BO BCEM MHUPE PEIIACTCS IMyTEM MX
HAHOCTPYKTYpPUPOBAHUSI.

PaccmoTpeHBl U YacTHYHO ONMPOOOBAHBI BHJBI
MEPCHEKTUBHOTO MPAKTUIECKOTO MCIIOIb30BaHUs Ha-
HOTIOPOILKOB JJIS1 CO3[JaHMsI MaTEePUaAIOB ¢ OCOOBIMU
CBOWCTBaMH, HalIpUMep Il MOAH(DHULIUPOBAHUS JIU-
TEWHBIX CIJIABOB, CO3/IaHUs dP(YEKTHBHBIX KOMIIO-
3UTOB U MOKPBITHI, B TOM YHCIIE HAHOCTPYKTYpPHbIE
MUULIEHU ISl HAHECEHUs MOKPBITUH, TOPOLIKHU IS
HaHECEHUsI HAHOCTPYKTYPHBIX OKPBITHH, KOMIOHEH-
ThI JUI KOMIIO3ULIMOHHBIX MAaT€PHajIOB, KOMIIOHEHTHI
MOIM(HUKATOPOB JIUTHIX CIUIABOB, KOMIIOHEHTHI HAHO-
CTPYKTYPHBIX U3HOCOCTOMKHUX IMOKPBITUNA, HAHOTIOPH-
CTbIe METAJUINYECKHE ¥ KEPAaMUUECKUE (PUIIBTPBI.

B Hacrosinee BpeMs Halll KOJIJIEKTUB MpeAJIaraet K
MIPAKTHYECKON peann3aluy CIeIyIOINe HayYHO-TeX-
HoJoru4yeckue paspadorku [14, 15]:

* TEXHOJIOTMYECKHE MPOIECCHl MOTYYeHHsI HAHO-
pa3MepHBIX MOPOLIKOB 3JIE€MEHTOB (BoJIb(dpam, TaH-
Taja, HUOOUM, MOIMOIEH, HUKEh, KOOAET, JKeIe30,
MeIlb) U UX coeAHeHUI (OKCHUIO0B, KapOUIO0B, HU-
TPHJIOB), & TAK)KE KOMIIO3UIMI C 3aJaHHBIM JIUCIIEPC-
HbIM, XUMHUYCCKHUM H (1)330BI)IM coCTaBaMH B TCpMU-
YEeCKOH I1a3Me JyroBOrO NIEKTPUUECKOIo paspsiia.
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Cpennuii pa3mep MoTy9IaeMbIX HAHOMTOPOIIIKOB H3Me-
usercs B quanasose 20...100 uM;

* OCHOBBI TEXHOJOTHUU CO3/IaHUSI HAHOCTPYKTYP-
HBIX TBEP/IBIX CIIABOB KapOu Bodb(hpama-KoOaIbT
C PE3KO MOBBIIIEHHON TBEPAOCTHIO U U3HOCOCTOM-
KOCTBIO JIJISl IPUMEHEHUS B M3TOTOBIICHUHU PEXYIIe-
ro uHCTpyMeHTa. [IpexycMoTpeHo noimydeHue TBep-
JIbIX CILIABOB B AMamna3oHe KoHueHTpauuii or BK-1
1o BK-15 ¢ BBejieHHEM KOMIUIEKCHBIX HHTHOUTOPOB
pocra 3epHa (puc. 7);

* M3TOTOBJICHHUE IJIA3MOXUMHUUYECKUX YCTAaHOBOK
CHUHTE3a HAHOIOPOIIKOB METAJJIOB M COCJAMHEHUM
morHocThio 30, 100, 300 kBT (mpousBoguTensHO-
cthio 0,5...1,0; 5...10; 30...50 xr/4) ¢ UCMOJIB30BaHU-
€M DIIEKTPOIYTOBBIX TEHEPATOPOB IIA3MEI;

* IPOCKTUPOBAHUE TIPONU3BOICTBEHHBIX YUACTKOB
HAHOIIOPOIIIKOB Ha 0a3e TUIa3MOXUMHUYECKIX yCTaHO-
BOK;

* HCCIIeJOBAHNA, HAllpaBIeHHbBIE Ha pa3paboTKy
MaTepHualioB JUIsl CO3/TaHUSI BRBICOKOEMKHX JJIEKTPOITH-
TUYECKUX KOH/ICHCATOPOB HA OCHOBE HAHOIIOPOIIIKOB
TaHTajla U HUOOWS, HAHOMOPOIIKOBRIX MOAM(UKa-
TOPOB YyT'yHa, CTAJId W CIUIABOB, 00ECIIEYUBAIOIIUX
YMEHBIICHUE Pa3MEPOB KPUCTAIUTMYCCKON CTPYKTYPhI
Metasuia npu maccosoit goie 0,05...0,1 %;

* KOMITO3UIIMOHHBIX MaTEPUAJIOB C UCIIOJIh30BAHU-
€M HaHOTIOPOIIIKOB;

- HaHOHOpOHIKOBI)IX IIUTMCHTOB,

* HAHOCTPYKTYPHBIX MOKPBITUH CITOCOOOM TLIa3-
MEHHOTO HAIBUICHUSI MaTEPHAIOB, IIPUTOTOBICHHBIX
C UCIOJIb30BAaHUEM HAHOTIOPOIIIKOB;

* HAHOCTPYKTYPHBIX METAITUIECKUX M KOMIIO3H-
IIMOHHBIX TPOBOJHUKOB C OCOOBIMHU AIEKTPOMArHUT-
HBIMH CBOMCTBAMHU;

* KaTaJIM3aTOPOB TOTUTUBHBIX 3JIEMEHTOB.

Jnst obecnieuenus 6e3onacHoi paboOThl ¢ HAHO-
CTPYKTYPHBIMHU O0BEKTaMHU

115



j CBAPKA W POOACTBEHHBLIE TEXHONOM KA

HccnenoBann TOKCHKOIOTHYECKHE CBOMCTBA Ha-
HONOPOLIKOBBIX MarepuanoB. OueHuBaln PpUCK U
BO3MOXXHOCTb OOecreueHusi 0€30MacHOCTH MPOU3-
BOJICTBA, MCIIOJIb30BAHUS M YTHIM3ALUKA HAHOMATE-
puanos. Co3nanu 6a3y JaHHBIX 10 OMOOE30MaCHOCTH
CYLIECTBYIOIIMX HaHOMarepuanoB. Pazpaboranu me-
TOJOJIOTUYECKUE MOAXO0bI K THTHEHHYECKOMY HOP-
MHUPOBAHUIO U cepTU(UKAIINN TPOU3BOJICTB, TOBAPOB
U yCIyr B cepe HAHOTEXHOJIOTHH.

W3yuyeHbl HEKOTOPBIE IIPOLECCHI IPU BO3IAECHCTBUU
TEPMUYECKOH TJIa3MbI Ha T'a30BBIE CPEJIbl, pacIIaBbl
W PacTBOPHI, B TOM YHCIIE TPUMEHHTEIBHO K MPO-
neccam rnepepadoTK TEXHOTEHHOTO CBIPhS, CPeIr
KOTOPBIX IJIA3MEHHO-KaTaAIUTUYECKUN pu(OpMUHT
YIJIEBOAOPOIHOIO CHIPBsI IS MOJTY4YEHUs BOIOPOACO-
JepKaIluX Ta30B U OKUCJICHUE OPraHUYEeCKUX IpPHU-
Mecel B BOJE.

CoBpeMeHHOE IPOU3BOICTBO CTAJIN, OCYLIECTBIIS-
eMoe I10 anmnapaTypHO-TEXHOJIOTHYECKOH cxeme 10-
MHa — KOHBepTep (puc. §) umeeT psija CyLIeCTBEH-
HBIX HEJJOCTATKOB, OIPEACSIEMbIX HEOOXOIUMOCTBIO
COOTBETCTBHUSI BHICOKMM TPEOOBAHUSAM K CBHIPBIO H
ero CreuuasbHON MOATOTOBKE, MOCKOIbKY CIEIH-
¢uKa TOMEHHOrO mpoiecca TpedyeT OT MoCcTynaro-
LIEro B JIOMHBI MaTepuaja BHICOKOTO YPOBHS MeXa-
HUYECKUX CBOMCTB B COYETAHUU C OOecCreUeHHEM
ra3onpoHUIIAEMOCTH. ATIOMepalus U KOKCOXUMU-
YeCKOe MPOU3BOJICTBO, TJI€ MPUMEHSIOT JOPOTOH U

JIe(UIUTHBIA KOKCYIOUIMICS YToib, HE TOIBKO YI0-
POKAIOT IMPOU3BOICTBO B IIEJIOM, HO 1 HAHOCST CYyIIIe-
CTBEHHBIH ymiepd oKpyskarolen cpeze, KOTOPBI 1o
LIEHHOCTHOH OLIEHKE MOXKET JOCTUTATh 25 cebecTon-
MOCTH MPOM3BOACTBA cTaiu. [Ipenmaraemeie anpTep-
HaTUBHBIC MPOIECCHI, B JACTHOCTH CIIOCO0 MPSMOTO
BOCCTAHOBJICHHUSI, HAIICAITHN TTPOMBITIUICHHOE TIPH-
MEHEHHUE U B OT€YECTBEHHOW METaJUTypTuH, 1O PAIY
MPUYXH, B TOM YHUCJIE M3-32 SJHEPTETUUYECKUX PACXO-
JIOB, HE CMOT CyIIIECTBEHHO TIOTECHUTH TPAJIUIIHOH-
HYI0 TEXHOJOTHIO IMPOU3BOJACTBA CTalld, B OCHOBE
KOTOPOH JICKUT JOMEHHbIU nporecc. [Ipencrasnser-
€4, UTO MOJOKUTEIbHYIO POJIb B BO3MOXKHON TpaHC-
(dhopMaIuu CTaNerIaBuIbHOTO MTPOU3BOACTBA MOXKET
CHITPaTh MPUMEHECHUE TIA3MEHHOM TEXHUKHU KaK Ha
CTaJUM TOJIYYCHUS BOCCTAHOBUTENS M TOTUIMBA TS
sKosornuecku unctoil TOL u3 HU3KOCOPTHOTO Opra-
HUYECKOTO CBhIPhS MYTEM €ro ra3udukaiuu, Tak U B
BOCCTAHOBUTEIIHLHOM arperare.

Hamu pa3BuBaeTCst KOHICTIITNS SHEPTOTEXHOIOTHHI
Oymy1ero, OCHOBaHHAsI Ha CO3JaHUU TI0 MOIYJIBHO-
MY TIPUHIHAITY 3KOJOTHUUECKH YUCTOTO YHEPTOTEXHO-
JIOTMYECKOT0 KOMILJIEKCca, 00ObEIUHSIONIETO Ha Oa3e
MJIa3MEHHOW TEXHUKH TIPOM3BOICTBO SHEPTHH U XH-
MHUKO-METAJUTYPTHUECKOe TIPOU3BOJICTBO METAIIOB,
CILIAaBOB M COCAWHEHHH W3 MPUPOJHOTO U TEXHO-
TeHHOTO CHIpbst (puc. 9). [Ipu 3TOM porHo3UpyeTCs
3HAUUTEIBHOEC COKpAIICHUE PHEPro3arpart, Mo CpaB-
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Oprannteckoe
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A ¥
CHHTCI—I83 MeTa Typriteckas YeTAIIOBKA
Mo,y
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Puc. 9. HpI/IHL[I/IHI/IaJ'ILHaﬂ CXEMa SHEPTOMETAJLTYPrui€CKOro KOMIUIEKCa

HCHUIO C TPAAULIMOHHBIMU U aJIbTCPHATUBHBIMU CIIO- OHCProC€MKOCTb NPOU3BOJACTBA CTAJIM; B KAYCCTBC

cobamu.

MEPBUYHOI0 UCTOYHHKA SHCPIUU UCIOJIB30BATh SHEP-

CoznaHue miaa3MeHHOTO OHEproMeTaryprudc- TeTUYECKUN YToJib U YITICBOAOPOACOACPIKAIIINUE OTXO-
CKOI'0 KOMILJICKCA IO3BOJIUT CHU3UTH B 1,52,0 pas3a Obl; CHU3UTH BPEAHOC BO3/ICHCTBUE HA OKpPY’Karouryro

.

Puc. 10. Cxema nporo3upyeMoi MeTautypruu Oyayuiero: / — ra3004mucTka; 2 — cepa; 3 — BOCCTaHOBHUTEIBHBIN ra3; 4 — KeNe30py/IHbIH KOH-
LEHTpaT; 5 — KOMIpeccop; 6 — ra3opas TypOuHa; 7 — reHeparop; § — Iepesada AeKTposHeprum; 9 — orpaboTaHHbli ra3; /() — mi1a3MoTpoH
(BoccraHoBnenue); // — mia3mMotpoH (ouncTka); /2 — ma3MoTpoH (jterupoBanue); /3 — rasuduxarop; /4 — Goitnep; /5 — Boxa; /6 — yroins;
17— CO, H,, H,0, CO,; 18 — xene30; 19 — crainb; 2() — MeTautyprudeckuii 610k; 2/ — npokar; 22 — KUCI0poj; 23 — nap; 24 — Terioo-
OMeHHUK; 25 — Hacoc; 26 — 301a; 27 — napoBasi TypOuHa, 2;8; Jennnua
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[HEPCIIEKTUBHBIE TEXHOJIOT'M CO3JAHNM A
BBICOKOHA JIEXXHBIX M3IEJINN U3 KOHCTPYKIIMOHHBIX
CTAJIEM JUIS1 BA3OBBIX OTPACJIEM ITPOMBIIIJIEHHOCTH

A.B. 1YB
OAO HIIO «UHUNUTMAIL», P®. 1090808, . Mocksa, yi. lllapukonoqmunaukoBekas, 4.
E-mail: cniitmash@cniitmash.ru

PaccMoTpeHBI OCHOBHBIE 3JIEMEHTHI HOBBIX KOMIIJIEKCHBIX TEXHOJIOTHH, 00eceunBaomux 3GeKTUBHOE OTydeHHUEe MaTe-
pHAIoB C HOBBIM YPOBHEM CBOIiCTB. OTMeUEeHA MEPCHEKTUBHOCTh CO3/IaHUSI HOBBIX CHCTEM JIETHPOBAHUS KOHCTPYKIIMOHHBIX
MaTepraoB ISl MAMIMHOCTPOSHHUS C YIPABICHNEM HX NIEPBUYHON KPUCTAIINYECKOH CTPYKTYPOH, MEXaHU3MaMHU yIIPOIHEHUS,

COTIPOTHBJICHUS XPYIIKUM paspyuienusm. Taom. 4, puc. 10.

Knoueegvie cnoea: mexumonocuueckue u Mamepua/zoeedquKue NPUHYUNDBL, KOMNJEKCHble MEXHOJI02UU, KOHCMPYKUUOHHblE
cmaiiu, baszoevle ompaciu NPOMbIUIEHHOCMU, NePCNEeKmueHble HanpaeileHusl uccne0o8anuil

HoBbie TpeGoBaHus MO HAIEKHOCTH TPEOYIOT WC-
MIOJTB30BAaHMS HOBBIX TEXHOJIIOTHYECKUX W MaTepHa-
JIOBETUECKUX NPUHIUIOB. CBSA3b «MHKPO-ME30-Ma-
KpO» TapaMeTpoB CTPYKTYpHI Marepuasnos (tadm. 1),
3aKJIaIbIBAEMbBIX TIPH MEPEX0Je U3 JKUAKOTO COCTO-
SHUSI B TBEpAOE, T.€. OT CaMOr0 Hayaja TeXHOJOIHU-
YEeCKOro MapuipyTta, TpeOyeT NpHMEHEHHsI HOBBIX
HAyYHBIX M TEXHOJOTMYECKHX MOAXONOB JJIsI CO3/a-
HUSl HOBBIX TexHOJNOrui. CTapble TEXHOJIOTHH IO-
3BOJISUIM  yOpaTh TONBKO TpyOble HECOOTBETCTBUS
MEXIy TpeOOBaHMSIMUA U (DAKTHUECKUM KayeCTBOM.

Tadauuma 1. YpoBHH CTPYKTYpPBI

Muxkpoyposens (< L)
Bakancus, atom 2..3:1010
Kractepst 2..5:10° M
Jucnoxauus 108 m
Me3soypoBeHb
brnox mo3auku, cydsepHo, cynbduasr, HB | 107..10° m
Yposens 3epHa L
3epHo, nenaput, cyabduasi, HB | 10°...10% M
Maxkpoyposens (> L)
I'pynna 3epen 2..5:10% m
VyacTtok o6pasia 103 m
O6paserl B HeJI0M Boree 107...102 M

OTtpacnu, HyXJIamIIMeCs B pa3padOoTKe HOBBIX
TEXHOJOTUH U MaTEepPHAaJIOB:

onepeemuka, TOK, amomuas npomvluLieHHOCMb:
TpyOOIPOBOIbI, BETPSHBIC AIEKTPOTEHEPATOPHI, 3a-
MOpHAasl apMaTypa; KapoIpPOUHbIE SKOHOMHOJIETHUPO-
BaHHbBIC MaTepUAIbl JJISI CYNEPCBEPXKPUTHUECKUX
napamerpos (CCKII) paOothr; monaTku Jjist CTYTICHU
I'TY; KOHCTPYKIIMOHHBIE MaTE€pHabl C YIyUYlIEHHBI-

© A. B. Jly6, 2013
10-11/2013

MU pabOYHMH XapaKTEPUCTUKAMU ISl PEAKTOPHBIX
YCTaHOBOK, TYpOUH, CPOKOM CITy>KOBI Oosiee 60 JeT;

XUMUYECKAs NPOMbIULIEHHOCMb: KOHCTPYKIIHOH-
HbIE MaTepHalbl JIsl PeaKTOPOB U TPyO BBICOKOTO
JTABJICHUS;

MPAHCNOPM U MASUCMPATbHBLE 2A30NPOBOObL: HO-
BbIe MaTepHaJIbl IS KEJE3HBIX JIOPOT, CYI0OCTPOCHUE,
TPYOBI BBICOKOH TIPOYHOCTH;

H30enuss 060ponHol MmexHuKu.

Baxuneimmm 3tanomM GopMUpOBaHUs, HCCIIEA0BA-
HUSI M yTIPaBJICHNs] CBOMCTBAMHU METAJJION3ACTHIN SIB-
nsieTcst mpouecc 3arBepaeBanus. OH CKIaabIBaeTCs
u3 psifa GU3NUECKUX U (PU3UKO-XUMUYECKUX MpolLiec-
COB, KJIFOYEBBIM B KOTOPBIX SIBJISIETCS 3Tall KpUCTAJI-
JU3alllH, T.€. HEMOCPEACTBEHHO (Ha30BBIN Mepexon
MIePBOTO POMIA: KUIKOCTH (PacIjiaB) — TBEPAOEC TEIIO
(KpuCTaIIBI).

[TockonbKy Bce peanbHble METAIUTMYECKHUE CHUCTe-
MBI, HCTIOTb3yEMBbIe JJIST M3TOTOBJICHHUS U3, SB-
JISFOTCS. MHOTOKOMITOHEHTHBIMH, OY€Hb Ba)KHO T1O-
HATHh KaKyl0 CTETICHb BO3MYIICHHS B PETYISIPHOCTH
KpUCTAJUIMYECKOTO CTPOSHHUSI OCHOBHI CIlJIaBa (B Ha-
IIeM CITydae jKee30) BHOCUT KaKIBIH YYaCTHUK KOM-
no3uuuu. Ilpu 3ToM B mepByro odepenp Lelecoo-
OpasHo BBIAENNTH HanOoJee CUILHO BO3MYIIAIOIINE
aJIeMeHTHI. J{71s1 Takoil olleHKM HanboJiee MOIXOIUT
BhIpaXXeHHUe, Ha3BaHHOe YanmepcoH ko3 humeHTom
AKKOMOJIaIIM 1 AK:

aH,

s

A]( . ,

(M
rie A — ko>dduient akkomonauuu; AH — CKpbiTas
TEIUIOTa 3aTBepAeBanus; T —— Temreparypa 3arBep-
JI€BaHUS.

B cnyyae nnaenenus 4 NPUHUMAIOT PaBHBIM 1.

JI71s1 KOJIMYEeCTBEHHOM Mephl OLIEHKU BO3MYILEHUS,
BBI3BIBAEMOM NPUMECHIO IIPU 3aTBEPIECBAHNUY, pPa3pa-
0oTaHo BeIpaxkeHue (2):
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Puc. 2. 3aBucuMocTh QpakTansbHON pazMepHOCTH D MOJEIBHBIX
CTPYKTYpP OT CKOPOCTH OXJIKAEHHS V (a) M OTHOCHTEIBHOTO K03(-
(ULIHEeHTa aKKOMOIAIIHT Ad, 0)

Fe B
[Ad|= A7 - 42 @)

B pesysbrare BeIYHCICHUS |AA,<| ANIEMEHTBHI, OKa-
3BIBAIOIINE HanOoJee CUIIbHOE BO3MYIIAIONINE BIIH-
SIHAE Ha 3aTBEpAEBaHUE CIJIABOB Ha OCHOBE JKelle3a,
PacmoNOXUINCh B PSIJL TIO CTETICHH UX YOBIBAHMS:

P, Si, C, S, Sb, As, Bi, Sn, N, Cu, AL, Mn.  (3)

Benuunna |[A4, | XopoI1o KOppeaupyer ¢ IOTEHIH-
aJIoM HOHU3aIUK AP, NHTETPATEHO ONMHCHIBAIOIINM
Tero(u3nIecKue 0COOEHHOCTH OTIIENIFHOTO DIIeMEH-
Ta (puc. 1).

Hcxons u3 THIIOTE3BI ABYXCTaANITHOTO MEXaHU3-
Ma Tiporiecca KpUCTaUTN3aliy (aTOMapHBIN pacIijiaB
— KJIaCT€pPHO-aTOMAPHbBIA MOTPAHUYHBINA CJIOU — MPH-
COENIMHNE KJIACTEPOB K KPUCTAITHYECKOMY (DPOHTY),
MIPOMOJIEITUPOBAIN KPUCTAIUTM3ALUIO U BIUSHHUE Te-
10(pU3NIeCKUX (CKOPOCTh 3aTBEpleBaHus) U pU3N-
KO-XMMHMYECKUX (KOHUEHTpauus u |A4 | mpumecu)
(dakTopoB Ha (PpakTanbHYIO pa3MepHOCTh D Kak Xa-
PaKTEPUCTUKY PETYISPHOCTH CTPOCHUS KPUCTAIIIH-
yeckoit Marpuisl (puc. 2). Kak BuaHO U3 nocieno-
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Puc. 4. Bnusinue pocdopa u KpeMHUsT HA U3MCHECHHE YAapHOMH
BA3KOCTH (@) U TeMIEepaTrypbl XpYIKO-BSI3KOTO nepexona (0):
1—<0,1%Si;2—>0,1% Si

BaTeIbHOCTH (3) KpEMHUM OYEHb CUJIBHO BIUSET Ha
MpouecCC Kpuctauindallyuu CljlaBOB Ha OCHOBC KC-
ne3a. Ha puc. 3 moka3aHbl pe3yabTaThl IKCIIEPUMEH-
TAJBHOTO U paCUCTHOI'O U3YUYCHUS BIUAHNUA KPEMHUSA
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CBAPKA W POOCTBEHHBIE TEXHONOM MK (

u AAK Ha CTPYKTYpY KQHCprKHHOHHQﬁ TaGauua 2. 3aBUCHMOCTD MeKY [AA, | M OXpyHUUBAHHEM HU3KOJIETH-

Cr—Ni—-Mo cranm.

POBaHHBIX cTaJIeil

He meHee cuiabHOAEHCTBYIOMIUM HpHU

KPUCTAIUIH3AIMH CTAIU sBIsieTcst hocdop.
B cBs13U ¢ TeM, UTO BO3/ICHCTBHE BO3MYIIIALO-
IIUX DJIEMEHTOB CKJI IbIBACTCS, X BIUSHUC

[Tapamerp Fe Cu N C Si P
] 0,360 | 0,303 | 0,503 | 0,042 | 0,037 | 0,778
|A4, | = ‘Af‘ —‘Afe 0 | 0057|0143 | 0318 | 0,323 | 0418

00 YCHIIMBAETCs, IM00, B CIIy4ae MPUCYT-
CTBUSI B KOJIMYECTBE MEHBIILIE KPUTHIECKOW KOHIIEHTPa-
1, ociadsiercs (puc. 4).

OnHOBpEeMEHHO C MpoleccaMu, HapyHIaloIuMU
PETYISIPHOCTH CTPOCHHUSI KPUCTAIITUIECKON CTPYKTY-
PBI, Pa3BUBAIOTCS SIBIICHUSI, CIIOCOOCTBYIOIINE CHH-
KEHHUIO COIPOTHUBIICHUS ACTPAAUPYIOILNUM Harpy3KaM
(TEenIoBbIM, KOPIYCKYJISIPHBIM, IEPHUOANYECKUM CH-
JIOBBIM H T.1I.). JlaHHBIC TAa0II. 2 MMOATBEPKAAIOT CBSI3b
MEXAy HapylLIeHHEM PEryJIspHOCTH CTPOCHHS MPHU
HaJIMYMHU ONIPEJECTEHHON npuMecH |AA4 | 1 CKIOHHO-
CTBIO MaTepuana K OXpynunBaHHIO.

CoBpeMeHHBIE MPEACTaBICHHS O MPUPOLE OX-
pyNuMBaHUS CTajell OCHOBBIBAIOTCS Ha 00pa3oBa-
HUU TIpejcerperanuii (MpenunuTaToB) U cerperamui
(dbocdopa, cepsbl, 0J0Ba, CYpbMbI U APYTHUX IJIEMECH-
TOB) ¥ YCUJIMBAIOIIUM JICHCTBHEM JICTHPYIOIIHUX dJIe-
MEHTOB — KPEMHMS, HUKEJIS, MapraHia, BIUsSHUE KO-
TOPBIX CHJIbHO 3aBHCUT OT UX KOHLICHTPALIUH.

Cy1iecTBeHHBIM BOIIPOCOM B JaHHOM CJIydae CTa-
HOBHTCS COCTOSIHUE U MIPOTSKEHHOCTD TPAHUL] 3€PEH.
HccrenoBanuio cOCTOSHUS TPaHUL 3€PEH B METalIe
KopmycHoro obopynosanust ADY Bceraa yaemsuia ca-
MoOe IpUCTanbHOE BHUMaHue. B mocnennuii nepuon
B CBSI3M C TPEOOBAaHUSIMH I10 YBEIMYCHHIO pecypca u
HA/ICKHOCTH STHX U3/ACIHH, a TAKXKE C LENbI0 cOo3/1a-
HUSl KOHKYPEHTHBIX MPEHMYIIECTB OTEYECTBECHHOTO
aTOMHOI'0 HEpreTu4eckoro odopymosanus B OAO
HIIO « THUWUTMAIL» cucremMaTudecky MpoBOAST-
csi pabOTHI IO U3YYEHUIO MEXaHU3MOB (OPMHUPOBa-
HUS TPaHMIL 3ePEH, OIICHKE WX BIUSHHS Ha CBOWCTBA
W3 U pa3paboTKe TEXHOJIOTHYECKUX METO/IOB
yIpaBJIeHUs KaUeCTBOM U CBOIICTBaMM I'DaHHLI.

C ucnosb30BaHNEM HAKOIJICHHOI'O SKCIEPUMEH-
TaJbHOI'O MaTepuaja pa3padoTaHa METOIUKA MOJE-
JUPOBAHMS, MO3BOJISAIONIAS OLICHUTH Pa3Mep 3epeH
MEPBUYHON KPUCTAIIIMYECKOH CTPYKTYPBI U UX 3BO-
JIOLHMIO NIPU PA3NMYHBIX ONepanusx AedopMaluu.
Ota pabora B TakoM 00beMe U C TaKOH TITyOMHOM
MIPOBOAMTCS B HAILIEH CTpaHE BIIEPBHIC.

[IpoBenena oLeHKa BIUSHUS JIEMEHTOB, HaN0O-
Jiee CHIIBHO BIUSIOIIMX Ha COCTOsIHME TpaHul. s
npuMepa u3yduiiu nosezeHue pochopa — 3nemen-
Ta, CYIIECTBEHHO BIMIIONIET0 Ha COCTOSIHUE TPaHMUII
Ha BCEX ATarax TeXHOJIOTHYECKOTo MapIIpyTa U IpH
skcrnryatanun. Kak u3sectHo, pocdop sSBiseTcs aie-
MEHTOM, 4e¥ KOd()PUIMEHT aKKOMOJIAITUUA CUIBHO
ominyaercs ot xeinesa. [losTomy oH sBiIsIE€TCS CHIIb-
HO JINKBUPYIOLIUM 3JI€MEHTOM, PABHOBECHBIN KO3(-
(buLMeHT pacrpeneseHus: KOTOPOro Npu KpUcTallu-

10-11/2013

3anuu o4eHb Hu30K (K menee 0,1). B cBasu ¢ stum
IIPY 3aTBEPACHUH KPYIHBIX CIUTKOB, UCIIOJIB3YyEMBIX
TIPH TIPOU3BOJICTBE KOPIYCHOTO 00opynoBanus ADY,
3TOT AJIEMEHT PacHpeAessieTcs HepaBHOMEPHO, HaKa-
IUTMBASICh B MEXKICHAPUTHBIX IPOCTPAaHCTBAX (MU-
KpPOJIMKBALMs) U B 30HAX XUMUYECKOW HEOJHOPOI-
HOCTH (MOANPHOBIILHONW M 30HE BHELEGHTPEHHOU
nuKBauK). 3BeCTHBI TepMOJMHAMUYECKUE MTOJX0-
b1, TIO3BOJISIIOIIME TIPOCIICIUTh H3MEHEHUE KOHIICH-
Tpaiuu Gocdopa. PaccuntaHHbie 3HAYCHUS TTOKA3bI-
BAIOT KaKOH ypOBEHb KOHIICHTPAIIMH TIPUMECH MOYKHO
OKUJATh HA TPAHUIAX B WU3JEIHH, TOJYYCHHOM H3
OTHOCHUTEIILHO KPYITHOTO CITUTKA CO CPETHUM PaJIny-
com 6omee 400 mMm.

CrenyeT oOpaTuTh BHUMaHHE €IIe Ha TO, YTO, I10-
CKONBbKY K|, SIBIISIETCS TEPMOJMHAMHMYECKOM XapaKTe-
PHUCTHUKOH, TONaraiy, 4To OHa HE 3aBUCUT WJIM Majo
3aBHCUT OT KOHICHTPAIMX JIMKBUPYIOLIETO 3JIeMEH-
ta. OgHaKo paboTaMu MOCIEAHUX JIET, B TOM YHUCIe U
corpynuukos OAO HIIO «ITHMUTMAII», noka3a-
HO, 4TO B CJIydae KOHIIGHTpAIMK MPUMECH B paciuia-
BE, IPHOJIKAIOIICHCS K MPEeIeNly paCTBOPHMOCTH 3TO-
IO 3JIEMEHTA B TBEPJOM JXKelese, 3HaueHus K, pe3ko
BO3PACTAIOT.

C y4eToM 3TUX MOIXOJ0B U IKCIIEPUMEHTAIBHBIX
Pe3yIbTaToOB IO U3YUYEHUIO ACHIPUTHON CTPYKTYpPHI
qutoi ctanu 15X2HMO® paccuntany KOHLIEHTPALUIO
docdopa B MOrpaHUIHOM CJI0€, KOTOPBIH SIBISETCS
mpooOpa3oM TpaHHuIl B OyayIieM u3neiann (IpoTorpa-
HUIIA), 1 Ha KOHEYHOM 3Tare — CTENEeHb 3aIl0JHEeHUS
MOTPaHUYHOrO ci1osi aroMamu (ocdopa B 3aBUCUMO-
CTH OT BEJTMYMHBI 3epHA.

HccnenoBanus mokasaiy, 4TO CTEIICHDb 3aIl0THE-
HUS HochOpPOM MPUTOAHBIX IS afCOPOIMH MECT Ha

AT, °C

300 -

200

100

4] 1 1 1
10 § 6 4

baaa sepna
L ] 1 1 1 |

1 2 4 8
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Puc. 5. Biusiaue copepxkanus dpocdopa B MeTaiie nepes 3arsepe-
BaHMEM M BEJIMYMHBI 3epHA TOTOBOTO M3/CIHs Ha TOBBIILICHUE KPH-
TUYECKON TeMIepaTypbl XpyNKOCTH: /| — HadajibHas KOHIEHTPALUs
(docdopa B xuakom meramie 0,01 %; 2 — 0,003
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0,1 MpUBOJIUT K MOBBIICHUIO KPUTHYECKON TeMIlepa-
Typsl Xpynkoct Ha 27...28 °C. B pe3ynbrare yna-
JIOCH TOJYYUTH 3aBUCHMOCTD BIHSIHUS COINEPKAHUS
(dbocdopa B MeTane nepes] 3aTBEpICBAHUEM U BEIJIH-
YUHBI 36pHA TOTOBOTO U3 HAa MOBBIIICHUE KPU-
TUUYECKOU TeMIEePaTypbl XpyNnKoCcTU. Pe3ynsrarsl us-
meHeHust AT o IIPEJICTaBICHBI Ha puC. 5. BaxHo, 4To
MOJIy4YeHHE B TOTOBOM MeTajule M3JEIUi U3 CTalu
15X2HM® BenuuuHBI 3€pHA BHIIIE OMPEACICHHON
(6omee 6...8 6anna) obecrieunBaeT BHICOKYIO YCTOM-
YUBOCTH MPOTHUB XPYIKUX Pa3pyIIeHU, a CHIDKEHNE
COZEepKaHMUs B UCXOAHOM MeTaie ¢pocdopa MeHEe
0,004 % nemaet cTaiab MPaKTUIECKH HEUYBCTBUTEINb-
HOH K AerpagupyronIuM BO3ICHCTBUIM.

[Iporpecc mpu MPOU3BOACTBE BHICOKOHAIEKHBIX
WB3JIeTNiA, HAIPpUMep, KOPITYCOB aTOMHBIX He()TeXUMHU-
YEeCKHUX PEaKTOPOB, CBAPHBIX POTOPOB U JIp. CBSI3aH U C
JATbHENIIIAM IPOJIBIYKEHHUEM TI0 CHIDKEHHUIO T MeTajl-
na cBapHbIX mBoB. OAO HIIO « [ ITHUUTMAILD» pa3z-
paboTai mporpaMMy TEXHOJIIOTHYECKUX M OpraHu3aIi-
OHHBIX Mep, K YHUCITy KOTOPBIX OTHOCHUTCS, HAPUMED,
MOJICpHHU3AIIHSI TIPOM3BOJICTBA TUIABJIEHBIX (DITFOCOB.

W3BecTHO, 9TO METaJI CBAPHBIX IITBOB UMEET PSI
0COOEHHOCTEH 10 CPaBHEHUIO C OCHOBHBIM METall-
JIOM, TaK KaK dKCIUTYyaTHPYETCS B JIUTOM COCTOSHUH.
OxpymuuBanue Cr—Ni—Mo mBoB (Ni < < 1,5 %, P <
< 0,012 %) npu 3aMeIJIEHHOM OXJIaXIEHUH TP OT-
ImycKke 00yCIIOBIICHO COJIEpKAHUEM KPEMHUsI, MapraH-
112 ¥ a30Ta BHIIIE ONpeIeTIeHHOTro YpoBHA (puc. 6). B
3HAYUTENILHON Mepe TEeXHOJIOTHYEeCKUE CPEICTBA Pe-
LICHUS 3aJaull TPUMEHUTENbHO K Koprycy BBOP-
1000 B HacTosiIIee BpeMsI U3BECTHBI U JOCTHKUMBI:

= OrpaHUYCHUE COACPIKAHUS a30Ta JOCTUTACTCS
BaKyyMHUPOBAHUEM IIPH BBHIILJIABKE CTAJIH JJISl CBAPOU-
HOU MTPOBOJIOKH;

* OrpaHUYCHUE COJCPKAHUS KPEMHHUS U MapTaHIia
B CTaJIM 11 IPOBOJIOKH;

* KOHTPOJIb TIepexo/ia KpEMHUS U MapraHiia B mpo-
I[lecce CBapKH B 30HE «IIUTAK—CBApOYHAs BAaHHAY ITy-
TEM perJlaMeHTaIlNH dJIEKTPUIECKUX ITapaMeTpoB pe-
JKUMa CBapKH;

* [[eJIEBOE CO3J[AHME COYETaHUs «TUIaBKa MPOBOJIO-
Kku—TapTus (uroca» (B3aMeH CeNEKTHBHOTO ITPHMEHe-
HUS CITy9alHBIX MapTuid uiroca).

PeanuzoBarh HayuHbIE pa3paOOTKA MOXKHO, TOJIb-
KO HCIOJIb3ySl HOBBIC TEXHOJIOTHYECKHUE MPOLECCH
WM CUCTEMHO IIPUMEHSSI paHee HapaOOTaHHBIC TEX-
HOJIOTUYECKHE PEHICHUSI, KOMOUHUPYS UX B CTPOTO
OIpPEJIEIECHHON HOPMUPOBAHHOM MMOCJIEN0BATEIBHO-
CTH U Yepeys C BHOBh PEKOMEHIyEMbIMU TIPUEMAaMHU.

OCHOBHBIC JIEMEHTHI HOBBIX TEXHOJIOTHIA:

CmanennasunbHulil YUK

* COBpEeMEHHOE 000pyI0BaHUE JIJIS ITUXTO3aro-
TOBKH, COBPEMECHHBIE CTPOTO KOHTPOJIHPYEMBIE IO
COCTaBy, BUy U rabapuTaM IIUXTOBbIE MaTepHAIbI;

* COBPEMEHHOE CTaJleINIaBUIIbHOE 000pynoBaHue,
obecrieurBaroriee YPPEKTUBHOE TUIABJICHHUE, TOYHO pe-
TyJIUpyeMOoe OCYLIeCTBIICHHE OKUCIUTEIBHBIX TPOIeC-
coB (00e3yrnepokuBanue, Tiryookas aedocoparms)
WA OTCYTCTBUE OKUCIICHUS (TIOJTHBIN TIepPETIaB);

* COBpEMEHHOE 000PY/I0BaHHUE JIJIsi BHEIICUHOU 00-
pabOTKH JKUIKOTO MOTYIPOAYKTa, 00ecIeunBaroniee
BaKyyMHpOBaHWE, MHTEHCHUBHOE MPOBEJIEHNE BOC-
CTAaHOBUTEJIPHBIX peaknuil (Mry0okoe aecyabdypa-
[IMOHHOE PACKUCIICHHE, KOHTPOJIb OKUCICHHOCTH U
yIpaBlIeHHE OKCHIHBIMH MOP(OIOTHUIMHU), TOTHOE
JIETUPOBAHHE, CTPOTO PETYIHPYEMBI HATPEB U WH-
TEHCUBHOE TIepeMeIINBaHNE.

HMK]lbl 3ameepdeeaHuﬂ U pasiuexku:

* IPUMCHEHHE CTEIHAIN3UPOBAaHHONW OCHACTKH,
KoTopasi 00ecIeurnBaeT ee ONTHMAJIbHYIO TEIJIOBYIO
paboTy M palMOHAILHOE UCIOIb30BaHHUE JIUTOH 3a-
TOTOBKH ((popMa CIMTKa, COOTBETCTBYIOIIAs Ha3HA4e-
HUIO U3/IETIHS);

* IPUMEHEHHE PALMOHATLHOTO METO/Ia PA3JIMBKH
(cBepxy, cudoH, B BAKyyMe WU CIIEIHAIN3UPOBAH-
HOIT atMOcdepe);

* CTAHJAPTHOE COCTOSHHE KMIKOTO MeTajula me-
pen pa3TUBKOH (CTPOTO PerIaMEHTHPOBAHHBIN XUMH-
YECKUN COCTaB, OKMCIEHHOCTh, COIep:KaHue BOAOPO-
Jla, TEMIIEpaTypa);

* 3aIIUTa OT KOHTAKTa C OKpYXalomieil arMocde-
potii (3aIuTa OT BTOPUYHOTO OKUCIICHUS, HACKHIIIEHUS
BOJIOPOJIOM M a30TOM);

» nuepeHIMpyeMBI 1 KOHTPOJIUPYEMBIH TEM-
nepaTypHO-CKOPOCTHON PEXUM Pa3IUBKH.

ﬂ'\ﬂ-\'(}. l:C
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Puc. 6. Biausnue conepkanust a30Ta Ha HEPEXOHYIO TEMIIEPaTypy
XpYNKOCTH MeTaua mBa 7, B 3aBUCUMOCTH OT CyMMAapHOH KOH-
ueHTpauuu kpemuus 1 Mapranua 0,7 % (/) n 0,6 (2)

[51, [P], Mac.% ([S1+[P1}, Mac.%

0,025 4 0,05

0,020 4 0,04

0,013 4 6,03

0,010 4 0,02

0,005 | 4 0,01
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Puc. 7. ﬂI/IHaMI/IKa U3MEHCHUS NOIMYCTUMOTO COACpINKAHUA MPU-

Mecel B cTalisiX Juisd oHepromamuuoctpoenus: [ — [P]; 2 — [S];
_ 3 —[P]+[S]
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Puc. 8. Biusinue akTMBHOCTH KHCIOpoja Ha conepxkanne Al,O, B
cocraBe HemeTaIyeckoi ¢assl (st cramu ¢ 9 % Cr)

Hepopmayuonnwiil nepeden:

* COBpPEMEHHOE IMeYHOe, Ky3HEUHO-IIPECCOBOE
o0opy/oBaHue, 00ecIeunBaroIee HeoOX0IUMOE pac-
npeesieHrne TeMIeparyp nepea aegopmanneii Ha Ha-
KOIUICHHYIO JiehopMaiunio 1 CKOPOCTh JeOpMaliu;

* COBpEMEHHAsI OCHACTKA, N3MEPUTEIIbHBIN 3JIeK-
TPOHHBIN UHCTPYMEHT;

* iporpaMmHasi ieopMarius, yauThIBaroIIas JaH-
HbIE O Ka9€CTBE M 0COOCHHOCTSIX NCXOTHON 3ar0TOB-
ku (cmuTka, cimtka DIIIIT, koBaHO# 3arOTOBKN).

Tepmuueckas obpabomia:

* mudpepeHupoBaHHbIE PEKUMBI, YUUTHIBAIO-
e pe3yabTaThl OIEHKH XapaKTEPUCTUK CIHTKA
(XMMUYeCcKHii cocTaB, coiep)kaHne BOIOPOAA, KOJIH-
YECTBO BKIIOYCHHI) U 1e(OPMUPOBAHHON 3arOTOB-
KU (MakCUMAaJbHBIN pa3Mep 3epHa, pacrpeiciiCHHe
HEeMETaUTMYECKUX BKIIOYCHUN U 30H XUMHUYECKOU
HEOIHOPOAHOCTHU);

* COBpPEMEHHBIC TEPMUYECKHUE MIEUH C JOIMyCcKae-
MO¥ HEOAHOPOAHOCTHIO TEPMHUUECKOTO MOJISl B TIpe-
nenax no 5 °C, mpuMeHeHHE BEPTHKAIBHBIX MEeUeH ¢
HUKHUM YCTaHOBOYHBIM YCTPOHCTBOM;

= COBpEMEHHBIC CIIpeepHbIC TEPMUUYECKHUE yCTa-
HOBKH (TIPEUMYIIIECTBCHHO BEPTUKAILHOTO THIIA), CO-
BpPEMEHHBIE 3aKaIOYHBIC YCTPOWCTBA M CPEIBI.

Ceapounulil u Mexanoobpadbamoleaowull Iman:

* COBPEMEHHBIE CPEJICTBA KOHTPOJIS K METPOJIOTH-
Yeckoe 000pyIOBaHHE;

* CBApOYHBIE MaTepHUalbl, aIallTHPOBAHHEIE K OC-
HOBHOMY METaJLTy;

* CBapOYHbIC (IIFOCHI, 00ECIIEUNBAIOIINE KAK 3a-
IIUTY, TaK U (POPMUPOBAHUE 33 JaHHBIX CBOMCTB U Ka-
YeCcTBa MaTepuaa IiBa;

* yBEJIMYCHHE JOJM aBTOMATU3MPOBAHHBIX TPO-
LIECCOB, PUMCHEHUE TPEXKOOPAMHATHBIX CBAPHBIX U
HAaIJIaBJICHHBIX TOJIOBOK;

* IPUMEHEHNE COBPEMEHHBIX MTPOIIECCOB OKOHYA-
TEJIHHON MEXaHMYECKOW 00pabOTKH, He MPUBOSAIINX
K HaKOIJICHHUIO HANIPSDOKEHUH B U3/ICNTNH.

PaccmoTpuM HEKOTOpBIE TPUMEPHI TPUMEHEHUS
COBpPEMEHHBIX TEXHOJIOTHH.

Ha puc. 7 mokazana nuHaMyKa U3MEHEHHS JOITY-
CTUMOTO COAEPKAHUS PETYIUPYEMBIX IIpUMeceil B
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Puc. 9. BnusiHne akTHBHOCTH aJIIOMHMHUS (KOHIIGHTPAIMN) Ha COIEp-

JKaHue A1203 B OKCHAHBIX BKJIToueHHAX ctaymm 15X2HM®A (xpusas
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COJep;KaHHe KIeoposa, %
Puc.10. BausiHue OKMCIEHHOCTH HAa U3MEHEHUE JIOJIH OKCHCYIb(H-
JIOB B HU3KOYIJIEPOAUCTON CTAIN
MaTepuanax, UCIoIb3yeMbIX B aTOMHON U KOHBEKIIH-
OHAJIbHOW PHEPTETUKE W JPYTUX BAXKHBIX OTPACIIX
9KOHOMHKH. Pe3ylIbTaThl MOKA3bIBAIOT, YTO HA CETO/-
HS TEXHOJIOTHS TTO3BOJISIET MPUOIU3UTECS K MIPEACITY
pPacTBOPUMOCTH Cepbl U Pocdopa B CTAIAX U, TAKUM
00pa3oM, KapaUHAILHO PEITUTE MPOOJIEeMY XUMHIYIE-
CKOM HEOJHOPOJHOCTH M CBSI3aHHBIM C HEH OXPYIUH-
BaHUEM KOHCTPYKIIHOHHBIX MaTepHAIIOB.

Vipasierne cocTaBoM B MOP(HOIIOTHEN BKITIOYE-
HUU B pa3IMYHBIX MaTepuaax Jisl JHEPTeTUKHU TTPH-
BeJIcHO Ha puc. 8—10.

[Ipumenenue psna TEXHOIOTUUECKUX PELICHUM,
KOTOpBbIE YKa3aHbl paHee, O3BOJIMIN MOAHITh TEXHO-
JIOTHEO TIPOU3BOJICTBA 00opynoBanus it ADC Ha 60-
Jiee BBICOKUU YPOBEHb, YTO SIBUJIOCH MTPUHIIUINAIIb-
HO HOBBIM 3TallOM B Pa3BUTHH METAJLTYPrUU KaK s
aTOMHOTO MAaIlTHHOCTPOCHUS, TaK U MAITUHOCTPOE-
HUS B 11e10M. [1oBBIIEHABIE TPEOOBAHUS K YUCTOTE
MeTajlla, MHTCHCHUBHOE pad)MHUPOBAaHUE, HOBAs TEX-
HOJIOTHS Pa3INBKH, KOBKH U TEPMOOOPAOOTKH, MPH-
HATHIC 7151 KOPITYCOB peakTopoB mpoekTa ADC-2006,
TTO3BOJIMIIA TIONTYYUTh P U3TOTOBIICHUN OYE€Hb HU3-
KHe 3Ha4eHUs (PaKTHIeCKON BETMUUHBI KPUTHUECKOM
TeMIepaTypbl XPYIKOCTH [T BCEX DJIEMEHTOB KOPITY-
ca u kpbikn peakropa (amke 90 °C) (Tabam. 3).

Enie omHum npumepom npuMeHEHUs: HOBOTO MO-
X0JIa K TEXHOJIOTUH SIBUJIACh pa3paboTka 0Co00 YMCTOM
mMorupukarmu crami Mmapku 10’ H2ZM®DA-A, B koTopoit
CYIICCTBCHHO CHIDKEHO COJIep:kaHue cepbl U pocdo-
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Tadauma 3. Xapakrepuctuku craiueii 1I5SX2HM®PA-A, 15X2HM®PA-® kaaccel

M aHW Bk e CEORETES
CBnem i +I50°C
DeTans eeiGopkH . | o = = - T Mpumevyanms
[0 0.2, b .
Ma|mrial® %] W% | mia | mia | % | o
1 2 3 4 5 [] 7 ] [] i0 11 12
=45°C — AnA
[T
AKTUBHOH 30HEI,
359 - ans }’E-TEHDB.I'I?FHM&
i IxaueHun T,
TY 0893-013-00212179-2003 30HB! NaTpySkos | OCHOBAHBIHA
(c vam. Ne2-2011) 610 | 490 | 15 55 539 441 14 50 -20°C - an 5$%m:::"3
AHNWEA 1
ANNWNCONA3, KP BB3P-1000
dinaxyes
KPbILLEH W
Eophyca
Oifevaim akmisHoR
30ML! (ONOPHERA, BEPXHAR 48 712 | 60T |21,8| 756 595 518 17,0 | 74,0 =50 + =75
W HMEHAA ) PedgepaHTHOCTE:
BNAHLB! KEPBILKH K
Kopnyca 41 700 | 602 | 20,0 74,0 585 517 150 | 750 =50 + -B0 a7 Bnowce
OSeyaiion 30Hb L BB3P-1000 "
naTpys 45 691 ) 582 | 21,0 750 572 495 16,0 | 73,0 =50 + =75 BRAP-1200
Axwmye kopnyca,
SNNWNCON KPbALIKH (] 715 602 |20,0| 73,0 582 517 15,0 | 70,0 =-T0
Ofeyaika 30HL QceoeHAE
naTtpySkos anA Nepsan | 670 | 565 | 24 76,0 547 472 16,5 72 -80 NpoMIBOACTEA Ha
Banmidckoi ASC MNAD « IMCCae,
Ja BCE BpEMA NPOMIBOACTEA HW ofHa M3 obevaex anA KP He nmena HefonycTiMeiX  oTKnodeHia ot Tpeiosarwi TY

Tadoauuma 4. XuUMHYECKHIi COCTaB CTAJIM ISl KOJLIEKTOPOB naporeHeparopos tuna II'B-1000MKII, mac. %

Mapka cranu C Si Mn Mo w cr | cu | S | P
He Oosee
10rH2M®A-B/]
1O H2MDA-IIT 0,08-0,12 | 0,17-0,37 | 0,80-1,10 | 1,8-2,3 | 0,40-0,70 | 0,03-0,07 | 0,30 | 0,30 | 0,005 | 0,008
10TH2M®A-A 0,09-0,11 0,20-,30 | 0,90-1,00 | 1,8-2,0 | 0,55-0,65 | 0,04-0,06 | 0,15 | 0,15 | 0,002 | 0,006
[Mpumeuganue. B cramu 10ITH2ZM®DA-A onpenensercs conepxkanue Sn, As, Sb u X = (10P + 5Sb + 4Sn + As)-100 < 15.

pa, CY’)KEHBI TIPEIENBI COACPYKaHUsT OCHOBHBIX JICTHUPY-
IOIIHX 3JIEMEHTOB, BBEJICHO OTPE/IENICHNE CONIEPKAHUS
MBIIIBSIKA, OJIOBA M CYPBMBI C permaMeHTanmeii X-ak-
Topa (X = (10P + 5Sb + 4Sn + As)-100) (Tabm. 4).

Heobxonumo Takke OTMETUTH, YTO B HACTOS-
mee BpeMs B OAO HIIO « HHUUTMAIL» nis mo-
HIDKEHUST KPUTHYECKOH TeMIlepaTyphbl XpYIKOCTH H
CTAOWMIIM3AIH CBOWCTB IIPH CBapKe MPOBOJSATCS HC-
CJEIOBaHUS MO ONPEACICHUI0O MEXaHU3Ma BIUSIHUS
KOMITJICKCHBIX MOAM(DHKATOPOB, BBOJMMBIX B METAILT
CBApHOTO 111Ba Yepe3 KepaMUiecKuil (hIroc, Ha Mexa-
HUYECKHUE XapaKTePUCTUKHU METAJlJIa CBAPHOTO IIIBa.

HcnpiTaHus MeXaHUYECKUX CBOWUCTB MeTajia
CBApPHBIX HIBOB, MOJYYCHHBIX IIPHU CBAPKE ONBITHBIX
o0OpasioB u3 cranu Mapku 15X2HM®A ¢ ucnosb-
30BAHUEM OIBITHBIX COCTABOB KEPAMUUYCCKUX (1).}1}0-
coB Mapku @IIK-16 B coueTaHuu C MPOBOJIOKON Map-
ki CB-12X2H2MAA, cBHIETEIHCTBYIOT O BEICOKOM
YPOBHE MEXaHUYECKUX XapaKTEPUCTHK METala IIBa,
MIPEBBIIAIONTUX TPEOOBAHUS HOPMATHBHOM JIOKYMEH-
tanuu. Mcneiranus npu cBapke mox ¢iarocom KB-4
MTOKA3aJIH, YTO KPUTHUYECKAS TEMIIEPATypa XPYIKOCTH
cocrasnsier T, =-30 °C.
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B mnacrosmiee BpeMs CymiecTBYIOT, OMpOOOBAaHBI U
BHEJIPEHBI 3JIEMEHTHl HOBBIX KOMIUIEKCHBIX TEXHO-
noruii, obecneunBaromux 3(QeKTuBHOE MOTydeHne
MaTEepUaJIOB C HOBBIM YPOBHEM CBOICTB.

JlanpHeiimre TOUCKN B 00J1aCTH KOMILIEKCHBIX
TEXHOJIOTUYECKUX M MaTepHaJIOBEAUYECKUX HCCIe-
JIOBAaHUU HaNpaBJCHBI HA CO3/aHUE HOBBIX CHUCTEM
JIETUPOBAHUST KOHCTPYKIIMOHHBIX MaTEpUATIOB IS
MaIIMHOCTPOCHUS, HAIIPABICHHBIX HAa yIpaBlIcHUE
[IEPBUYHON KPUCTAIIIUYECKON CTPYKTYPBbI, MEXAHU3-
MaMU yIPOUYHEHUS, MEXaHU3MaMH COTPOTUBICHUS
METAaJUIOB XPYIKUM Pa3pyIICHUSIM.

Heobxomumo pazpaboTarh HOBBIE CUCTEMBI TEXHO-
JIOTUYECKOM U HOPMATUBHOM JIOKYMEHTAllUU, OTUpa-
FOIICHCS, B TOM YHCJIE, Ha UCIIOJb30BaHUE O0bEKTUB-
HBIX 3KCIPECCHBIX METOJOB U CO3/IAKOLIUE YCIOBUS
JUIsL HEOPEPBIBHOTO 3IEKTPOHHOTO MOHUTOPHUHIA
TEXHOJIOTUH, TTO3BOJISIIOUIETO KOPPEKTUPOBATh €€ 110
ONEPAaTUBHBIM [1OKA3aTENsIM, OIYYEHHBIM Ha IPE/IbI-
JIyIlIEeM STale.

[ocrymuna B pegaxmmto 10.06.2013
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CBAPKA W POOCTBEHHBIE TEXHONOM MK ‘

AHAJIM3 U BIEOP CBAPOYHbBIX TEXHOJIOI' MM
[TPU CTPOUTEJIbCTBE MAI'ICTPAJIbHBIX TPYBOITIPOBO/I0B
BOJIBIIIOI'O IMAMETPA

M. BEJIOEB !, B. I. XOMEHKO 2, C. . KYYYK-AI[EHKO 3
I KZU Holding Group. Bonrapus, 1700, r. Codus. E-mail: marin.beloev@kzu-group.com
23A0 «IIckoBanexrpocsapy. PD. 18022, r. Ilckos, yin. Hosatopos, 3. E-mail: inpo@pskovelectrosvar.ru
3UAC um. E. O. [Natona HAHY. Vkpauna. 03680, r. Kues-150, yn. Boxenko, 11. E-mail: office@paton.kiev.ua

PaccMOTpEHBI IOCTOMHCTBA M HEJOCTATKH Pa3IMYHBIX TEXHOJIOTHH COCMHEHUS TPYO, TPUMEHAEMBIX IIPH CTPOUTEIILCTBE Ma-
THCTPAJIBHBIX TPYyOOHpoBoaoB. OTMEUCHO, 4TO CIIOCOO KOHTAKTHOW CBApKH OILIABICHHEM MMEET MPEHMYILECTBA 10 CPABHEHHIO
C JIyTOBBIM, JTy4E€BBIM U THOPUIHBIM crioco0aMu cBapku. Tabm. 1, puc. 8.

Kniwoueeswvie crnosa: ceapnvie mpybonpogoovl, 21eKkmpooy2o8bie npoyeccsl, 1yuesbie Memoobl C6apKul, KOHMAKMHAS CIbl-

Koedsl ceapKd, DKOHOMUYecKas sqb(j)ekmuenocmb

Pa3Buthie cTpaHbl, UCHBITHIBAIONINE MOTPEOHOCTH
B OOJIBIIIOM KOJIMYECTBE MPHUPOIHOTO Tra3a, akKTUBHO
IUIAHUPYIOT U CTPOST MATHCTPAIIbHBIE TPYOOIIPOBOIBI
OT ra30/00BIBAIONIUX IIEHTPOB K MeCcTaM IoTpedIe-
Husi. OcoOEHHO 3TO KacaeTcsl TaKUX CTpaH, kak bpa-
3unus, Amkup, ABctpanus, Poccus, ctpansl Kacnnii-
ckoro peruoHa u biakaero Bocroka.

Caapka siBIsieTCss Haubosee OTBETCTBEHHOM TeX-
HOJIOTUYECKOU omeparueil mpu CTPOUTEIBCTBE TPY-
OOIPOBOJIOB, U TEMIT CTPOUTEILCTBA 3aBUCUT OT TIPO-
M3BOJMTEIILHOCTH BBITIOJIHEHUSI CBAPOYHBIX PadorT,
[M03TOMY Pa3BUTHE CBAPOUYHBIX TEXHOJIOTHI SBISCTCS
peramiuM GaKTopoM, OIPEISISIONINM Ka4eCTBO U
3G (GEKTUBHOCTD BBIIIOJIHEHUS CTPOUTEIILHO-MOHTAXK-
HBEIX paboT.

CBapovHbIE TIPOIECCH U TEXHOJIOTHH MOKHO pa3-
JeTUTh Ha CIeAYyIONIue TPYIIIBL: AIeKTPOIYTOBBIE,
JIy4eBBIC U TPECCOBBIE, BKITIOUAsi KOHTAKTHYIO CBApKY
OIIABJIICHUEM U CBapKy TpeHueM. [IpumeHeHne sTux
TEXHOJIOTUH JOJIKHO 00€CIeuYnBaTh BBICOKOKAYE-
CTBEHHBIC CBapHBIC COCJIMHCHUS HOBOTO IMTOKOJICHUS
TpyOOIIPOBOIOB U3 CTAJM TOBBINICHHON KaTErOpUU
MPOYHOCTH, TakuX Kak X65, X70, X80 npu guame-
Tpax A0 56 110WMOB.

daektpoayrosbie npoueccbl. C 1960-x romos
caMO# pacipoCTPaHEHHOM TEXHOJIOrueH Oblia pyd-
Hast snekTpoayrosas cBapka (PC) sanexTpomamu 1ie-
JIFOJIO3HOTO BUAA KOPHS IIIBA U 3aIOJHSIONINX CJIIOCB
3JIEKTPOJAMHU C OCHOBHBIM BHJIOM IOKDPBITHS. DTa
TEXHOJIOTHS ¥ B HACTOSIIIEE BPEMS MCTIONB3YETCS IS
cTaneil 00BIYHOTO Kilacca mpoyHocThu. OHa Tpedy-
€T BBICOKOH KBanU(UKAIINN CBAPIIUKOB-OIIEPATOPOB
IIpH COOTIOICHUH TEMIIEPATYPHOTO PEXXIMa CBAPKH C
LIENBIO YAAJICHHUS BOJIOPO/A U3 CBAPHOTO COSTMHEHHSL.
Texuonorust PJIC Oyzner u nanee UConb30BaTbes HA

© M. benoes, B. 1. Xomenko, C. 1. Kyuyk-Suenko, 2013 .

10-11/2013

HEOONBIINX YYacTKaxX TPyOOIPOBOAOB NPU CTECHEH-
HBIX YCIIOBUSIX U PEMOHTHO-CBApOYHBIX pabOTax.

[Mpouecc cBapku MIG/MAG c BBITTOTHEHHEM KOP-
HS IIBAa C YIPaBIsIEMbIM MEPEHOCOM 3JIEKTPOJIHOTO
Metasia o metony STT u mocnenyronmm 3amnosHe-
HUEM pa3/eNKu Ipu OOBIYHOM IPOIECCe MPEaCTaB-
JieH Ha puc. 1. B HacTosuuit MOMEHT 3TOT METO/I, IIIH-
POKO HCHOIB3YETCsl, MPUYEM 3alIOJHEHUE TIOCIIE BbI-
MTOJTHEHUSI KOPHEBOTO CJIOSI, IOMUMO HCIIOJIb30BAHUS
nporecca MIG/MAG, MOXKHO BBITTOJTHATD U DJIEKTPO-
JaM{ C OCHOBHBIM BHJOM MOKPBITHS. OCOOEHHOCTHIO
9TOTO MPOLECCA ABISAETCS NOCTHKEHUE OYEHb BBI-
COKOI'O KauecTBa MHOIOCJIOMHOIO 1IBa, €CJIN CBapKa
MIOJTHOCTBIO BBIMOJTHEHA C BHEIIHEH CTOPOHBI TPYOBI.

J171 BBINIOJIHEHHUST CBAPHOTO 11BA MOJIHOCTBIO TPO-
neccoM MIG/MAG (puc. 2) psa gupm npoBesn uc-
CJIeIoBaTeNIbCKUE PabOoThI M CO3/IANIHN anmaparypy AJs
ABTOMAaTHYECKOH OpOMTaIbHON CBApKHU (yCTaHOBKH
«IIpoteycy).

||1'|]I.'IHH' FAlLam SVICK TROHOGID METLTRY

TD T1 T2 T3T4A4TSTH 17 t
Puc. 1. Cxema mpouecca MIG/MAG (meton STT)
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Puc. 2. BHemHmii BUJ CBAPHOTO COANHEHHMS, BRIIOIHEHHOTO nponieccom MIG/MAG

CyiecTByoT MOAU(UKALINN, KOT/Ia OpOUTATIBLHBIN
armapar padoTaeT ¢ AByMs ropeikaMu (puc. 3), 4To
COKpaiaet BpeMsl 3anoyiHeHus mBa. OCoOCHHO WH-
TepecHa MoAu(HUKaIUsI TaHAeMHOro nporecca MIG/
MAG, npefoCcTaBIsIOIIero HoBble BO3MOKHOCTH PO-
CTa MPOU3BOAUTENILHOCTH. B 3TOM Citydae ogHa cBa-
pOUYHAas TOpesika ¢ AByMsI KOHTAaKTHBIMHU Jr03aMH 00e-
CIeYnBaeT Nojavyy ABYX IPOBOJIOK B OJHY CBapod-
HYIO BaHHY. B HacTosiiiee Bpemsi ero NCrosib30BaHNe
B CTPOUTEIBHO-MOHTAXHBIX YCJIOBHUSAX OTpaHHUYe-
HO, BO-TIEPBBIX, U3-32 HECTAOMIBHOCTH IpoOLecca H,
BO-BTOPBIX, HOTPEOHOCTH B CBapIIMKaX-0MepaTopax
BBICOKOH KBaJH(PUKAIIH.

Hinst npouecca MIG/MAG nHaubonee ycoBepieH-
CTBOBAHHOU SIBJISIETCS TEXHOJOTHS C UCIOJIb30BaHU-
eM cBapouHoi kooHHHI (puc. 4) pupmer CRC Evans
(CIIA, Xprocton). CormacHo 3TOH TEXHOJIOTUN CBap-
HO€ COEJMHEHUE BBIIOIHIETCS CBAPOUHBIMU ['OJIOB-
KaMH, PACIIONIOKEHHBIMY U3HYTPHU U CHApYXKH CBap-
HOTO COCIMHEHUS COOTBETCTBYIOIINX TPYO.

K cBapHBIM COEIMHEHUSAM KOJBLEBBIX CBAPHBIX
LIBOB IpHU BBIMOJHEHUU npoueccom MIG/MAG
MPEIbIBIAIOTCS TPEOOBAHUS 110 OUYEHb TOYHON reo-
METPUH CTHIKYIOLIUXCS TOPLOB TPYO U TOYHOTO KOH-
TpoOJIsl apaMeTpoB cBapku. [l0CKOIbKY HamaBIeH-
HBIH CJIOM HAa OJJHOM CBApOYHOM IOCTY UMEET TOJI-
LIMHY 3 MM, TO ISl TOJICTOCTEHHBIX TPYO, HanpuMep
24 MM, HEOOXOIMMO OpraHU30BaTh BOCEMb CBapOU-
HBIX TIOCTOB, YTOOBI COXPAHUThH PACYETHBIN IIUKI BO
BpCMs BBITTOJHCHUS OAHOTO CBAPHOT'O CTHIKA. B na-

}: ":.‘ i !
Puc. 3. Annaparypa «lIpoteyc» ¢ AByMs rojoBKamu
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CTOSIIMKA MOMEHT 3Ta TEXHOJIOTHS IIUPOKO UCIIOIb-
3yetcs. OnHako oHa TpeOyeT nepcoHana YUCICHHO-
CThIO cBbIlIe 60 YenoBeK, 00CTyKMBAIOIIETO CBAPOY-
HYIO KOJIOHHY JUIS CBApKU TPyOOIPOBO/A AUAMETPOM
1420 MM mpu TONIIKUHE CTEHKU 0 24 MM.

JlydyeBbie cnoco0bl cBapku. Cpeau JyuyeBbIX
CBapOYHBIX TEXHOJOTHI Haubonee pa3BUTON SIBIIS-
€TCsl TEXHOJIOTHsI THOPUIHOM J1a3epHOit cBapku. Pas-
paborannsie B SLV Halle (I'epmanus) ycTaHOBKH B
J1a00PaTOPHBIX YCIOBHUSIX IMOKA3bIBAIOT O0HAICIKHBA-
foIne pe3yasTarsl (puc. 5). OgHako IS BHEAPCHUS
3TOH TEXHOJIOI'MU HEOOXOANMO IPHIIOKHTD €€ MHO-
ro ycunui mo moaudukanuu obopynoanus (puc. 6)
1 pa3paboTKe MOHTaXHO-CBAPOUYHBIX MPHUCITOCO0ITE-
HUH.

IIpeccoBbie cnoco6bl. Ha pernonansHOM KOH-
rpecce MexIlyHapoIHOIO HHCTUTYTa CBapKH, COCTO-
apmemcsi B Copunm 20-24 oxtsiops 2010 r., oOcyxaa-
JIMCh BCE UCIIOJIb3yEMbIE CBAPOYHBIE TEXHOJIOTUH MTPU
COOPYXEHUH MaruCTpalbHBIX TPYOOIPOBOIOB.

Puc. 4. CRC kononna Ha Tpacce
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Puc. 5. Makpouund coequHeHuii TpyOHBIX CTallel, BBINOIHEHHBIX C HCIOJIb30BAaHUEM Pa3JIMYHBIX HCTOYHUKOB dHeprun: a — MIG/MAG; 6 —

MIG/MAG +nasep; 6 — nasep

Haubonee ynaunoil ¢ Touku 3peHHs IPOU3BOIU-
TEJIBHOCTHU, HEOOIBILIOTO KOJINYECTBA 00CITYKHBAIO-
LIETO MEePCOHaNa, HAMMEHBIIETO BIMSHUS CyOBEKTHB-
HOTO YeJIoBeYecKoro (pakropa Obula MpU3HAaHA TEXHO-
JIOTHUSl CTHIKOBOM KOHTAKTHOM CBapKH OIUIABICHHEM
(KCCO). Pe3omronnst KOHTpecca peKOMEHI0Baa ee
MIPUOPUTETHOE BHEPEHHE.

Ha mpaxrtuxe texunonoruss KCCO mpenctaBuseT
co0oii mporecc, Ipu KOTOpoM 00ecIIednBaeTcs mo-
Jlada HalpsDKEHUS] MEXy JIByMsl TopLaMu TpyO, Ko-
TOpBIE COMMKAIOTCS 110 ONPENEICHHON IPorpaMMme,
B pe3ynbTaTe 4ero noiydaercs nckpenne (flashing).
DHeprus MPOXOASNIEro TOKa OOJBIIOT0 3HAYECHUS
(coTHM TBICSY amIIep) HarpeBaeT TOpIbl TPyO, mocie
OBICTPOrO CKaTHsl KOTOPBIX 00ECIIeYNBACTCSI HEPA3h-
E€MHOE COCJMHEHHE.

Orta texnonorus cozaana B UDC um. E. O. [latona
nof pykoBoactBoM b. E. Tlatona, C. 1. Kyuyk-SueHko,
B. K. JlebeneBa coBMecTHO ¢ opraHu3zauusiMu MuH-
Hedrerazctpost CCCP B 1970-¢ rozpl. B ganbHelimem
Ha ee 0ase ObLIa pazpaboTaHa CBapOYHAS YCTAHOBKA
«Cesep 1», c TOMOIIBIO KOTOPOit OBLIO CBAPEHO CBBI-
me | MIH CBapHBIX COCIUHEHUM TPYO auamMeTpoMm
1420 MM u mocae 30 JeT uX dKCIUTyaTaluy HeT HU
OJIHOTO Clly4yass BO3HHMKHOBEHHUS aBapUHWHON cUTya-
LUH.

[Tocne 2009 . 3aBog 3AO «IIckoBanexTpocBap»
coBmectHO ¢ UDC nm. E. O. Ilarona mposen moau-
(ukamuo 3Toro 000pyIOBaHUS IS MCIOIH30Ba-
HUSl JaHHON TEXHOJOTHH IIPU CBapKe TPpyOOompoBo-

ha

Puc. 6. CBapouHbIil KOMITIEKC ISt THOPHTHON JTa3epHOH CBAPKH:
1 — TonoBKa A THOPHIHON CBapKH; 2 — IMepeMeNaroIuics
TPAKTOP C JAaTIMKOM YIIPABICHNUS; 3 — TOpENKa B OIOKSHUH 3a-
TIOJTHEHUSI pa3ieNKu; 4 — KOJbl0; J — IUIaHT
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JIOB OOIIBIIOTO inameTpa. bl pa3paboTan KOMILIEKC
KCC-04 (puc. 7), KOTOpBIH B HACTOAIIEE BpEeMsI TIjIa-
HUpYeTCs MUPOKO UCII0Ib30BaTh HA MHOTHX y4acT-
KaxX WHBECTUIIMOHHON TPyOOIIPOBOTHON CHCTEMBI KaK
B PO, Tak u B Apyrux crpaHax.

B cooTBeTCTBUU ¢ yIOMSIHYTOH BBILIE PE30IIIO-
nueid MUC 6b110 1OJIy4eHO HECKOIBKO 3KCIIEpHU-
MEHTJIBHBIX CBAPHBIX COCAMHEHUH TpyO O0JbIIOrO
JuaMeTpa, KOTOpbIE 3aTeM ObUIM UCIIBITAHBI B J1a00-
patopusix 3A0 «IIckoBanekTpocBapy, a TakKe B Jla-
ooparopusax MuctutyTa Matepuanosenenus bourap-
cKoii akageMuu HayK. C MOMOIIbIO KOMIIBIOTEPHON
CHUCTEMBI yNpaBJIeHHUs! ObLIM TOYHO 3aJaHbl apamMe-
TPBI PEKUMa CBAPKU U PEIKUMBI MTOCIEAYIOMIEH Tep-
MOOOPaOOTKH, a TAKXKe apaMeTphbl CHATHSI HAPYKHO-
TO M BHYTPEHHETO Tpara JUIst MOCIe [yIOIero aBToMa-
THUYECKOI'0 YJIBTPa3ByKOBOI'O KOHTPOJLS.

B skcniepuMeHTax UCIOIB30BAIN CTalb KaTeropun
npodHocTH X65 dhupmer «Europipe» (I'epmanmst) cie-
JYIOLIEro XMMU4eCcKoro cocrana, mac. %: 0,071 yre-
pona, 0,237 kpemuus, 1,51 mapranma, 0,005 cepsr,
0,009 pocdopa, 0,04 xpoma, 0,15 aukens, 0,07 mo-

|3 : 1

Puc. 7. Kommnexc KCC-04: ¢ — BHemHmi BUI; 6 — B Iporecce
paboTEI

127



, CBAPKA W POOACTBEHHBLIE TEXHONOM KA

CpaBHeHHE IKOHOMUYECKOH 3P (PeKTHBHOCTH BHEAPEHUSI KOMILTEKCa IeKTPOKOHTAKTHOM cBapku Tuna KCC-04 u cBapouHoii

KoJoHHBI CRC Evans

ITokazarenn CRC Evans KCC-04
[poTshKeHHOCTh TPyOOIPOBOA, KM 100
Jlmametp TpybompoBoaa, MM 1420
TommuuHa cTeHkH TpyOOIPOBOAA, MM =25
CTOMMOCTB OIHOTO KOMILIeKca, moi. CIIIA 5750 000 3930 000
O0111ee KOJIMYECTBO CTHIKOB HA BCEM TPYOONPOBOIE C YUETOM BO3MOXKHOTO Opaka, IIT. 9180 9116
UmncIIeHHOCTh MepCOHalIa MPOEKTa, JeIl. 68 16
CebecTonMOCTb CBapKU OJHOTO cThika, noi. CIIA 874 579

. :
Puc. 8. BHemnuii Bug 00pa3ioB cBapHBIX coequHeHU Tpyo [y
1220%27 MM mociie UCTIBITAHUI Ha pacTsbkeHue (a) u u3rud (0)

monena, 0,04 sanagus, 0,037 amomunus, 0,012 tu-
tana, 0,02 auodus, 0,002 6opa, 0,03 meau. Ee me-
XaHUYECKUE CBOICTBA B COCTOSIHUU IIOCTaBKH CIIEy-
IOIHE: G, = 490 MIla; o, = 553 Mlla; 8 = 26,5 %,;
KCV,,, = 3358 x/lem?; KCV ;= 334,9 Jlx/cm?.
[Tocne ucnbiTannit 00pa3LOB OBIIM MOTYUYEHBI Clle-
JyIolllie MPOYHOCTHBIE XapakTepuctuku, MIla: 538,
545, 541 u 540.

Buenrnuii Bu 00pa3ioB CBapHBIX COCAMHEHUN
Tpy6 Hy 1220%27 MM mociie UCTIBITaHUH Ha pacTsiKe-
HUE U U3TM0 Npe/CTaBlIeH Ha pucC. 8.

Otmerum npenmymiectsa KCCO:

® [IPOLIECC BBIMOJIHACTCS Ha OTHOM TIOCTY;

* o0ecreunBaeTcst BRICOKHI TEMIT CTPOUTEIHCTBA
TpyOOIPOBOJOB 32 CUET MAJIOI'0 BPEMEHU CBApKU Ofl-
HOTO CTBIKAa HA OJJHOM IIOCTY, KOTOPO€ COCTAaBIIAET
60...200 ¢ B 3aBHCUMOCTH OT THUIIOpa3Mepa CBapH-
BaeMbIX TpyO muamerpom ot 114 no 1420 mwm ¢ Ton-
muHOU cteHku A0 30 mm. HakorieHn Gonbioi mpo-
MbIIeHHBIA onbIT npuMeHeHnsa KCCO npu ctpon-
TEJIbCTBE TPYOONPOBOIOB Pa3IMYHOIO HA3HAYCHUS B
Ha3EMHBIX YCIOBHSIX;

* BeCh MIPOIECC OT Hayaja JJO KOHIA BBITOIHIETCS
B aBTOMAaTHYECKOM PEXHUME IO 33JaHHOH Mporpamme,

YTO UCKITIOYAET CyOhEeKTHBHOE BIIMSHUE CBAPIIINKA HA
KadeCTBO COCANHCHMI,

® B CBapHBIX COCJAMHCHUSAX JOCTUTACTCS HU3KHH
YPOBEHb OCTATOYHBIX HAMPSIKEHUH, YTO CYIIECTBEH-
HO MOBBIIIAET KOPPO3UOHHYIO CTOMKOCTh TAKOTO CO-
eAMHEHUS; MEXaHHYECKUE CBOWCTBA OTBEUAIOT Tpe-
OOBaHMSIM CTaHIAPTOB PA3BHUTHIX CTPaH (HaIpUMeED,
crangapty AP1-1104, CIIA);

® KaueCTBO CBAapHBIX COCJAMHEHUU 3(PPEKTHBHO
OLIGHUBAETCS TIOCPEACTBOM KOMIBIOTEPU3UPOBAHHOM
00paboTku (pakTHUECKUX 3HAYCHUI apamMeTpoB pe-
JKUMa CBapKH, CO3JIaHHOTO Ha 0asze peasibHO cylle-
CTBYIOILIEH 3aBHCUMOCTH «PEKHUM CBAPKU — Ka4€CTBO
COCJIMHEHHUSI», KOTOpast 00yCIIOBICHA (PU3NICCKUMU
ocobenHoctsamu npouecca KCCO; 10cToBEepHOCTD
BBISIBJICHUST BOBMOXKHBIX JI()EKTOB MPAKTUIECKU PaB-
Ha 100 %, B TOM 4YnCie MPH UCTIONH30BAaHNN aBTOMa-
TU3UPOBAHHOTO YIBTPAa3BYKOBOTO KOHTPOJIS;

* TpyOBI BCEX KJIACCOB MPOYHOCTH CBAPUBAIOT MPH
MO00H TeMIepaType OKpy Karoliei cpeabl 6e3 mpe/-
BapHUTEIHHOTO MOJIOTPEBA;

* norojiHbIe (PAKTOPHI HE OKA3BIBAIOT BIIHMSIHUS Ha
Ka4eCTBO CBAPHBIX COCIMHEHUIA,

® [IOBBINIACTCS CKOPOCTh CTPOUTEILCTBA TPY-
0OIPOBOJIOB;

® CHWKAIOTCSl MaTepUANIbHBIC 3aTpaThl HA CTPOU-
TEJILCTBO TPYOOIIPOBOJIOB.

JlanHble, npuBeeHHbIE B TaOIHIlEe, KPACHOPEUH-
BO CBHUJICTEILCTBYIOT O MIPEHMYIIECTBAX UCITONIb30Ba-
aus komruiekca KCC-04 mo cpaBHEHHIO CO CBapOU-
Ho#t konmoHHON CRC. OcoGeHHo moka3arenbHO Co-
MOCTaBIICHUE TaKUX (PAKTOPOB, KaK YHCICHHOCTH 00-
CITY’)KHBAIOIIETO MepcoHaa, ce0ecTOMMOCTh OJTHOTO
CBApHOTO COCTUHEHUS], KOTOPBIEC B TIOJIBb3Y KOMILIEKCA
KCC-04.

Ucxons u3 atoro Gpupmsel, HanpuMep Oonrapckue,
3aHUMAIONIHECs peaau3alueil TPoeKTOB M0 CTPO-
UTEIBCTBY TPYOONPOBOIOB OOJBIIOTO TUAaMETpa, B
JaTpHEHIIeM OylyT OpUEHTHUPOBATHCS HA MMPUMEHE-
Hue komruiekcoB KCC-04.

IMoctynuua B penaxnuio 01.04.2013
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RESIDUAL STRESS MANAGEMENT IN WELDING:
MEASUREMENT, FATIGUE ANALYSIS
AND IMPROVEMENT TREATMENTS

Yu. KUDRYAVTSEYV and J. KLEIMAN
Structural Integrity Technologies Inc. Markham, Ontario, Canada. E-mail: jkleiman@itlinc.com

Residual stress (RS) management is a concept according to which three major stages, i.e. RS determination, RS fatigue analysis
and RS beneficial redistribution are considered and evaluated, either experimentally or theoretically to achieve the optimum
performance of welded structures. All three stages as well as a number of new engineering tools such as ultrasonic computerized
complex for residual stress measurement, UltraMARS, software for analysis of the effect of residual stresses on the fatigue life of
welded elements, ReSIsT, and new technology and, based on it, compact system for beneficial redistribution of residual stresses
by ultrasonic impact treatment, UltraPeen, will be discussed. Examples of industrial applications of the developed engineering
tools for residual stress analysis and fatigue life improvement of welded elements and structures will be given. 10 Ref., 8 Figures.

Key words: ultrasonic measurement, residual stress, software, prediction of fatigue life, redistribution of stresses, ultrasonic

impact treatment, industrial application

1. Introduction. Residual stress management

Residual stress management is a concept that ad-
dresses major aspects of residual stresses in welds and
welded structures. According to the concept three ma-
jor stages, i.e. RS determination, RS analysis and RS
redistribution are considered and evaluated, either ex-
perimentally or theoretically to achieve the optimum
performance of welded structures.

Residual stress can significantly affect engineer-
ing properties of materials and structural components,
notably, fatigue life, distortion, dimensional stability,
corrosion resistance etc. Such effects usually lead to
considerable expenditures in repairs and restoration
of parts, equipment and structures. For that reason,
the residual stress analysis is a compulsory stage in
the design of structural elements and in the estimation
of their reliability under real service conditions. Sys-
tematic studies had shown that welding residual stress-
es may lead to a drastic reduction in fatigue strength of
welded elements. In multi-cycle fatigue (N > 10 cycles)
the effect of residual stresses can be compared with the
effect of stress concentration. Even more significant
are the effects of residual stresses on the fatigue life of
welded elements in the case of relieving harmful tensile
residual stresses and introducing beneficial compressive
residual stresses in the weld toe zones. The results of fa-
tigue testing of welded specimens in as-welded condi-
tion and after application of ultrasonic peening showed
that in case of non-load caring fillet welded joint in high
strength steel, the redistribution of residual stresses re-
sulted in approximately two-fold increase in the limit
stress range [1, 2]. The residual stresses, therefore, are
one of the main factors determining the engineering
properties of materials, parts and welded elements

© Yu. Kudryavtsev, J. Kleiman, 2013

10-11/2013

and this factor should be taken into account during the
design and manufacturing of different products. Al-
though certain progress has been achieved in the de-
velopment of techniques for residual stress manage-
ment, a considerable effort is still required to develop
efficient and cost-effective methods of residual stress
measurement and analysis as well as technologies for
the beneficial redistribution of residual stresses.

It is very important to consider the problem of re-
sidual stress as a complex problem including, at least,
stages of the determination, the fatigue analysis and
the beneficial redistribution of residual stresses. The
combined consideration of the above-mentioned stag-
es of residual stress analysis gives rise to so called Re-
sidual Stress Management (RSM) concept approach.
The RSM concept includes the following main stages:

Stage I: Residual Stress Determination. The
stresses can be evaluated directly through measure-
ments either using destructive method or non-destruc-
tive method and through computation.

Stage 2: Analysis of the Residual Stress Effects. The
effect of residual stresses can be evaluated either through
experimental studies or via computational methods.

Stage 3: Residual Stress Modification, if required.
The modification of the residual stresses could be
performed through changes in the technology of man-
ufacturing/assembly and/or through application of
stress-relieving techniques.

A number of new advanced engineering tools for all
three stages of RSM were developed recently at Struc-
tural Integrity Technologies (SINTEC) Inc. located in
Markham, Canada in cooperation with Ukrainian scien-
tists. Short descriptions of the new engineering tools for
residual stress management and examples of their prac-
tical application are presented below.
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2. Residual stress measurement
2.1. Current Situation with Residual Stress
Measurements

Over the last few decades, various quantitative
and qualitative methods of residual stress measure-
ment have been developed. In general, a distinction
is usually made between destructive and non-destruc-
tive techniques [2].

The first series of methods is based on destruction
of the state of equilibrium of the residual stress after
sectioning of the specimen, machining, layer removal
or hole drilling. The redistribution of the internal forc-
es leads to local strains that are measured to evaluate
the residual stress field. The residual stress is deduced
from the measured strain using the elastic theory
(analytical approach or finite element calculations).
Among the most commonly used methods one can
mention a few like:

- The hole drilling method,

- The ring core technique,

- The bending deflection method,

- The sectioning method, etc.

The second series of non-destructive methods of
residual stress measurement is based on the relation-
ship between the physical and the crystallographic pa-
rameters and the residual stress. The most developed
methods are:

- The X-ray and neutron diffraction methods. These
methods are based on the use of the lattice spacing as
the strain gauge. It allows studying and separating the
three kinds of residual stresses. Currently, the X-ray
method is the most widely used non-destructive tech-
nique for residual stress measurements.

- The ultrasonic techniques. These techniques are
based on variations in the velocity of ultrasonic wave
propagation in the materials under the action of me-
chanical stresses.

- The magnetic methods. These methods rely on
the interaction between magnetization and elastic
strain in ferromagnetic materials. Different magnetic
properties can be studied: permeability, magnetostric-
tion, hysteresis, and Barkhausen noise.

While there are various destructive and nonde-
structive methods to detect and quantify the residual

|

stresses described in technical literature, new industri-
al problems, new geometrical and material complex-
ities related to them, combined with a general need
for fast and economical residual stress measurements
create strong demand in new effective techniques and
devices that is increasing dramatically. The most de-
sired technology must be reliable and user-friendly,
i.e. it should not require guessing and intuition from
the engineer/technician and it must be computerized
for quick analysis. One such new system for residual
stress measurement that is based on using of the ultra-
sound is described below.

2.2. Ultrasonic Computerized Complex for Resi-
dual Stress Measurement

The Ultrasonic Computerized Complex (UCC)
was developed for residual stress measurement in
laboratory and in field conditions [3-5]. The UCC
“UltraMARS” (Ultrasonic Measurement of Applied
and Residual Stresses) includes a measurement unit
with supporting software and an optional laptop with
an advanced database and an Expert System (ES) for
analysis of the influence of residual stresses on the fa-
tigue life of welded elements (Figure 1). The UCC al-
lows determining uni-and biaxial applied and residual
stresses for a wide range of materials and structures.
In addition, the developed ES can be used for calcu-
lation of the effect of measured residual stresses on
the fatigue life of structural elements, depending
on the mechanical properties of the used materials,
the type of welded elements and the parameters of
cyclic loading.

The supporting software allows controlling the
measurement process, storing the ultrasonic meas-
urement data and calculating and plotting the resid-
ual stresses distribution. The software allows the
use of the designed method and equipment with
standard PC’s.

The main technical characteristics of the measure-
ment unit:

-The stress can be measured in materials with
thicknesses 2—150 mm;

-The error of stress determination (from external
load) is 5-10 MPa;

-The error of residual stress determination is ~ 0.1

Figure 1. Ultrasonic Computerized Complex for residual and applied stress measurement: a — UltraMARS® model shown with a lap-
top and an oscilloscope; b — Next generation UltraMARS® -7 model shown with all transducers, transducer holders and attachments
s,
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Figure 2. Measurement of residual stresses in a fragment of a real ship structure: a — schematic view of a fragment of the welded pan-
el with details on residual stress measurement zones. The measurements were conducted along lines 4, 5 and 6, b — the distribution of
residual stress along the welded stiffener (along line 6) in the welded panel before and after 2010 cycles of loading

o, (MPa);

-The stress, strain and force measurement can be
performed in fasteners (pins) 25—-1000 mm long;

-The system can be powered from an independent
power supply (accumulator battery 12 V);

-The overall dimensions of the measurement in-
strument 300x200x150 mm;

-The weight of the unit with transducers is 6 kg.

One of the main advantages of the developed sys-
tem UltraMARS® technique and equipment is the pos-
sibility to measure the residual and applied stresses in
samples and real structure elements. Such measure-
ments were performed for a wide range of materials.
An examples of practical application of the developed
ultrasonic technique and equipment for residual stress
measurement in welded elements is presented below.

Figure 2b shows the distribution of residual stress
in large scale welded panel shown schematically in
Fig. 2a along the welded stiffener in as-welded condi-
tion and after cyclic loading [6]. It can be seen from
Fig. 2 that the maximum residual stress near the welds
(45 mm away from the weld) acting in the direc-
tion of longitudinal attachment and applied load
reach levels 290-320 MPa that are close to the
yield strength of considered material both in speci-

il i il |

Figure 3. Application of the UltraMARS system for measurement of residual stresses in the

mens and in the panel.

Figure 3 shows two other typical examples of field
application of the Ultrasonic Computerized Complex
— UltraMARS® on a section of a highway bridge and
on a section of a submarine hull.

3. Residual stress in fatigue analysis

despite the fact that the residual stresses have a
significant effect on the strength and reliability of
parts and welded elements, their influence is not suf-
ficiently reflected in corresponding codes and regula-
tions. This is, mainly, because the influence of resid-
ual stresses on the fatigue life of structural elements
depends greatly not only on the level of residual
stresses, but also on the mechanical properties of used
materials, the type of welded joints, the parameters
of cyclic loading and on other factors [1,2]. Pres-
ently elaborate, time-and labor-consuming fatigue
tests of large-scale specimens are required for this
type of analysis.

Generally, in modern standards and codes on fa-
tigue design [7] the presented data correspond to the
fatigue strength of real welded joints including the
effects of welding technology, the type of welded ele-
ment and the welding residual stresses. Nevertheless,
in many cases there is a need to consider the influence
of welding residual stresses
on the fatigue life of structural
components in greater details.
These cases include use of the
results of fatigue testing of
relatively small welded spec-
imens without high tensile
residual stresses, analysis of
effects of such factors as over-
loading, spectra loading, ap-
plication of the improvement
treatments, etc.

An Expert System for

zones of welded elements of a highway bridge (a) and a submarine pressure hull (b)

10-11/2013 AR R 131



] CBAPKA W POOACTBEHHBIE TEXHONOTMAK

Fatigue Assessment and Optimization of Welded
Elements “ReSIsT” was developed to resolve the
above-mentioned problem [2]. The ES “ReSIsT” (Re-
sidual Stresses and Improvement Treatments) is based
on the original predictive model for analysis of the in-
fluence of the residual stresses and their redistribution
under the effect of cyclic loading and improvement
treatments on the fatigue life of welded elements.

The optimization of welded elements is based on
their fatigue assessment in the dialog mode. The fol-
lowing important parameters of welded structures are
analyzed with the goal to enhance the fatigue perfor-
mance:

- Material selection,

- Preferred design of welded elements,

- Weld processes and materials,

- Residual stresses,

- Application of improvement treatments,

- Influence of possible repair technologies,

- Realistic service conditions.

The ES includes a package of programs allowing to
perform storing, classifying and statistical processing
of the fatigue testing results and subsequent compar-
ative analysis of the fatigue life of welded elements
in the initial condition (after welding) and after appli-
cation of improvement treatments. The developed ES
includes the possibility to assess through calculations
the effect of welding residual stresses and the applica-
tion of improvement treatments on the fatigue life of
welded elements without having to perform the time
and labor consuming fatigue tests. The application of
heat-treatment, vibration treatment, overloading, ul-
trasonic peening and other improvement treatments
are considered. During fatigue assessment, the me-
chanical properties of the materials, the type of weld-
ed elements and stress concentrations, as well as the
cyclic loading parameters are taken into account. A
detailed analysis of the influence of residual stresses
and their redistribution under the effect of cyclic load-
ing in the zones of stress concentration is performed
during such assessment.

The significant increase in the fatigue strength of
parts and welded elements can be achieved by benefi-
cial redistribution of residual stresses. To demonstrate
this point, the calculated fatigue curves for a trans-
verse loaded butt weld with different levels of initial
residual stresses are shown in Figure 4. The fatigue
curve of the welded element will be located between
lines 1 and 2 in the case of partial removal of tensile
residual stresses (i.e. lines 3 and 4). The decrease of
the residual stresses from initial high level (linel) to
100 MPa (line 4) causes, in this case, an increase of
the limit stress range at N = 2:10° cycles from 100 to
126 MPa.

The relieving of the residual stresses in welded el-
ement to the level of 100 MPa could be achieved, for
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Figure 4. Fatigue curves of transverse loaded butt weld at R=0:
Line 1— with high tensile residual stresses; Lines 2...6 — with re-
sidual stresses equals to 0 MPa, 200 MPa, 100 MPa, —-100 MPa
and —200 MPa, respectively
example, by heat treatment or overloading of this welded
element at a level of external stresses equal to 0.52(5y. As
a result, this fatigue Class 100 welded element becomes
the fatigue Class 125 element [7]. After modification
of welding residual stresses, the considered welded el-
ement will have an enhanced fatigue performance and,
in principle, can be used instead of transverse loaded
butt weld ground flush to plate (No. 211) or longitudinal
weld (No. 312 and 313) [7]. Introducing of compressive
residual stresses into the weld toe zone can increase the
fatigue strength of welded elements even to a larger ex-
tend (lines 5 and 6 in Figure 4).
4. Residual stress modification

In many cases, the beneficial redistribution of re-
sidual stresses can improve drastically the engineer-
ing properties of parts and welded elements. The det-
rimental tensile residual stresses could be removed
and beneficial compressive residual stresses could be
introduced into the subsurface layers of treated ma-
terials by application of heat treatment, overloading,
hammer peening, shot peening, laser shock peening,
etc. One of the new processes for effective redistri-
bution of residual stresses is Ultrasonic Impact Treat-
ment (UIT) or Ultrasonic Peening (UP) [8-10].

The UIT/UP produces a number of beneficial effects
in metals and alloys. Foremost among these is increas-
ing the resistance of materials and welded elements to
surface-related failures, such as fatigue, fretting fatigue
and stress corrosion cracking. The beneficial effect is
achieved mainly by relieving of harmful tensile residual
stresses and introducing compressive residual stresses
into surface layers of metals and alloys, decreasing of
stress concentrations in weld toe zones and the enhance-
ment of the mechanical properties of the surface layers
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of the material. The fatigue testing of welded specimens
showed that the UIT/UP is the most efficient improve-
ment treatment as compared with traditional techniques
such as grinding, TIG-dressing, heat treatment, ham-
mer peening, shot peening etc. [1, 10]. A new advanced
system UltraPeen® (Ultrasonic Peening) for UIT/UP of
parts and welded elements is shown in Figure 5.

For the effective application of UIT/UP, depending
on the above-mentioned factors, a software package for
Optimum Application of Ultrasonic Peening was devel-
oped that is based on an original predictive model.

In the optimum application, a maximum possible in-
crease in fatigue life of welded elements with minimum
labor-and power-consumption is thought. The main
functions of the developed software are:

-Determination of the maximum possible increase in
fatigue life of welded elements by UIT/UP, depending
on the mechanical properties of used material, the type
of welded element, the parameters of cyclic loading and
other factors;

- Determination of the optimum technological pa-
rameters of UIT/UP (maximum possible effect with
minimum labor-and power-consumption) for every con-
sidered welded element;

- Quality monitoring of UIT/UP process;

- Final fatigue assessment of welded elements or
structures after UIT/UP, based on detailed inspection of
UIT/UP treated zones and computation.

The developed software allows to assess, through cal-
culations, the influence of residual stress redistribution
by UIT/UP on the service life of welded elements with-
out having to perform the time-and labor-consuming
fatigue tests and to compare the results of calculations
with the effectiveness of other improvement treatments
such as heat-treatment, vibration treatment, overloading
etc. The results of computation presented in Figure 6
show the effect of application of the UIT/UP for increas-
ing the fatigue life of welded joints in steels of different
strength. The data of fatigue testing of non-load-carry-
ing fillet weld specimens in as-welded condition (with
high tensile residual stresses) were used as initial fatigue
data for calculating the effect of the UIT/UP. These re-
sults are in agreement with the existing statement that
the fatigue strength of certain welded element in steels
of different strength in as-welded condition is represent-
ed by a unique fatigue curve [1,7]. Four types of steels

L i‘ 1
ST dcm et
Figure 5. Advanced compact equipment for UIT/UP of materials,
parts and welded elements
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were considered for fatigue analysis: Steel 1 — (cy =270
MPa, 6, =410 MPa); Steel 2 — (Gy =370 MPa, 6, =470
MPa); Steel 3 — (cy =615 MPa, 6, = 747 MPa) and Steel
4 — (csy = 864 MPa, 6, = 897 MPa). Line 1 in Figure 6
is the unique fatigue curve of considered welded joint
for all types of steels in as-welded condition that was
determined experimentally. Lines 3, 5, 7 and 9 are the
calculated fatigue curves for the welded joint after ap-
plication of the UIT/UP for Steel 1, Steel 2, Steel 3 and
Steel 4, respectively.

As can be seen from Figure 6, the higher the mechan-
ical properties of the material, the higher is the fatigue
strength of welded joints after application of the UIT/
UP. The increase in the limit stress range at N = 2x10°
cycles under the influence of UIT/UP for welded joint
in Steel 1 is 42%, for Steel 2 — 64%, for Steel 3 — 83%
and for Steel 4 — 112%. These results show a strong ten-
dency of increasing the fatigue strength of welded ele-
ments after application of UIT/UP with the increase in
mechanical properties of the material used. In cases of
high strength steels, the application of UIT/UP caused a
two-fold increase in the limit stress range and over 10
times increase in the fatigue life of the welded elements.

As an example of application of UIT/UP, the results
of fatigue testing of a tubular welded joint in as-welded
condition and after UIT/UP are presented in Fig. 7. As
can be seen from Fig 7, in the considered case of weld-
ed T-joint of rectangular hollow section (RHS) member
elements (47%4” to 2”x6” welded tubes as shown in the
insert of Fig. 7) the UIT/UP increased the limit stress
range of tubular joints by approximately 70% and the
fatigue life — by more than 10 times.

Figure 8 shows examples of industrial application of
the UP system in treatment of a large grinding mill in an
effort to increase the capacity of the load (Fig. 8a) and
for redistribution of residual stresses in a critical from the
fatigue point of view region of a landing gear (Fig. 8b).
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Figure 6. Fatigue curves of non-load-carrying fillet welded joint:
1 — in as-welded condition for all types of steel; 3, 5, 7 and 9 —
after application of the UP to Steel 1, Steel 2, Steel 3, and Steel 4
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Figure 7. Fatigue curves (tendency) for tubular welded joints (as
shown in the insert) showing the beneficial effect of UIT/UP:
1 — as-welded condition, 2 — after UIT/UP

5. CONCLUSIONS

1. Residual stresses play an important role in op-
erating performance of materials, parts and structural
elements. Their effect on the engineering properties
of materials such as fatigue and fracture, corrosion
resistance and dimensional stability can be consider-
able. The residual stresses, therefore, should be taken
into account during design, fatigue assessment and
manufacturing of parts and welded elements.

2. Certain progress has been achieved during the
past few years in improvement of traditional tech-
niques and development of new methods for re-
sidual stress measurement. A number of new engi-
neering tools for residual stress management such
as ultrasonic computerized complex for residual
stress measurement, technology and equipment for
ultrasonic penning and expert system for fatigue as-
sessment and optimization of welded elements and
structures were recently developed and verified for
different applications.

3. The beneficial redistribution of the residual
stresses is one of the efficient ways of improvement
of the engineering properties of parts and structural
elements. Application of the ultrasonic impact treat-
ment causes a remarkable improvement of the fatigue
strength of parts and welded elements in materials of
different strength. The higher the mechanical prop-
erties of treated materials — the higher the efficiency
of ultrasonic peening application. It allows using to

105 N, eveles

Figure 8. Examples of application of the UltraPeen system for fa-
tigue improvement: a — of grinding mill when over 250 meters
of welds were treated, b — of landing gear where critical from
the fatigue point of view zone was treated

a greater degree the advantages of the high strength
material application in welded elements and struc-
tures, subjected to fatigue loading.
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CBAPKA, PE3KA U TEPMUYECKAS OBPABOTKA
KUBBIX TKAHEU

b. E. ITATOH, 1. B. KPUBIIYH, I. C. MAPUHCKWIA, W. ¥0. XYJIEITKHIA,
1O. H. JAHKHH, A. B. YHEPHEI]
UDC nm. E. O. ITatrona HAHY. Vkpauna. 03680, . Kues-150, yi. Boxxenxko, 11. E-mail: office@paton.kiev.ua

[pencrasiensl pe3ynsrarsl HecnenoBanuii u paspadorox MIC um. E.O. [larona B 06:1aCTH BRICOKOYACTOTHOM CBapKH U POJI-
CTBEHHBIX TEXHOJOTHH JUISl COSIMHEHNSI, KOAryJSIIUH, Pe3KU U TEPMUYECKOH 00pabOTKH )KUBBIX TKaHEH, a TAKIKE PACCMOTPEHBI
BOITPOCHI CO3/IaHMsI CIIENNAIM3UPOBAHHOTO 000PYIOBAHNS M HHCTPYMEHTOB JUIS Pealli3allii YKa3aHHbIX rponeccoB. Onucan
OIIBIT IPUMEHEHHS pa3paboTaHHBIX TEXHOJIOTHH U 000PYIOBaHNUS B IIPAKTHIECKOH XUPYPIUHU, CBUAETEIBCTBYIONIHN 00 MX
BBICOKOI BOCTPEOOBAaHHOCTH — Ha CErOAHS 0CBOSHO Ooiiee 150 pa3miyHbIX XUPUPTHYSCKUX METOIVK U YCIICIIHO BBITOIHEHO
cBpire 100 ThIC. XUPYPTUYECKUX ONEPALNii B CaMBIX Pa3HbBIX 00JAcTsIX XUPYpruu. [IpencTaBieHsl JaHHbIE HCCIeI0BaHNI
0COOEHHOCTEH PECTPYKTYPHU3ALMH KHUBBIX TKaHEH M 00pa30BaHMs CBAPHOTO COSANHEHHMS P BO3ICHCTBUH IIPOXOJISILETO Yepe3
HUX BBICOKOYAaCTOTHOTO TOKa. Ha OCHOBE IOy4eHHBIX SKCIIEPUMEHTAIBHBIX U KIMHUYECKUX JIAHHBIX POAEMOHCTPHUPOBaHa
BO3MOKHOCTH TKaHH, TIOJJBEPTHYTON JIEHCTBHIO BEICOKOYACTOTHON CBapKH, HOIEPKUBATH CBOIO JKH3HECTIOCOOHOCTB, BOCCTA-
HaBJIMBaTh (DM3HOJIOTNYECKUE CBOMCTBA U (DYHKIIMH 32 CUET MPOIIECCOB pereHepany. [1peacTaBieHsl MaTepHalibl HCCIIe0OBaHN
TIpoliecca BEICOKOYaCTOTHOH CBapKU MATKUX OMOJOTHYECKUX TKaHEH C aBTOMAaTUUECKUM PEryJInpOBaHNEeM, 00eCIeUNBAIOIIETO
rapaHTHPOBAHHOE ITOTyYESHHE CBAPHOTO COSANHEHHs B IIMPOKOM Jnaria3oHe CBOWCTB CBapHBaeMOH TKaHU. PaccMoTpeHsI ep-
CHEKTUBBI JIbHEHIIEr0 pa3BUTHS TEXHOJIOTUI X 000PyTOBaHMS ISl BBICOKOYACTOTHOM CBapKU M TepMHYECKOH 00pabOTKH
JKMBBIX TKaHEW KakK 3a CUeT JaJbHEeHIIero pacInpeHnst XUPyprudecKux cep UCIOIb30BaHMs, TaK M 3a CUET CO3/IaHUS HOBBIX
MHOTO(YHKIIMOHAJIBHBIX aIlllapaToB, COYETAFOIINX IPOIECCH BHICOKOYACTOTHON CBApKU W KOHBEKIIMOHHO-UH(PAKPAaCHOU 00-
pabOTKM JKUBBIX TKaHEH, B TOM YHCIIe aBTOHOMHBIX MOOMIJIBHBIX ammaparos. bummorp. 39, puc. 18.

Knrwouesvie crnosa: evicokouacmomuas ceapka, KoazynAayus, peskd, cunepmepmudecKast o6pa6om1<a, JicuBble OuooUYecKUe

MKAHU, XUPYp2usl, d1eKmpoxXupypeuiecKutl UHCmpymenm

Kpome TpamunuoHHBIX 007acTell HCIOJIb30BaHMUS,
TaKKX, KaK COCJIMHEHUE U 00pabOTKa KOHCTPYKIIUOH-
HBIX U (YHKIIMOHAJIBHBIX MaTepUAJIOB, CBApKa U POJI-
CTBCHHBIC TEXHOJIOI'MU HAXOIAT BCe OoJiee IIUPOKOE
MpUMEHEHUE B MeauiHe. [103ToMy HCIosib30BaHUE
BO3MOYKHOCTEH, MPEIOCTABISEMbIX HOBBIMH TEXHO-
JIOTHSIMH CBApKH W 00pa0OTKH pa3IUIHBIX MaTepHa-
JIOB (B TOM 4YHCIIe OMOJIOTHUECKUX TKaHEH) B IEIIX
VIYUIICHUs 37I0POBhS YEIIOBEKA, a TAKXKE CPEIbl €ro
oOuTaHMs, SBISIETCA B HACTOAIICE BpPEeMs OJHUM W3
MIPHOPHUTETHBIX HAIPABICHUH HAYYHBIX HCCIIEI0Ba-
aut UOC nm. E. O. ITatona. Ha cerogust 3tv T€XHO-
JIOTUU BKJTFOYAIOT:

* BBICOKOYACTOTHYIO CBApKy >KHMBBIX TKaHEH st
COCIMHCHHS M BOCCTAHOBIICHUSI )KU3HECATCILHOCTH
OpraHOB YEJIOBEKAa U )KUBOTHBIX;

* TUNEPTEPMUYECKUE CIIOCOOBI CBApKU, PE3KU U
00pabOTKH KUBBIX OMOJOTHUECKUX TKAHCH;

* HCIOJIb30BaHUE MaTEPUAIOB ¢ dPPeKkToM mamsi-
TH (OPMBI IS U3TOTOBJICHUS UMILIAHTATOB, MIPOTE-
30B U CHEIHAJIbHBIX XUPYPrHUY€CKUX HHCTPYMEHTOB;

* MHKpPOIUTa3MEHHOE HaIlblIeHHe OnoKepamude-
CKHUX MTOKPBITHH Ha HIOTPOTERHI;

* mapoha3Hyio AJIEKTPOHHO-TYYEBYIO TEXHOIOTHIO
TIOJTy9eHHsT KOMITO3UITOHHBIX HAHOMATEPHAIIOB IS T1eTie-
HAIpaBIIEHHON TPAHCTIOPTUPOBKHA U YCUJICHUS JICHCTBUS
JIEKAPCTBEHHBIX MPETIApPaToB B )KUBOM OpTraHH3ME;

* TapoIUIa3MEHHBIC TEXHOJOTHH TepepadoTKH
MEIMIIUHCKHUX OTXOMOB.

B nmanHO# paboTe 0cTaHOBHUMCS Ha TEPBBIX ABYX
TEXHOJIOTUSAX W PACCMOTPHM PE3YJIBTaThl BBITOIHEH-
HeIX B nocieauue rogsl B UDC um. E.O.IlaTona uc-
CJIEJIOBaHUH U pa3pabOTOK 0OOPYIOBAHUS U TPOIIESC-
COB BBICOKOYACTOTHOM CBapKH, a TAKKE POJICTBEHHBIX
TEXHOJIOTUH JUI COSJIMHEHUS, PE3KHU, KOAryJsIuu U
00pabOTKH KUBBIX OUOJIOTHYCCKUX TKAHEH.

BbicokouacToTHasi cBapka JKMBBIX TKaHEH.
HcTopuio 3IeKTpOXUPYPrUU  OOBIYHO  CBSI3BIBAIOT
C OTKDPBITHEM TEILJIOBBIX CBOHCTB AJIEKTPUUYECTBA B
nagane XVIII Beka, a Takxke ¢ m3o0pereHnemM bek-
KepeJeM JJIEKTPOHOXA, KOHEI] MPOBOJIOKH KOTOPOTO
HarpeBaJIiCs ¢ TTOCICTYIOIINM ITPHKUTAaHHEM TKaHCH.

[TepBBic cBHIETENHCTBA NMPUMEHEHHS BBICOKOYA-
CTOTHOTO 3JIEKTPO-KOATYJSIIUOHHOTO O00OPYIOBAHHS
B MeIuIMHE cBsa3aHbl ¢ uMeHamu d’Arsonval, Tesla,
Cushing, Bovie n HacuutbiBarot yxe 6osee 100 sret. B
TEYEeHHEe MHOTHX JIET BBIIyCKaJaCh ¥ COBEPIIEHCTBO-
Bajach ammaparypa, KOTopas MO3BOJsUIa pa3pymiaTh
OITYXOJTH, YAQIATh MOBPEXKJACHHBIC TKAaHU, KOAryJH-
pOBaTh MOBEPXHOCTH paH | Jp. B Hacrosmee Bpems
Ha MHPOBOM PBIHKE TIPE/ICTaBICHBl MHOTOYHCIICHHBIC
BBICOKOYACTOTHBIC JJICKTPOXUPYPTHYECKHE arrapa-
ThI, BBIMTYCKAaE€MbIE TAaKUMH BEIYIIUMH IPOU3BOJIHU-
termsimu Kak «Valleylaby, mompasnenenue kopriopa-

© b. E. ITaton, 1. B. Kpusuys, I'. C. Mapunckuii, 1. YO. Xynenxuid, 10. H. Jlankun, A. B. Uepren, 2013

10-11/2013

135




, CBAPKA W POOACTBEHHBLIE TEXHONOM KA

mun «Covidien» (CIIA), «Ethicony», monpa3aenenne
rxommannu «Johnson&Johnson» (CLHA), KLS Martin
Group u ERBE (I'epmanusi) u np. [1-4]. Beirycka-
I0TCSl TTOIOOHBIC anmnaparbl U B YKpauHe, Haupumep
3A0 «HUMU npuknamnoit snekrponnkn» (Kues) [5].
OnHako, pemuTh MPOOJIEMbl MONYUYCHUS! HAACHKHBIX
COEMHEHHI KMBBIX OMOJIOTMYECKUX TKaHEH W BOC-
CTAHOBJICHUS JKU3HEJESTEIIbHOCTH OPraHOB YEJIOBEKa
1 KUBOTHBIX CIIOCOOAMH NEKTPOXUPYPIHH CTAJIO BO3-
MOKHBIM TOJIBKO B MOCIIEHHE TOJIbI, HCTIOB3Ys TEXHOJIO-
MU BBICOKOYACTOTHOM cBapKH. CBapka JKMBBIX TKaHEH
CTaJia IIPUOPUTETHON B COBMECTHOW paboTe crieiua-
muctoB UDC mm. E. O. I[latoHa ¢ psmoM MeauIiH-
CKMX YUpEeXJEHUW YKpauHbl, HaUaToOW ellle B Havyalie
90-X To/10B IPOIIOTO BEKa.

Crroco0 BBICOKOUACTOTHON CBApPKU JKUBBIX TKAHEH
(BY CXKT), pazpadoranssiii B UOC mwm. E. O. [larona B
TECHOM COTPYAHHYECTBE ¢ MeXIyHapOIHON accolma-
et «Ceapkay, kommaaneit CSMG (CILIA) u Beymu-
MU MEJULWHCKUMHU OpraHU3alUsIMU YKpauHbI, TOKa-
3aJ1 cBOIO 3()(HEKTUBHOCTD M YCHEIIHO UCIONb3YETCs
B MEIUIIMHCKOH MpakTuke yxxe 6omnee 10 et

3a 310 Bpems ocBoeHo Oozee 150 pasnmuynbIX
XUPYPrUYECKUX METOAUK U YCIEUIHO BBIMOJIHEHO
ceiie 100 ThIC. XUPYPrUYECKUX ONeparuii B TaKuX
obnacTsx Kak oO0mas ¥ abJoMUHAIIbHAS XUPYPIus,
TPaBMAaTOJIOTHSI, TyTTbMOHOJIOTHS, TPOKTOJIOTHS, YPO-
JIOTUSl, MAaMMAJIOTHS, OTOPUHOJIAPUHTOJIOTHS, THHE-
KoJorusi, opramemornorus u nap. Ilo or3eBam xupyp-
TOB [6], maHHBIA CIOCOO BEChbMa TEPCIIEKTUBEH TPH
TPaHCIJIAHTALIMK Pa3INYHBIX opraHoB. Ha ceromns,
0 HaIlIel olleHKe, B YKpaWHe Ha armaparax, paspa-
6otaneix B UOC umM. E. O. I1aToHa, BEITOIHSIETCS B
cpenneM ot 15 g0 20 Teic. onepanuii B roa. bezycnos-
HBIM JILZIEPOM 371ech siBigeTcs [loHenknii mpoTuBoo-
myxoJieBbli LeHTp (pykoBoautens [ B. bongaps) [7].

Upe3BbIyaifHO MEPCIEKTUBHO UCIOIb30BAHNE HO-
BOU TEXHUKH U TEXHOJIOTMM B BETEPUHAPHUU KaK IS
XHPYPTHUECKOTO JICUCHHsI U 00paOOTKH TOMAIIHUX U
JTUKUX KUBOTHBIX (yJaJIEHUE OMyXOJIed, KacTpalus 1
Tp.), TaK ¥ JIJIsl CAHUTApHOU 00pabOTKH rOpoJioB (CTe-
puIU3anys OpoASTYUX KUBOTHBIX) [8].

Crnioco6 BY CXKT oGecnieunBaer:

= OeCKpOBHOE, OBICTpOE, YIOOHOE IS XUPYypra u
MaJOTPaBMaTHYHOE TSI TTAIEHTa BBITOJIHEHUE OTle-
PATHBHBIX BMEIIATENHCTB, HAJIe)KHBIH TeMOCTAa3;

= CHIDKEHHE KpoBomoTeps Oosee ueM Ha 50 %;

* COKpallleHHe TPOIOJHKUTEIHHOCTH OTIepalnii Ha
20...50 %;

* BBICOKYIO a0JTaCTUYHOCTB ITPOBEICHUSI ONIEpaLni;

®* OTCYTCTBHE HarHOEHUI;

= OBICTPYIO M TOJHOLEHHYIO IOCJIEONepaluoH-
HYI0 peaOInTaIHIO;

* BO3MOXKHOCTb XHPYPTHUECKOTO JIeYeHHUs! OOIb-
HBIX, KOTOPBIC CUUTAIUCH HEONIepaOeTbHBIMU.

[Ipenmymectsa BU CXT noarsep:xaeHsl MHOTO-
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YHCJIEHHBIMU OT3bIBAMU BEIYIIUX XUPYPIOB, a TAKXKE
HEOJTHOKPAaTHO OTMEUYaJUCh B JOKJIAAax, MpencTaB-
JICHHBIX Ha KOH(EPEHIIHSIX 110 CBAPKE KUBBIX TKaHEH,
perymspHo npoBoguMmbeix B UOC um. E. O. Ilatona
[9-11].

s nanpHeineld ”HTeHCHUPUKauKu padboT B 007a-
CTH DJICKTPOCBAPKU JKUBBIX TKAHEH U B COOTBETCTBUU
C COBMECTHBIM pelIeHUuEM [JaBHOTO ympaBiIeHUS
3JPAaBOOXPAHEHUS] W MEIUIIMHCKOTO OO0CCIICUCHHUS
Kuesckoii ropojickoit rocaaMuHuctpauuu, Harmo-
HaJbHOM aKaJeMuu Hayk YKpauHbl, HanmonanbHON
aKaJieMuy MEAUIMHCKUX HayK YKpaumHbl v Harwmo-
HaJbHOW MEUIMHCKON aKaJleMUH MOCIEAUIIIOMHOTO
obpazosanus um. I1. JI. lllyrmuka B 2011 1. Ha Gasze
KueBckoii Toponckoil KITMHIYIECKOW O0MpHHUIBI No |
co3nan KueBckuii ropoackoii 1edeOHbI yaeOHO-BHE-
JIPEHUYECKUN LEHTP 3IEKTPOCBAPOUHON XUPYPIUHU U
HOBBIX XHUPYPTHYECKHX TEXHOJOTHH (PYKOBOIUTENb
C. E. Nognpsros) [12].

OO0macth pacnpoCTpaHEHHs araparoB KOHCTPYK-
un UOC um. E. O. [Narona s BU CXKT (6onee 150)
OXBATHIBACT MPAKTUUCCKU BCE PETHOHBI YKpPAaWHBI, a
TAKKE HEKOTOPBIC CTPaHbI OJIMKHETO U JAJBHETO 3apy-
Oexbsi. Armaparbl npuMmensitorest B Poccuiickoit dene-
parmu 1 bonrapuu, nepBast mapTusl anaparoB MOCTaB-
nena B Kwurail. MHTepec k pa3paboTKaM MpOSBISIOT
takue crpanbl, kKak CILIA, Uamus, Beetnawm, [ompma,
Makenonusi, ctpanbl bantuu u ap.

B nocnennue roasl 3amagHble MPOU3BOIUTENH B
nepeyHe (DyHKIIMOHAIBHBIX BO3MOXXHOCTEH CBOETO
000pyHOBaHUS TaKke Ha4dalld yIOTPEONSTh TEPMUH
«cBapka» [13]. Cnenyet, onHaKo, OTMETUTh, YTO dTa
(YHKIUS OTHOCUTCS B OCHOBHOM JIUIIIb K TPOIIE/TY-
pe MEePEeKPHITUS COCYAOB, a IO KOJIUYECTBY U PA3HOO-
Opa3uio XUPYPruueCcKUX METOUK C HCIIOJIb30BaHHEM
BBICOKOYACTOTHOM 3JICKTPOCBapKu YKpauHa, Oe3yc-
JIOBHO, SIBIISIETCS MUPOBBIM JuaepoM [14].

[IpakTueckoil OCHOBOM MJi peajiu3aluu Ipo-
necca BU CXKT, kak u 1060 Apyroil TeXHOJIOIUU,
CITy’KaT COOTBETCTBYIOIIUE 000PYJI0BaHUE U UHCTPY-
MeHTapuil. HaunHas ¢ mepBBIX ammaparoB, pa3pado-
TaHHBIX e1e B cepeannae 90-xX TomoB MPOIUIOro BeKa,
Ha ceronusa B UOC mm. E. O. Ilatona co3man mmpo-
KHH CIIEKTP CIIEINaTU3UPOBAHHON anmaparypsl [15].

B nacrosimee Bpemsi B UDC um. E. O. Ilatona
BBIITyCKAIOTCA U peanusyrorces anmaparsl EK-300M1
pa3nuuHBIX MomudUKaIMil (pa3paboTka MPOILIBIX

Puc. 1. YHuBepcanbHbIil anmapar sl CBapKH >KMBBIX TKaHEH
EKB3-300 («[TATOHME]]»)
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Puc. 2. Yaactox npoussoactsa annaparos aiast BU CXKT 8 HTK «MOC nm.
E. O. [1atoHa»: a — BXOOHOI KOHTPOJIb U HAJIAJIKa SJIEMEHTOB, Y3JI0B; 6 — cOOp-
Ka ¥ [IPOrpaMMHPOBAHHE aIllapaToB

net) u HoBbli anmapar EKB3-300 «ITATOHME]]

(puc. 1) [16].
VYuuBepcanbHblii  anmapar EKB3-300 mnpomen

KIMHAYECKUE HCIBITaHMS, TOCYIAPCTBEHHYIO DETH-
CTPALMIO U YCIEIIHO UCTIONB3YETCS B XUPYPrHUeCKON
npaktuke 6osnee deMm 20 METUITMHCKHUX yUPEeKICHUN
YKpauHbI. OTH anmaparsl MOCTaBlIeHB B Kutail ms
OLICHKH W JICMOHCTpPAIlUK HOBOTO criocoda, 4to To-
CIIY’)KAT OCHOBOHW JUISI COBMECTHOTO TIPOHM3BOJICTBA
JIAHHOM amnmaparypbl Kak J1JIsl KHTalCKOTO pPbIHKA, TaK
Y PBIHKOB JAPYTHX CTpPaH.

[Ipu paszpadorke anmapara EKB3-300 coGpan
OTIBIT, HAKOIUICHHBIM B XOAE SKCIUTyaTallud paHee
pa3paboTaHHOrO 000PYIOBaHUS, U, IO BO3MOXKHOCTH,
YUTCHBl PEKOMEHIAMU U TPENJIOKEHHS XHUPYProB
paznuunbix cneruansHocte. EKB3-300 obecre-
yuBaeT paboTy B CIEAYIOMIMX PEKUMAaxX: pe3aHHe,
KOarymsuus, aBTomarndeckas cBapka. Mimeercs Bo3-
MOYXHOCTb BBIOOpa aJropuTMOB paboThl U paboumx
rapaMeTpoB MpoIecca B 3aBUCUMOCTH OT BHJIOB OIle-
paiuii u TpedoBaHMit XUPYpros. Bo3amMoxkHbI ajanra-

i

s, UBMCHCHUC W BBOJ JOIIOJHHUTCIIBHBIX
MIPOrpaMM IO KeJTAHUIO T0Ib30BaTeNs. ATl-
rapar padoTaeT Ha JIByX padOYMX 4acTOTaX:
66 u 440 xI'11 ¢ KOHTPOIUPYEMOH MOIITHO-
cteio. IlpemycMorpeHo omHOBpeMEHHOE
MTOJIKITIOUEHUE JIByX WHCTPYMEHTOB TIO BbI-
Oopy xwupypra. Ammapar KOMIUIEKTyeTCs
0a30BBIM HAOOPOM NEKTPOXUPYPrHUECKUX
WHCTPYMEHTOB (TIMHIIETHI M 32)KUMBI). Bo3-
MO)KHA KOMIUIEKTAIUS JIOTIOJIHATEIbHBIMH
WHCTPYMEHTaMH ISl OTKPBITOM W Jlamapo-
CKOITMYECKON XUPYPTHH.

Jlanneiii anmapat paboTaeT co BCeMH HHCTPYMEH-
tamu 11t BU CXKT, co3manubivu B IOC um. E. O. I1a-
ToHa Ha cerofHsa. OH YCIEIIHO UCTBITAH MIPHU MIPOBE-
JICHUW OTepalii B pa3IHYHBIX 00NACTSAX XHPYPTHH,
BKJIIOYAst OOIIMEe TTOJIOCTHBIE OMEpPaInH, MyJIbMOHO-
JIOTHIO, YPOJIOTHIO, MAMMOJIOTHIO, O TaIbMOJIOTHIO U
np. [IpoBoasTcs omeparuu co CBapKoi (MepeKpPhITH-
€M) COCYIOB, Pe3eKIINe JIETKNX U TIeYeHH, yaaTIeH -
€M TTOYKH, KUIIIEYHOTO aHACTOMO3a U MHOTHE JIPYTHE.

B nayuno-texumueckom xomrexce (HTK) «MucTu-
TyT 2nekTpocBapk uM. E. O. I1atona» co3gano npouns-
BOJICTBO, TIO3BOJISIIONIEE KAaK MOJHOCTBIO YAOBIECTBOPSITH
noTpeOHOCTH YKparHbI B JAHHOM BHUJIE 000PY/I0BaHUS,
TaK ¥ MOCTAaBIISITh €T0 Ha AKCIOPT (puc. 2).

JanpHeiimmas pa3paboTka 00OpyAOBaHUS — JUIs
CBAapKU XHMBBIX TKAaHEW, COCTOSIIEr0 M3 COOCTBEHHO
anmapara (3JeKTPOHHOTO 0JIOKa) U COOTBETCTBYIOLIIE-
T'O MHCTPYMCHTapus ¢ COCANHUTECIIbHBIMU Ka6eH$IMI/I,
CBsI3aHa, TPEXKIE BCETO, C COBEPIICHCTBOBAHUEM Ca-
MUX aNIaparoB, MOBBIIICHUEM UX HAJISKHOCTH, PIo-
HOMHYHOCTH, yI00CcTBa B paboTe M 0OCITy>KHBAHWH,

Jam

e

YO0 T W

Puc. 3. YauBepcansubie MoOmisHbIe anmapats! 111 BU CXKT co BcTpoeHHBIM (@) U BEIHOCHBIM (6) Ty I6TOM YIIPaBICHHS
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i

Puc. 4. bazossie nnctpymenTs! 1t BU CXKT: 6unonspHbie >IeKTpoXupyprudeckue 3aKUMBI (@) ¥ THHIETH (6)

—

Puc. 5. bunosnsipHbIe arapoCcKonnIecKue 3aKHUMBI (@), LIyl TUITA «JI0XKKa» (6) U THOKUI HITOCKOIIMYECKUI HHCTPYMEHT (6)

ajanTanuy K MoTpeOHOCTAM XupyproB. Ha manHom
sTane HeoOXoauMa pa3paboTKa HOBOTO HpPOTpaMM-
HOTO TPOAYKTa, OPHEHTUPOBAHHOTO HA OT/AECIbHBIC
XHPYpPTUYECKUE METOAMKH M TOTPEOHOCTH IIOJIB30-
BaTeJel, a TakKe HOBBIX CHUCTEM aBTOMAaTH4ECKOTO
ynpasiieHus npoueccoM. HeoOxomumo Takxke cosna-
BaTh HOBOE CIELMAIN3UPOBAaHHOE 000pYIOBaHUE ISt
OT/ENbHBIX obnactedl Xxupypruu (oTanbMoiorus,
CEpACUHO-COCYANCTAs] XUPYPTHUs, HEUPOXUPYPTUs U
mp.) [15].

Kpowme Toro, HacTosiTenbHO TpebyeTcs pa3paboTka
MOOMIIBHBIX CUCTEM, TPEAHA3HAYECHHBIX JJISI aBTOHOM-

Puc. 6. Uactpymentst aas BU CXKT B oromapunromornn
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HOU paboThI (CTAHIIMU CKOPOH TOMOIIHM, CAaHUTAPHAS
aBHaIys, MeIunuHa karactpod u mp.). Ilpororunom
TAaKoro 00OpYIOBAaHUSI MOTYT CIIy>KUTb HOBBIE, CO3-
nmanubeie Ha 6a3ze EKB3-300 ammaparsr EKB3-300M
(puc. 3, a) u EKB3-300M/1Y (puc. 3, 6) [15].

He menee Baxken s BU CXKT cooTBeTcTByIOMIIHIA
WHCTpyMeHTapuid. Ha ceromHs pa3paOoTaHbl U BBIITY-
CKaloTCs IO KOOIIEPallMM MHOTHE THIIBI AJIEKTPOCBa-
POYHBIX XUPYPTrUUYECKUX HHCTPYMEHTOB, B OCHOBHOM
0a3oBbIX (puc. 4). Bce mmpe ncnonb3yroTcs U MH-
CTPYMEHTBI Pa3IMYHOTO THIA JJIS JIAapoCKOMHYEeK-
coli xupypruu (puc. 5).

Kpome 6a3zoBoro, Ha MpakTHUKE MPUMEHSIOTCS U
Pa3IMYHOTO BHUJA CTIEUATN3UPOBAHHbBIE HHCTPYMEH-
Thl. B KauecTBe mpumepa MOXHO MPUBECTH MHOTO-
YHCJICHHBIC HHCTPYMEHTBI, pa3paboTaHHbIe ISl HY KT
otoapuaronoruu (puc. 6) [17].

K coxainenuro, ciieyer OTMETUTh, YTO, HECMOTPSL
Ha OIpEeJICHHbIE YCIIEXHU, pa3padoTKa U BBILYCK HO-
BOI'O MHCTPYMEHTA HY>KHONH HOMEHKJIATypbl U B HE0O-
XOIUMBIX 00bEMax BCe eLIe HE YAOBJIECTBOPSIOT CyIIIe-
CTBYIOIIMX TOTPEOHOCTEH.

OmHOBpPEMEHHO C Pa3pabOoTKOH 000pyHOBaHUS, B
MNBC um. E. O. [Tatona npu TeCHOM KOHTaKTE C BEIY-
IMMH MEAWLIUHCKUMHU U HayYHO-TEXHUYECKUMH yU-
PEXICHUSAME YKpPauHbl U IPYTUX CTPaH HEMPEPBIBHO
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3 T

Puc. 7. I3MeHeHHs CTPYKTYpBHI, IPOHCXOSIINE B CTEHKE apTepPHHU MIPH €€ MePeKPHITUH: @ — MEePEOPHUEHTAINS TOKOTIPOBOASIINX
CTPYKTYP BJOJIb HATIPABIIECHHS IIPOXOXKICHUS TOKA, & TOKOHETIPOBOAIINX — IMOTIEpeK; 6 — 00pa30oBaHMe MIeTed U BONHHCTOCTH; 6, &
— cOmmKeHNe U CIUSHIE TOKOMPOBOASIINX CTPYKTYP ¢ 00pa30BaHIEM OJHOPOTHOHN MAaCChl — CBAPHOTO COSIUHEHHUS

BeAyTcs paboThl MO HCCIIEIOBAHUIO MTOBEACHUS KH-
BBIX TKaHEHW Pa3JIMYHBIX THUIOB TPU TPOXOKICHUH
Yyepe3 HUX TOKOB BBICOKOW 4YacTOTHI, pa3paboTKe Ha
OCHOBAaHHUHU OJAaHHBIX I/ICCHCHOBaHI/Iﬁ HOBBIX aJI'OPHT-
MOB Pa0OThl 00OPYIOBAaHHUS U CO3/IaHUIO HOBBIX XH-
PYPTUYECKUX METOANK.

B pesynbrare uccneqoBaHUlA, TPOBEACHHBIX CO-
BMECTHO ¢ KHEBCKMM ILEHTPOM 3JIEKTPOCBAPOUYHOU
xupyprun (C. E. IloxmpsitoB u C. I. ['muka), Brep-
BBI€ YCTaHOBIIEHBI OCOOCHHOCTH PECTPYKTYPH3AIUI
JKUBBIX TKaHEH 1 00pa30BaHMs CBAPHOTO COCTUHEHHS
IIpY BO3JEHCTBUM IPOXOISAIIETO Yepe3 HHUX BBICO-
kouacToTHOro Toka [18]. Ompenenensl cieayromue

(hazbl pecTpyKTypU3aLIUH:

* OTAEJICHUE TOKOMIPOBOISIINX CTPYKTYp (OenkoB
WM UX KOMILJIEKCOB B COCTaBE KOJIAT€HOBBIX U MBbI-
[ICYHBIX BOJIOKOH, MEMOpaH TKaHeld W BHYTpHKIIC-
TOYHBIX OpraHesul) OT TOKOHEMPOBOAALIMX (KHPOB,
TIIOKO30aMUHOITIMKAaHOB KaK B MEXTKaHEBOM IIpoO-
CTPAHCTBE, TaK U BHYTPH KIETKH);

* TIepeOpUEHTANNA TOKOIMPOBOMAIINX CTPYKTYP
BJIOJIb HAIIPABJICHUS IPOXOXKIEHUs TOKa, a TOKOHE-
HPOBOASALINX— IOIEPEK;

= 00pa3oBaHue Ienel MeXIy TOKOIPOBOISIIIUMU
CTPYKTypaMH OJHOBPEMEHHO C BO3HMKHOBEHHEM HX
BOJIHUCTOCTH;

- B

T T
1] 2.5 al [
i

10,0 ] 25 3.0

g ey —
Bpems, o

Puc. 8. OcumnorpaMMel CpeHNX 3HAYEHHH CBAPOYHOTO TOKA M HANIPSKCHUS, TEMIIEPATYPhl B LICHTPE CBAPHOTO COCIUHEHUS, MIEK-
TPUUYECKOTO CONPOTUBIICHUS TKAHU MEKJLY JIEKTPOAAMH, MOLIIHOCTH, BbIJCIAEMOM B CBAPUBAEMON TKaHH: ¢ — KUILKA; 6 — MbIIICYHAs
TKaHb
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= cOmmKeHne TOKOTPOBOMSIINX CTPYKTYp M HX
CIIASIHUE JIPYT C JPYyroM ¢ 00pa30BaHUEM OTHOPOJ-
HOM Macchl, KOTOpas U SBISETCS AIEKTPOCBAPOYHBIM
IITBOM.

B xauectBe mpuMepa Ha puc. 7 MOKa3aHbl U3Me-
HEHUS CTPYKTYPBI, IPOUCXOSIINE B CTEHKE apTepUU
IIpU €€ TePEKPBITHH.

COBMECTHO C POCCHHCKHMHU OpTraHU3alUsMU —
HNHCTUTYTOM TEOPETUYECKOM M IKCIEPUMEHTAIBHON
onodmsuku PAH u MHcTHTyTOM OMODU3NKN KIIETKH
PAH (1. Ilymmno), a taxxe HUL] «KypuaroBckwuii
MHCTUTYT» (I. MOCKBa) CIIOCOOOM PEHTTE€HOBCKOM
TU(PaKIUA ¢ UCIIOIB30BAaHIEM CHHXPOTPOHHOTO H3-
JTydeHUs TPOBEACHO NCCIIEOBAHUE BIMSHIS BEICOKO-
YaCTOTHOM 3JIEKTPOXUPYPTUUECKON CBAPKHU HA CTPYK-
TYPBI pa3TUYHBIX OMONIOTHYECKHX TKaHel. Ha ocHoBe
MTOJTyYEHHBIX JKCIIEPUMEHTANBHBIX W KIMHHYECKUX
JMaHHBIX MTPOJIEMOHCTPUPOBAHA BO3ZMOXKHOCTh TKaHH,
nonBepruyToit nercreuro BU-cBapku, nonaep:xuBarhb
CBOIO JKM3HECNOCOOHOCTh, BOCCTaHABINBATh (hU3HO-
JIOTHYECKUE CBOWCTBA U (PYHKIIMHU 32 CYET IPOLIECCOB
pereHepanuu.

OtpaboTaHHble B MPOLECCe MHOTOJICTHEW KITMHH-
YEeCKOM MPaKTUKU pabovyre peKUMBI AIIEKTPOCBAPOY-
HOTO BO3/ICHCTBHS B (DPU3UOJOTHUYECKOM JHAaIrla30He
MTO3BOJIMIIM  3aPETUCTPHPOBATH CIIEAYIONIUE CTPYK-
TypHBIE U3MEHEHUS Ha MOJIEKYJISIPHOM U HaHOCTPYK-
TypHOM ypoBHsX. [Tokazano, uro mpu BU-cBapke 60-
Jiee JIaOMIIbHBIC TIOOYIISIPHBIE OCIKH IPETEPIICBAIOT
TEIUTOBYIO JICHATYPAIMIO: TIOBBIIICHHE TeMIepaTy-
PBI BBI3BIBAECT CTPYKTYPHBIH TEpexo]| THIA «Tio0y-
Ta-KIyO0K», B pe3yibraTe 4ero (OpMHUPYIOTCS Kiiee-
noo0HbIe cyOcTaHmu. Crioco0 CKIIEHBaHUS IIIUPOKO
pacmpocTpaHeH B XUPYPrHUH. [[JIst 3TOTO HCTIONB3YIOT
CIEeLUAIN3UPOBAHHBIC MEIUIIMHCKUE KJIEH MM Oel-
KOBBIE ITpenaparbl, KOTOPbIMH MOKPBIBAIOT MECTA CO-
€/IMHEHUS TIOBPEKJICHHBIX CTPYKTYP, KaK, HalpuMep,
anbOyMHUHOM TpH Ja3epHOH koarysuuu. [Ipenmyie-
ctBo criocoba BY CXKT (puc. 8) B ToM, 4TO ymaercs
n30ekarh MPHUCYTCTBUSI HMHOPOJHOTO Marepuaia U
po0JieM, CBSI3aHHBIX C UMMYHHOW HECOBMECTHMO-
cteio [19].

B nocnennane rogsr B UDC um. E. O. I1atona mpo-
BEJICHBI MCCIIEIOBAHMS MPOIeCcCa BBHICOKOYACTOTHOM
CBapK{ MATKUX OMOJOTHYECKUX TKaHEH Kak 00BhEeKTa
ABTOMAaTHYECKOTO PETYIHMPOBAHUS. BBITIOIHEHBI MHO-
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Puc. 9. Tunosoit anroput™ cBapku kuBoit Tkanu [20]
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TOYHCJIEHHBIE SKCIEPUMEHTBI C 3allUChI0 U KOMIIbIO-
TEpHOW 00pabOTKOH AIEKTPUUECKUX U (PU3HMUECKUX
napameTpoB npouecca BU CXKT. Ilokazano, uto npu
MIPOXOXKIEHUU JIIEKTPUUECKOTO TOKa dYepe3 TKaHb
MEXJly 2JEeKTpoJaMH TeMIlepaTypa TKaHU B LIEHTpE
CBapHOTO COETUHEHHS OBICTPO MOBBIIIAETCS JI0 TEM-
neparypbl KOaryJsiuu OCJNKOB U JICHaTypaliu Kiie-
ToK (60 °C), mpu 3TOM DIIEKTPUUECKOE COMPOTHBIIC-
HUE TKaHU maaaet B 2,5...3 pasa. 3areM Temmeparypa
rnmocreneHHo noseimaercs 10 150...180 °C.

[Iponcxoaut 06e3BOKMBaHNE TKAHU C YBEIHUEHH-
€M €€ CONPOTUBIICHUA. BeaencTBrE 3TOTO MO dJIeK-
TPUYECKOIO COMPOTHUBICHHS, NIEKTPUUECKOTO TOKA
U TEMIIEPaTypbl CTAHOBUTCS HEOOHOPOAHBIMH. TOK
MPEUMYIIECTBEHHO MIPOTEKAET 10 yyacTKaM ¢ Oosiee
HU3KMM Ha JaHHBII MOMEHT comnpoTuBieHHeM. Kor-
J1a BCA TKaHb MEXIY JIEKTPOAAMH IOJIHOCTBIO 00e-
3BOJINTCSI, €€ WMHTETPAJIbHOE CONPOTHUBIEHHE PE3KO
BO3PACTAET, UTO SABJSAETCS IPU3HAKOM rapaHTUPOBaH-
HO c(hOpPMHUPOBAHHOUN CBApHON TOYKH M CHUTHAJIOM K
OKOHYAHUIO CBapKu. JlanpHEeHnii HarpeB MPUBOIUT
JIIIb K HEXKeNaTeIbHON KapOOHMU3aIUH TKAHH.

Ha ocHOBe moyYeHHBIX MPECTaBICHUI 0 Qu3H-
YeCKUX IMpoleccax, MPOTeKAIOMUX P CBapKe, pas-
paboraHa MareMaTH4yecKas MOJIENIb CBApPKH MSATKUX
Omonornyecknx TKaHed. BwiaBnens! (usmueckne u
COOTBETCTBYIOIIINE MM IJIEKTPUYECKHE IMOKAa3aTesH,
XapaxkTepu3ylollue OKOHYaHue (JOPMHUPOBAHUS Kade-
CTBEHHOT'O CBapHOI'O COEAMHEHUs. B COOTBETCTBHH €
3TOM MOAENbI0 pa3paboTaH aJIrOPUTM aBTOMaTHye-
CKOT'O PEeryJaupoBaHMs Ipolecca CBapKu, o0ecredn-
BAIOLIUI rapaHTUPOBAHHOE MOJyYEHUE CBAPHOTO CO-
€IMHEHUS B IIUPOKOM JMara30He U3MEHEHUS CBOMCTB
CBapHUBaEMOM TKaHHU.

Pa3zpaboTan mpUHIMIHATEHO HOBBIH CBapOYHBIN
anmnapar, peanusyomuil 3Tot anroputM. Ilapamerpst
peXHMa CBapKM B HEM YCTaHaBIIMBAIOTCS M MOJIEp-
JKUBAIOTCSl aBTOMAaTHYECKH 10 pe3yJbTaraM HACHTHU-
(UKanMu CUCTEMOH THIIA TKaHHU, €€ COCTOSIHUS U T.II.
Io >xemanuio XUpypr UMeeT BO3MOKHOCTh YCTaHAaB-
JUBAaTh MHTEHCUBHOCTD PEKMMa CBAPKU — OKECTKHI»
WM «MSITKHI» PEXKHM.

OTH U ApyrHe UCCIIEIOBAHUs JIETJIM B OCHOBY Pas3-
pabOTKN HOBBIX AJITOPUTMOB PabOTHI anmapaToB UIs
CBapKH KMBBIX TKaHEW, OIMUH M3 KOTOPBIX CXEMaTH-
YeCKH TpeACTaBIeH Ha puc. 9. B pesynsrare ncnomis-
30BaHUs IPEUIOKEHHOTO allTOPUTMa JOCTHUraeTcs
onTuManbHoe BozaciictBue BU-toka Ha omepupye-
MYIO TKaHb, 4YTO B KOHEYHOM pPE3yJbTaTe MPUBOAUT K
MOJTyYEHHIO BEICOKOKaYeCTBEHHOT0 coeinHeHus [20].
KoHkpeTHble TapamMeTpbl Ha3HA4alOTCS HUCXOAS U3
KOHKPETHBIX YCIIOBHI IMPOBEACHUS XUPYPTUUECKUX
BMEIIIATENIbCTB.

Kak KOHKpeTHBIH pe3ynbraT NPUMEHEHUST HOBBIX
aJTOPUTMOB PabOTHI MOXKHO OTMETHTBH CIIEAYIOIIEe.
Bwmecre ¢ Bpauamu KueBckoro 1eHTpa 3ieKTpocBa-
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POYHON XUPYPIHU C HCIIOIB30BAaHUEM CTaHIAPTHBIX
anmapata EKB3-300 («ITATOHME]/l») u uHCcTpy-
MEHTa B KJIMHHUKE JOCTUTHYTO HEPEKpPhITHE apTepuit
JUAMETPOM 10 8 MM U BeH nuametpom 1o 11 mm [12].
BriepBble 1OCTUTHYTO (pOPMHUPOBAHUE IEKTPOCBAP-
HOTO IIBa MapeHXUMBbI NedeHu. [lomydeHsl no3uTHB-
HBIE PE3yJabTaThl NpPHU JIEYCHUH caxapHOro auadera
XUPYPrUYECKUM IIyTEM C HCIIOJIb30BaHUEM TEXHO-
JIOTUU DJIEKTPOCBAPKU KUBBIX TKAHEH B OTKPHITOM
W JamapockonuueckoMm BapuaHtax. OtpaboraHa u
YCHEIIHO MPUMEHSETCs Ha MPAaKTUKE HOBask TEXHOJIO-
TS 103aIMIIO0KOBOM MPOCTATIKTOMHU TIPU XHUPYP-
THYECKOM JICUCHUH aJCHOMBI pocTathl [21]. JanHas
TEXHOJIOTHS O0NIafiaeT MeNbIM PSAIOM IPEUMYIIECTB
[0 CPaBHEHWIO C CYIIECTBYIOIIEH, YTO MO3BOJSET
OXapaKTepu3oBaTh ee Kak OJHy WX Hambolee mep-
CHEKTHBHBIX TIPH JICUSHUH JTAHHOTO, BECbMa PacIpo-
CTpaHEHHOTO 3a00JIeBaHUsI.

[lepciekTHBHBIM  TIPEACTABNAETCS  NPHMEHEHHE
CIIOCOOOB BBICOKOUACTOTHOM AIEKTPOCBAPKU B KapAuO-
xupypruu. s paciMpeHust BO3MOXHOCTEH NpUMeHe-
Hust BU-cBapku B yKa3aHHOH 00acTH XUPYpruu U co3-
JIaHHsl COOTBETCTBYIOIIETO 0OOPYIOBaHUs ObUT CO3MaH
MexBenoMcTBeHHBIH 1LEeHTP «CepreuHo-COCYIUCTON
WH)XEHEpUN», B KOTOPBIA BOILIM creruamnctsl MOC
nm. E. O. ITarona HAHY, HarpionanbHoro HHCTHTYyTa
cepaeuano-cocynuctor xupypruu (HUCCX) um. H. M.
AmocoBa AMHY u HannoHambsHOTO TEXHHYECKOTO
yHuBepcutTeTa YKpauHbl «KueBCKUH HOIUTEXHUYE-
CKHUI UHCTUTYTY.

B pamxax storo 1eHTpa BeayTcs padoThI IO CO3-
JAHWIO CTEIMATN3UPOBAHHON armaparypsl, HHCTPY-
MEHTapHUs M TEXHOJIOTHI: KapIHOXUPYPTUYEeCKOro
WHCTPYMEHTA ISl TPAHCMYPAJbHOM adisiuuu mpo-
BOISIIMX MyTEeW ceplua, AMaTepMOKOArYISIUH TKa-
HEH U OCTAaHOBKHM KPOBOTEUEHMH, MHCTPYMEHTA JUIS
MIPOBEACHNS KapUOXUPYPrUUECKUX omepanuil ¢ of-
HOBPEMEHHBIM pE3aHUEM M KOoaryisluell u apyrue
[22]. Pa3paboTanbl ONBITHBIE OOpa3lbl yKa3aHHOTO
WHCTPYMEHTA, KOTOPbIE YCIIEITHO MPOIIUIH TPeABapH-
TenpHbIe ucnbiTanus (puc. 10) [23].

[Tnanupyrorcss paboOThI 1O JAJbHEHIIIEMY COBEp-
IIEHCTBOBAHMIO amIaparypbl ¥ WHCTPYMEHTa B CO-
OTBETCTBUHU CO CHEIM(HUKON CepAeIHO-COCYANCTON
XUPYPTrHH, a TaKXKe pa3padoTka ¥ BHEAPEHHE HOBBIX
METOAMK OIEPAIlMOHHBIX BMENIATEILCTB Ha 0ase
HUCCX um. H. M. AMocoBa 1 Ipyrux KapAnoXupyp-
TMYECKHX YUPEKIECHUN YKPauHBI.

Crenyer OTAEIBHO OTMETHTH PabOTHI MO CBap-
K€ JKMBBIX TKaHEW B OQTaIbMOJIOTUH, MPOBOAUMBIE
COBMECTHO O crnenuanucramu MHcTUTyTa mia3HbIX
OonesHeil n TkaHeBoi Tepamuu uM. B. I1. ®unaro-
Ba AMHY (r. Onecca). Tak, COBMECTHO CO3JaHHAs
TEXHOJIOTHS TPUBAapUBAHUS CETYaTKH B HACTOsIEe
BpeMs SIBJISIETCSl OIHOW W3 HamOonee YPQeKTUBHBIX.
Ha cerogusimiamii ieHb B 0(pTanbMOXHPYPruueckoi
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Puc. 10. OnsTHBIE 006pa3Ibl HHCTPYMEHTA JUTS IPOBEICHUS Kap-
JUOXUPYPTUIECCKUX ONepanuii: a — Oumonspubiii BU-amektpo-
HOX IJIAd ITPOBCIACHUA onepaunﬁ C OOHOBPEMCHHBIM PE3aHUCM
TKaHHU U KOAryJsIueil; 6 — OUMONAPHBINA 32KHUM IS TPAaHCMY-
pasbHON a0MSAINK MPOBOSIINX ITyTel cepana

MpaKTUKE yYKa3aHHOro uHctutyTa BU-amekrpocBapka
MIPUMEHSIETCS JJOCTATOUHO MUPOKO [24-26].

B wactaoctn, BY CXT mpumensiercs Bo BpeMs
SHyKJIeanuu (yAaJeHUH [1a3HOTO sI010Ka) Y OOJIbHBIX
C BHYTPHUINIA3HBIMH HOBOOOPA30BaHUSIMH, 3JIOKATC-
CTBEHHOH BTOPUYHOM HEOBACKYJISIPHOM INIAyKOME M
Ip. B pexxnme «Pe3kay BBINONHIETCS OTCEUEHUE Npsi-
MBIX MBIIII] TJIA3HOTO SI0JI0Ka OT CKJIEPHI, Iepecede-
HHUE COCYUCTO-HEPBHOTIO ITy4YKa, B pexrnmMe «CBapKkay
— aJanTanus KpaeB KOHbIOHKTUBAJIBLHOIO pa3pesa.

Puc. 11. Uactpyment s BU-cBapku B 0 TamrsMoOnorun
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Puc. 12. OcHoBHBIE 2P PEKThI OECKOHTAKTHOTO B3aUMOACHCTBHS
KHU-norokoB Temnia 1 *UBBIX TKaHEH

B xupyprum cerdyatku U CTEKJIOBHIHOTO Tela
ANEKTPOCBAPKA IPUMEHSIETCSI Y OOJBHBIX C OTCIIOCHH-
€M CeTYaTKH, MuadeTH4ecKkoll peThHomnarhei (OmHO
13 HanOoJIee TSDKENBIX OCIIOKHEHHUH caxapHOro Jua-
0era) ¥ BHYTPHUIVIA3HBIMH HOBOOOPa30BaHUSIMHU.

[Ipn oneparusix UCTIONB3YIOTCSI OPUTHHAIBHBIE T1a-
pameTpsl  MOAMMUITMPOBAHHBIX U OPTATHEMOJIOTHH
ammaparoB, ckoHCTpynpoBaHHEIX B UOC M. E. O. Ila-
TOHa W COBMECTHO pa3pabdOTaHHBIE OpPUTHHAIBHBIC
WHCTPYMEHTHI (puc. 11).

Kpome Toro, BBHIMONHSAIOTCS SKCIIEpUMEHTAILHBIC
WCCIIEZIOBAHUS TI0 CIICAYIONINM HAIIPABICHHSIM:

JeBUTAIM3ALHS 3JI0KaYe€CTBEHHBIX HOBOOOPA30Ba-
HUH cocynucToi 060m0uku. HoBbIi crioco0 mo3Boiaut
MOBBICUTH 3(PPEKTUBHOCTH JIeUeHUs OONBHBIX 3JI0Ka-
YeCTBEHHBIMH BHYTPHIVIA3HBIMH HOBOOOpa30BaHMS-
MH 32 CUET MMOBBIIICHHsI KauecTBa a0IaCTHKH;

TPaOdIKTOMUS. DJIEKTPOCBapKa ITO3BOJHUT TIOBBI-
cuTh 3(PPEKTUBHOCTD JICYCHHS OOJBHBIX BTOPHUYHOU
HEOBACKYJISIPHOH TJIAyKOMOM 3a CYeT MOBBIIICHHS Ka-
YecTBa reMOCTasa py NepecedeHnt TPaOeKyIIbl;

XUPYPTrUs POTOBHUIIBI (TIOCIONHHAS KepaTOIUIACTH-
ka). BU C)KT mo3BOIUT TOBBICUTH KA9ECTBO TT0CIIOM-
HOH TepecaaKku pOTOBHUIILI 32 CYET OCCIIOBHON (hUK-
CaIi POTOBUYHOTO TPAHCIUIAHTA.

OpnnospemenHo B UOC um. E. O. [latona ycnem-
HO TIPOBOAMIIUCH M TPOJOIDKAIOTCSA PabOTHI IO JIpy-
ruM HampasieHusM ucnonszoBanuss BY CXKT u
POACTBEHHBIX TEXHOJOTUH B MeaunuHe. K ux quciy
OTHOCAT CHOCOOBI OECKOHTAKTHOH TEPMOXUPYPIHU.
[IpeacraBum 5TH paboOTH Honee MOAPOOHO.

I'mneprepmuyeckue cnoco0bl CBapKu, pe3Ku U
o0padorku xuBbIX TKaHeil. B 2001 1. Kb «}OxHoe»
nu MOC wum. E.O.Ilatona coBMecTHO pa3paboraiu
IJJa3MEHHBIM Xupyprudeckuil xomekc «llimasma-
Mem» [27]. Tem cambIM OBLIO MTOJIOKEHO HAYaIo pas-
BHUTHIO B YKpawmHe HOBOU OTPACIIA METUIINHEI — Oec-
KOHTAKTHOM TUIIEPTEPMUIECKON XUPYPTHUH.
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Ha mepBom srTame ObLta co3laHa amnmaparypa,
KOTOpasi ¢ TIOMOIIBIO CTPYH HHM3KOTEMIIepaTypHOM
aproHOBOM TJIa3Mbl OCYIIECTBISIET PE3Ky IMapaHXH-
MAaTO3HbIX TKaHEH U OCTAHOBKY BHYTPUPAHEBBIX KPO-
BoreueHuil. [lonydeHa monoKUTENbHAS MEIUKO-TEX-
HUYECKasl OLEHKa JTOH armaparypsl M paspaboTaHa
METO/IMKA TIIAa3MEHHOW CBapKH KHBBIX TKAHEH KUIIIeY-
HUKa U )KETy/IKa, a TAaKXKe Croco0 COeNMHEHMs KPaeB
paH MapeHXUMaTO3HBIX OPTaHOB.

B pazsutue stux uccnenopanuit MOC nm. E.O.I1a-
TOHAa COBMECTHO ¢ HalMoHabHBIM HHCTUTYTOM XU-
pypruu u TpaHciuantonorun um. A.A.Ilanumosa
paszpabotaiu crocod W anmaparypy Uil KOHBEKLIMOH-
Ho-uH(ppakpacHo (KW) 00pabOTKM U CBapKU JKUBBIX
TKaHEeH. DTOT Croco0 OTIANYACTCS POCTOTOM, JOCTYII-
HOCTBIO CO3JJaHHOM JUI HETO alMapaTypsl, a TAKKe HC-
TMOJTb30BaHMEM BMECTO aproHa OKPY>KaIOIIEero BO3/Y-
xa. HoBu3Ha pa3paboTOK MOATBEpKICHA MaTeHTaMHU
VYkpaunbl [28-31]. Hdausblii criocod oOecrieunBaeT
HaJIe)KHBI TEMOCTa3, BO3MOXKHOCTh (POPMHUPOBAHUS
TUIEHOK KOAryJIMPOBaHHOW KPOBU Ha IMOBEPXHOCTHU
TKaHHW, OTCYTCTBHUE TEPMHUYECCKOTO TOPAKEHHsS Tia-
pPEHXHUMBI OpraHa, BO3MOXKHOCTH Oe€30macHoOi pado-
ThI B OOJIACTH KPYITHBIX COCYIIOB U TIOJBIX OPTaHOB
(puc. 12).

[IpoBeneHbI MPOBEPKH OCHOBHBIX KOHCTPYKTHB-
HBIX W TMPOTPAMMHBIX PEIICHUH AITOH ammaparypsl.
Co3anbl U HCIBITAHBI OIBITHBIC 00pa3lbl ammapa-
ToB KM-00paboTKN JKMBBIX TKaHEH M MHCTPYMEHTOB
K HUM. [lJI1 MCHONB30BaHMS B IMOJIEBBIX YCIOBHAX
paspaboTaHa JIMHEWKa amnmnapaToB: HOJHO(YHKINO-
HanpHbld TIIB-65, Gromketusit TIIb-65b, aBTOMO-
ounbublil  TI1B-65ABT, OecnpoBomHoi TIIB-65AKk
(puc. 13). Jlns cranuoOHapHBIX OIEPAMOHHBIX
pa3palboTaHbl anmaparhl: MOJHO(YHKIMOHATBHBIN
TIIB-180, nonHO(YHKIIMOHATBHBINM CO BCTPOCHHBIM
OnokoM Oecriepeboiinoro nurTanus  TTIB-180UPS,
oromxerHeiid TI1b-180b (puc. 14).

BonbmHCTBO ammaparoB MOTyT padoTaTh aBTO-
HOMHO M HCIIOJIb30BaTh B KaU€CTBE MCTOYHHUKOB IH-
TaHUsI OOPTOBYIO CETh aBTOMOOWIIS, TOJIEBBIE 3JICK-
Tpoctanuuy, a annapar TIIB-200BY moxer Takxke
BBITOJTHSTH MAHUIYJISILIMN BHICOKOYACTOTHOM PE3KH U
KOATYJISIIIMY JKUBBIX TKAaHEH.

Hoxnmnudeckne wuccienosanns KM-anmapary-
pBl U METOJIMK ee NMPHUMEHEHUS MPOBEJCHBI Ha 0aze
HanuoHansHOro MHCTUTYTa XUPYPTUU U TPAHCILIAH-
torornu uM. A.A.IllannmoBa ¢ ygacTHeM CIeITHaIH-
CTOB YKPauHCKON BOEHHO-MEIUIIMHCKON aKajeMuu U
XUpyproB Yznosoi 6oasHUIEI 1 ['TOO KO3XK .

UccnenoBanus B obmactn KM-00paboTKH KUBBIX
TKaHEeH B XUPYPTrUU MOKa3ali MePCIeKTUBHOCTD TO-
TO c11oco0a, 0COOEHHO B YCIOBUAX HHPEKITMOHHO-0C-
JIOKHEHHBIX OTIEPAaTHBHBIX BMEIIATeIbCTB. JlaHHBII
cnoco0 ObT MOAMGUIMPOBAH Ui OCTAaHOBKU KpO-
BOTCUCHUH M TMPOQWIAKTUKU PAa3BUTHA HHGOEKIUU
IIPU OTHECTPENbHBIX paHeHusX (puc. 15) [32].
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Puc. 13. Anmaparst K1-00pabotku sxuBbIx TkaHeu: a — TII1B-65; 6 — TIIb-65Ak; 6 — TI1b-65b; 2 — TIIb-65ABT

YcraHoBieHa BbiCOKas 3()()EKTUBHOCTh CHOCO0a CaHAUKW WH(MHUIIMPOBAHHBIX M XPOHHUYECKHUX THOM-
HE3aBHUCHUMO OT KOHKPETHOH aIlliapaTHON peaqu3anuu  HbIX paH [33, 34].
MpU OCTAaHOBKE KPOBOTEUEHHS M3 COCYIOB JMaMe- B kauectBe Marepuana st MHOHUIMPOBAHUS B
TPOM JI0 3 MM, NPU KPOBOTCUCHUSIX U3 MOBPEXKJICH- OINbITaX Ha JJA0OPATOPHBIX YKMBOTHBIX (KPBICHI, KPO-
HbIX IMapCHXUMATO3HbIX OPraHoB, I"Y6"IaTI>IX KOCTeﬁ, JINKH, CBI/IHBI/I) IMpuMeHsIaCb CMEChb YCTOI\/'I‘II/IBBIX K

TEPMOKOAT AV IHTOP TIE- 180G

“1‘

e TEMRERATHFA :
6 ek tri

@ ]/

Puc. 14. Anmaparsr KH-00paboTky KUBBIX TKaHEH s cTalloHapHBIX onepannoHHbix: a — TI1b-180; 6 — TI1b-180b; ¢ — TIIb-
180YFS; 2 — TI1B-200BY o
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Puc. 15. Xupyprudeckas o0padboTka HHOUIIUPOBAHHOI OTHe-
crpenbHOi panbl KM-morokom

AHTUOMOTUKAM KYJBTYP MHKPOOPraHW3MOB (KJIHU-
HUYECKUX IITAMMOB), COCTOSIIAsl U3 KHIIEYHOH ma-
JIOYKH, ITHEBMOHUHHOM KiIeOCHesbl, CHHETHONHOM
MaJOYKH, 30JIOTHCTOrO CTA(PUIOKOKKA, (heKaJIbHOTO
sHTepoKokka, Tpubka Kanmuna. KU-crocod obpa-
OOTKHM paH YCIIEIIHO MPOIIeN JOKINHNYECKUE HCIIbI-
TaHUsl M, 110 MHEHUIO MHOTHUX BEIYIIUX XUPYPIOB,
11€J1eCO00Pa3HO €ro LIMPOKOE BHEAPEHUE B XUPYPIHU-
YEeCKyI0 MPaKTUKY. B Hacrosinee BpeMs BBIIOJIHEHO
6omee 200 orepaTWBHBIX BMEMIATENHECTB C WCIIONb-
3oBaHueM criocoba KM-00paboTkn paH U OCTaHOBKH
MAPEHXUMATO3HBIX KPOBOTCUECHHH.

C moMmoIpio Takol anmaparypsl BO3MOXKHO OKa-
3aHUe TEepBOH BpaueOHON MOMOIIM MOCTPaJABLINM
B aBapHsX M KaracTpodax Kak B IMOJIEBBIX YCIOBUSIX,
B HEMOCPEICTBEHHOW ONM30CTH OT MecTa MOoyde-
HUS TPaBMBI, Tak U B cranuoHapax. KM-anmapatypa
CYIIECTBEHHO MOBbIIAaeT 3(P(EeKTUBHOCTH crenua-
JIN3UPOBAHHON W BBICOKOCHEUHUAIU3UPOBAHHON XU-
PYPrUYEcKOd TOMOIIM, OCOOCHHO TMPH TOIUTPaBME
U MHQEKIMOHHO-OCIOKHEHHBIX ~ XHPYPIHYECKHX
BMemarenbeTBax [35, 36]. KU-texHomorusi mo3Bo-
JISIeT IIPOBECTH OCTAHOBKY KPOBOTCUCHHMS U3 MapeH-
XMMAaTO3HBIX OPraHOB, I'yO4aTbIX KOCTEH M COCYHOB
muametrpoM 1...3 MM, caHaIio WHOUITUPOBAHHBIX 1
XPOHWYECKHUX THOWHBIX PaH, MPO(UIAKTHKY THOMHOM
nHGeKIUU pyu 00EBBIX TPaBMax, CBAPKY TKAaHEH Op-

Puc. 16. OcranoBka kpooteuenuss KM-koarynstopom v caHarust
MHQUIIMPOBAHHON paHBI ITOCIIE aMITyTalluy (haaHTH Maabla
TaHOB KEJIYJOYHO-KUIICYHOTO TPAKTA, KOAryJSLUIO
TKaHeW Ui MPOBENCHHS OCCKPOBHOTO pacCEKaHMs,
NpOQHIAKTHKY PELMIMBOB U Pa3BUTHsI METAcTa30B
NpY yIaJeHuu omyxosnel (puc. 16).

Hapsiny ¢ ykasanasiMu npumenenussmu KH-cro-
co0a cBapKu 1 00paOOTKH KHMBBIX TKaHEl HauaTa pas-
paboTKa rumepTepMUUEcKOro MeTojia sl YHHUTOXKE-
HUSA 3JIOKQUECTBCHHBIX OHyXOJIeﬁ n METacTtasoB, 4TO
SBIISIETCS] aKTyaJIbHBIM M NIEPCIIEKTUBHBIM HaIlpaBiie-
HUEM HCCIIEIOBaHUI.

Coznaane MHOTO(YHKITMOHAJBHBIX —AaIlaparos,
COYETAOIINX TPOIECCH BHICOKOYACTOTHOW CBapKH
n KU-00paboTky KMBBIX TKaHEH, SBISETCS OIHOM
M3 BaXHBIX 33Jad TpU pa3paboTKe W BHEAPCHHUH
HOBOT'O TMOKOJIEHHUSI 3JIEKTPOTEPMOXHPYPrUUECKOro
oOopynoBanus. IlepBrle MakeTHBIE 00pa3Lbl TAKOTO
obopynoBanus Ha 6aze EK-300M1 (puc. 17) nmpoxo-
JIT ceiiuac BCECTOPOHHHE KIMHUYECKUE HCIIBITAaHMUS.
Pazpaboransl MakeTHbIe 00pa3bl KU-uHCTpYyMEHTOB
s anmaparoB EKB3-300 «[TATOHME]/ly. Takum
00pa3oM, B MEPCHEKTUBE OOJNBUIMHCTBO BBICOKOYA-
CTOTHBIX aIIapaToB JJisl CBAPKHU KHUBBIX TKaHEH OyIyT
umeth Qynkunu KW — obpabotku Tkanei. Ilo or-
36IBaM XHPYProB, COYETaHNE YKa3aHHBIX TPOIIECCOB B
OJTHOM MHOTO(DYHKIIMOHAIBHOM armapare mo3BoJsieT
BBITIOTHATE € €ro moMoInbio 10 80 % cranmapTHBIX
XUPYpPrudecKux MaHumymsini [37, 38].

OTnenpHBIM  BBICOKOTIEPCTIICKTHBHBIM  HaIpaBJie-
HueMm pador U3C um. E. O. Ilarona sBisiercs paspa-
00TKa KOMITJIEKCHBIX MEIMLMHCKUX TEXHOJIOTHH, Ha-
NPaBJICHHBIX Ha PEIICHHE HEKOTOPBIX MEAMLUHCKHX
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Puc. 17. MHOTO(YHKITHOHAIBHEIE alllIapaThl A BBICOKOYAacTOTHOH cBapku u KM-00paboTku >kuBbIX TKaHeH Ha 6aze EK-300M1
oo,
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podnem. Takux Kak peKOHCTPYKTHBHO-BOCCTAHOBH-
TeJIbHAsT XUPYPIHs, KapAuO-COCYIUCTas XUPYyprus,
odramemonorus [39]. Pemenne atux mpobiem Tpedy-
€T MPUBJICUCHUS CIICLHUAIMCTOB PAa3JIMUYHBIX HAIpPaB-
JICHUH, OTAEIIOB U JaKe IPYyTrUX HHCTUTYTOB.

[IpoGnema pEeKOHCTPYKTHBHO-BOCCTAHOBUTEIHHON
XUPYPIHM OXBaThIBA€T MaTepHaibl, TEXHOJOTHH, all-
raparypy, XUpypruyeckue METOIUKH, HCIONb3yeMble
B OpTONEANH, TPAaBMATOJIOIMH, YETIOCTHO-IHIIEBOM
XHUPYPrHH, CTOMATOJIOTHH ISl TIOBBIIEHUS 3PhHEKTHB-
HOCTH OIIEPAaTHBHBIX BMEIIATeNIbCTB, COKPAIIIEHUS CPO-
KOB BOCCTAHOBJICHHS IIEJIOCTHOCTU U (DYHKIMH OIOp-
HO-JIBUTATENILHOTO anmapara. OT/ieNbHbIe HalpaBIeHHUS
KacaroTCsl TAKXKE IIPOTE3UPOBAHUS, OHKOJIOTUH, HEHpPO-
XUPYPTUH U BEPTEOPOJIOTHH (B YaCTH BOCCTAHOBJICHHUS
LIETIOCTHOCTHU KOCTEH, MEKIIO3BOHOUHBIX JICKOB, 00€-
CIICYEHUSI TOJBIKHOCTH ITO3BOHOYHHKA).

Hanpumep, B xoe oneparuBHOrO BMEIIATEILCTBA
[0 TIOBOAY OTKPBITBHIX IEPEJIOMOB, Ul IOTYUYCHUS
OIEpaIMOHHOI0 JOCTYMNa, OCTAHOBKM KPOBOTEUEHHUS
U3 KPYHHBIX COCYJOB, CBapHBaHUs OTACIBbHBIX 3Je-
MEHTOB MATKHX TKaHEH HCIOJb3YIOT BBICOKOYACTOT-
HYI0O CBapKy »HBBIX TKaHel. CaHalMi0 MEPBHYHO
WHQHUIMPOBAHHOW paHbl U OCTAHOBKY KPOBOTCUCHUS
n3 ry6uarbix kocted mpoBoisaT KU-koarymisitopom.
Jia ocreocwHTe3a HMCMONB3YIOT KOMITO3UTHI THTA-
Ha, BJIEMEHTHI U3 OMOAKTUBHOW KepaMHUKH — OHOCH-
Taja, TUAPOKCHANATUTOB, [-Tpukambnuiidocdara.
Onu oOpa3yeT KOCTHO-KEpaMHUYECKUH OJIOK, KOTO-
PBIH TOCTENEHHO 3aMEIAeTCs] MOTHOLEHHON KOCTBIO.
CrnenuasbHble TEXHOJOTUH 3aIlOJIHEHHS Je(EeKTOB
KOCTH THAPOKCHANATUTAMH C OCTCOKOHIYKTHBHBIMHU
U OCTEOMHIYKTHUBHBIMHM 100aBKaMH, MOJYyYEHHBIMU
C UCIIOJIb30BaHMEM HAHOTEXHOJIOTHH, MO3BOJISIIOT Cy-
LIECTBEHHO YCKOPUTH MPOLECC BOCCTAHOBJIEHHS KO-
CTH B 30HE MEpEsIoMa.

KommiekcHoe MCTONb30BaHUE TEPMOXUPYprude-
CKUX TEXHOJOTUH U HOBBIX MaTepUaliOB JUIsl OCTEO-
CHUHTE3a M TNPOTE3UPOBAHHUS IO3BOJISET MPOBOAMUTH
OIHOATAITHbIE PEKOHCTPYKTHUBHBIC onepanuu 0e3 u3-
BJICYEHHS SJIEMEHTOB OCTEOCHHTE3a IOCie BOCCTa-
HOBJICHUS KOCTH.

[lepeuncnennble MpeUMyIIECTBA U JOCTOMHCTBA
HOBBIX IIPOLIECCOB CBApKHU, PE3KU U TEPMHUUECKOI 00-
pabOTKH KUBBIX OMOJOTUYECKUX TKAHEH ITO3BOJISIOT
IIPOrHO3UPOBATh UX LIMPOKOE IMpuMeHeHue. B nep-
CIIEKTHUBE, 10 MHEHHUIO aBTOPOB, allapaThl JJIs BbI-
cokoyacTtoTHOU cBapku u KM-00paboTKy KUBBIX TKa-
HEH TOJDKHBI CTaTh HEM3MEHHBIM aTpUOyTOM KaXKIOH
OleparoHHOMN, Ka)KJJ0TO ONEpallHOHHOTO CTOJIA.

http://valleylab.com/product/es/.
http://www.ethicon.com/emea/ua/healthcare-professionals/.
http://www.klsmartin.com/products/electrosurgery/.

http://www.erbe-med.com/de/medical-technology/public/
Products/Electrosurgery.

5. http://nii-prikladnoj-elektroniki.uaprom.net/.
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RECRUITING AND PREPARING SKILLED PERSONNEL
FOR LEADERSHIP ROLES IN WELDING AND BRAZING

N. Cole, J. Weber, M. Pfarr, D. Hernandez
The American Welding Society, Doral, FL, USA. E-mail: nccenqr@gmail.com

A shortage of welders and welding professionals is felt globally, and it will worsen as the current skilled and educated leave
the workforce. Thus, many countries are actively designing programs to improve the image of welding and to train and educate
persons to meet those needs. Virtual welding, by means of computer simulation, is one method of introducing and exciting the
young about welding. Some companies are even using the virtual welder as to test or even give basic training to new employ-
ees. Females are 50% of the population, yet too few choose welding. We have good role models in the many different areas of
welding and they are highlighted here. Once persons are interested in welding, they need to be properly trained and educated.
Weld-Ed is a program in the USA that has 1) a model curriculum for 2-year colleges; 2) a program to update and upgrade instruc-
tors; 3) a method of pairing industry with schools and colleges to offer necessary skills and knowledge for available jobs. New
technology is being used by several countries in a variety of ways to enhance training and education. Several types, including
online learning and electronic devices, will be described. As persons become skilled and educated, they need a way to prove
their competence. A cost-effective means of demonstrating their competence is a Certification Program. Bright young persons
are needed in welding science and technology to meet national and global challenges. Our future, structures, and infrastructure

depend on them. 2 Ref., 17 Figures.

Key words: educating, computer simulation, virtual welding, Weld-Ed program, Certification Programs

1. Introduction

At present, there is a worldwide shortage of weld-
ers and welding professionals. Persons around the
world emphasize that we need to attract and train
more persons to enter and contribute to welding and
brazing. Of the half-million or so welders presently
working in the United States, the average age is in
the upper 50s, and some 50,000 of these skilled craft-
speople retire each year. At the same time, there is
a growing need for professional welding personnel
in national infrastructure, energy production, petro-
chemical and many other industries. If this need is not
met, the U.S. welder shortage could reach a quarter
million by 2019.

However, the need is for skilled and educated
welding professionals. Since 2009, the unemploy-
ment rate has risen dramatically in the United States.
Data from the Bureau of Labor and Statistics indicate
that this spike in unemployment has disproportionate-
ly affected «blue collar* workers. Yet, the high un-
employment rate affecting the manufacturing industry
is inconsistent with manufacturing job market. While
the manufacturing industry is experiencing high un-
employment rates, it also reports a large number of
unfilled, high-paying jobs. This separation between
the larger numbers of unemployed workers and open
positions can be attributed to the «skill gap* existing
in the workforce. This «skill gap* is formed by the
separation between the skill or knowledge base need-
ed to compete in the global marketplace and the skill
or knowledge base currently held by the workforce.

© N. Cole, J. Weber, M. Pfar; D. Hernandez, 2013
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A skills gap study looked for a means of determin-
ing the nature of the skill and talent gap in the manu-
facturing industry in the United States [1]. The survey
was answered by more than 1,100 executives from all
fifty states in the USA. The Skill Gap Report indi-
cated that 67% of manufacturers in the United States
describe a moderate to severe shortage of «available,
qualified workers®. In addition, the survey indicates
that 5% of current jobs (approximately 600,000 jobs)
at responding manufacturers are unfilled due to a lack
of qualified workers.

This skill gap is further complicated by the necessary
evolution occurring in the welding industry. The Amer-
ican Welding Society’s Vision for Welding Industry re-
port states: «Until recently, welding itself was a skill that
craft people could learn without a real understanding
of the science behind it. The scientific and engineering
principles behind welding must replace the art of weld-
ing for it to achieve its potential as a preferred state-of-
the-art manufacturing process [2].

Thus we have a need, but we must attract persons
to the field by effective means, and we also must over-
come a pervasive incorrect image and then provide
the necessary training and education.

2. Attracting persons to the welding and brazing
profession
2.1. Welding Offers Numerous and Varied Job Op-
portunities

The skilled worker problem is exacerbated by the
fact that welding has long had an image problem.
Many students, parents and guidance counselors hold
an out-of-date perception of welding as an unpleasant
and dangerous occupation suitable only for those who
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cannot, or do not wish to, pursue university educations.
In fact, welding as a profession offers many opportu-
nities at all levels of employment in energy, defense,
manufacturing, construction, aerospace, shipbuild-
ing, utilities, repair, environmental applications — in
short, wherever metals are permanently joined. Job
opportunities start with the welder, but also include
engineer, inspector, educator, researcher, business
owner, equipment sales, computer programming and
more. Workplace environments include manufactur-
ing facilities and construction sites in just about every
industry imaginable. And, potential income is high,
often significantly higher than that achieved by uni-
versity graduates in other fields. The average starting
salary for graduates of the Tulsa Welding School in
Jacksonville, Florida, is $42,800USD (32,400EUR)
and it increases rapidly as new skills are developed.
Pipeliners on Alaska’s North Slope oil fields have
earned as much as $1000USD (757EUR) a day.
2.2. Spreading the Word through Print Publica-
tions and Videos

One of the first steps taken by AWS was publish-
ing a guide to available careers in welding, as well
as establishing a Web site devoted to explaining em-
ployment opportunities in the field. This was followed
by a special edition of an Iron Man comic book com-
missioned by AWS with the Marvel Comics Group.
Aimed at a younger audience (9-15 years of age), the
comic used the action hero’s print medium to tell a
story of career opportunities in welding.

This was followed by establishing links with
several television personalities in the United States
starring in reality shows that feature welding. These
included Troy Trepanier, named hot rod «Builder of
the Year*; Brian Fuller, of «Two Guys Garage*; and
female welder Jessi Combs of «Extreme 4X4.“ AWS
also visited well-known television talk show host and
automobile collector Jay Leno, who recorded a video
segment testifying to the importance of welding and
the well-paying job opportunities in the field. AWS
then produced a DVD — «Hot Bikes, Fast Cars, Cool
Careers” — featuring all four personalities and dis-

Hot Bikes, Fast Cars,
Cool Careers

5

AWS Produced DVD
tributed thousands of copies through schools, trade
shows, career days, and the society’s 160 member
Sections throughout North America. Of course, the
entire contents of the video were also posted on the
AWS Web site.

For those individuals who gained a basic interest
in welding, AWS established a Welding School Lo-
cator on its Web site that lists thousands of schools
across the country that can provide quality welding
education. The Society also launched a separate Web
site, www.jobsinwelding.com that brought together
trained welding personnel and potential employers.
That valuable tool contains over 88% of the welding
jobs posted anywhere on the internet.

2.3. Publicity through Outside Media

AWS has also successfully sought media public-
ity about the shortfall of needed welding personnel.
This has resulted in major stories on the subject in
the New York Times, U.S.A. Today, Atlantic Month-
ly and many other publications. Television and radio
networks have also broadcast stories on the need for
welding workforce development. One of the most
widely heard of these was a radio interview with AWS
Marketing/Communications Director Ross Hancock
on the BBC World News.

EMPLOYERS ARE Rasmd N
SALADES AND DEWEFITH 8
A A RESLT
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2.4. The Careers in Welding Road Show

Another method of putting the word out about
welding careers was to plan a road tour where inter-
ested parties could actually get the feel of welding.
Through the inspiration of 2012 AWS President Wil-
liam Rice, and with a large donation from The Lin-
coln Electric Company, AWS designed and built a 53-
ft (16m), over-the-road tractor trailer with over 650
sq.ft. (60 sq.m.) of exhibit space to travel throughout
the U.S. and Canada promoting career opportunities
in welding.

y e
AWS Trailer Containing Virtual Welders and Welding Exhibits

Lincoln Electric donated five VRTEX 360 virtual
welding simulators to give trailer visitors a realistic
sense of the welding experience. The simulators also
provide a score for each person using them to help
measure aptitude for the profession. The trailer was
previewed in late 2011 at the Future Farmers of Amer-
ica National Convention, where it attracted more than
5,000 young people interested in welding. It has since
been featured twice at the FABTECH show in the
U.S., at FABTECH Canada, at several State Fairs,
at the Indianapolis 500 auto race, and at other spe-
cialty events with a focus on welding. It reached over
35,000 individuals in its first year and is designed to
excite young people about the many career opportuni-
ties available in the welding industry.

2.5. Image of Welding Awards

Yet another important step AWS has undertaken
to improve the public perception of welding is estab-
lishing the annual Image of Welding Awards. These
prestigious awards are presented each year at the
FABTECH show to honor individuals, companies and
AWS Sections that have shown outstanding achieve-
ment in promoting welding careers and creating a
positive image for the profession. The awards include
presentation of a handsome trophy, and the winners
receive media recognition in numerous trade publica-
tions and local media.

2.6. Boy Scouts of America Welding Merit Badge

To further interest youth in welding careers, AWS
has worked with the Boy Scouts of America (BSA)
in establishing a Welding Merit Badge, officially
launched in 2012. Boy Scouts earn the badge by stud-
ying welding technique and completing a welding
project. To help them prepare, many AWS volunteers
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Boy Scouts of America Welding Merit Badge

actively work to train and counsel the scouts attempt-
ing to earn the badge.
2.7. Social Media Involvement

A recent effort by AWS to publicize welding ca-
reers has been to become strongly involved in Face-
book, Twitter and other social media. AWS has
launched a Facebook page that actively promotes ca-
reers in welding. The Society has also hired a perma-
nent staff expert in social media.

2.8. Women in Welding and Brazing

The above efforts target the general population
worldwide and youth in particular. However we need
to target another specific audience. Women make up
about 50% of the population at large, but their per-
centage in welding and brazing is much lower. In fact
in the USA, the Department of Labor estimates that
women in welding make up no more than 6% and
female welders are probably no more than 2%. That
population provides a great opportunity to increase
the numbers of welding professionals. In the USA
during World War II, women stepped into the work-
force to meet the country’s need. Rosie the Riveter
was advertised, but there was also Wendy the Welder
and Barbara the Brazer. Women can do it again and
in fact we have plenty of female role models, we just
have to let them be known. Below are several women
who are effective role models.

Callie Jones Hughes is a welder at P&H Mine Pro
in Wyoming. She has a family history of welders. Her
great grandmother welded during World War 11, and
her grandfather on the other side of her family welded
in a shipyard. She says, «I would love to inspire oth-
er women to be welders. I think it is very neat that I
had past family members who were welders on both
sides.*

Another welder is Melissa Hall, who has been
welding since the 9th grade. She has an Associate De-
gree in Welding and Fabrication from Triangle Tech
in Sunbury, Pennsylvania, and is a member of Local
520 of the Plumbers and Pipefitters Union. She does
welding for nuclear and shale gas companies.

Chris Monroe is a welding trainer at Hobart Broth-
ers, Troy, Ohio. She sums up the opportunity well:
«There’s an opportunity in this industry to have a
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Trainer Chris Monroe
career for life. You can work on the manufacturing
floor or in the field as a welder, or as an ironworker
building a stadium. You can become an engineer and
develop welding products or travel around the coun-
try as a Certified Welding Inspector

Other role models are members of AWS Board of
Directors. Nan Samanich is District Director 21 and
is an AWS Certified Welding Inspector (CWI) and
Welding & Metals Technology Instructor at Desert
Rose High School and Career Center, Las Vegas, Ne-
vada. 2014 Incoming District 20 Director, Pierrette
Gorman, has a B.S. in Welding Engineering Degree
from The Ohio State University (OSU), Columbus,
Ohio, and she’s a laser and soldering specialist at San-
dia National Lab, Albuquerque, New Mexico. She
went to OSU at the age of 40 to get that degree.

Robin Gourley is a Materials Engineer at Cur-

Welder Melissa Hall
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tiss-Wright, Cheswick, Penn-
sylvania. She’s responsible
for metal brazing process-
es of pumps and motors for
commercial and naval prod-
ucts. She has been an active
member of the AWS Brazing
and Soldering Committee
for over 15 years and has
presented papers and been
responsible for helping or-
ganize the successful Interna-
tional Brazing and Soldering
Conference for many years.
She also writes for the Braz-
ing Handbooks.

Hui Zhao of Creative
Thermal Solutions, Urbana,
Illinois, is one of the few fe-
males who has a PhD and is
working in the joining field.
Her undergraduate work was
in China and she earned her Welding Engineer Pierrette
PhD in Mechanical Engi- Gorman
neering at the University of
Kentucky. She is pictured in front of her lab furnace
where she is able to observe the brazing of micro
channel heat exchangers. An enlargement of the heat
exchanger is also shown.

Deanna Postlethwaite of Lincoln Electric Co.,
Cleveland, Ohio, is in Technical Marketing. She says,
«I am enjoying the opportunity to provide solutions
to companies to keep productive manufacturing in the

Brazing Engineer Hui Zhao
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Microchannel Heat Exchanger (Enlarged)
USA. I am also actively involved in the development
and marketing for our virtual reality welding solu-
tion.*

Claudia Bottenfield, former AWS District Director
from Maryland was a single mother raising two sons
and welding sales provided the income she needed.

Welding Sales Claudia Bottenfield
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Welding Class at Floresville High School, South Carolina

She says, «Four years after starting at Arc Welders,
I was asked if I wanted to sell our products to end
users. | jumped at the possibility since I would be the
first woman in the Baltimore area to ever have accom-
plished this feat.

Karen M. Gilgenbach has many credentials, CWI,
CWS, CRAW-T, WTC-WI, B.S. Engineer. She is
also a Weld Process Specialist with Airgas, Inc., and
the Past Chair, AWS Milwaukee Section. She is also
known as a very good welder.

These women are only a few of the female role
models working in welding and brazing, so we do
have role models who are leading the way. However,
because their percentage is currently small, females
need to be encouraged in all possible ways. They need
mentors and need to be given opportunities.

The general public needs to know that welding and
brazing is a great field for both men and women with
many opportunities in a variety of occupations. Hope-
fully, in the future we will see more instances like the
welding class in Floresville High School with a ratio
closer to the world’s population of 50/50 of women
to men.

2.9. Obtaining National Science Foundation
Funding

In 2007, AWS teamed with Ohio State University,
Lorain County (Ohio) Community College and oth-
er educational institutions and created the National
Center for Welding Education and Training (Weld-
Ed) using a financial grant from the National Science
Foundation. Operational partners for Weld-Ed include
AWS through its Foundation, Lockheed Martin, The
Lincoln Electric Co., and a number of schools — all
committed to increasing the number and quality of
welding and materials joining technicians to meet in-
dustry demands. In addition, Weld-Ed’s network has
grown to include over eighty education and industry
affiliates who participate in the Center’s programming
and utilize its resources.

One important result of this partnership was a
joint AWS/Weld-Ed publication designed to promote
careers in welding. Titled «In Demand — Careers in
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In Demand — Careers in Welding Publication

Welding,“ the magazine contains articles promoting
welding as a dynamic field with a strong future, per-
sonnel profiles with realistic salary figures, techni-
cal facts about welding, and more. So far, more than
50,000 copies of the magazine have been distributed,
and an on-line version www.careersinwelding.com,
has proven equally popular. The site contains use-
ful information for students, parents, educators, and
counselors, as well as welding professionals.

3. PROVIDING PROPER TRAINING

AND EDUCATION

Attracting persons to the welding profession is not
enough. It’s the skilled and educated welding pro-
fessional that is in high demand. Therefore, several
means of delivering the necessary skills and education
have been devised locally and internationally. Canada
has a case study of a modern welding education facil-
ity that uses technology to enable multiple students
to see the instructor and activity clearly and is used
to illustrate a variety of application technologies. The
IIW has designed a system that ensures that qualified
students can be admitted to welding training and ed-
ucation courses in a wide range of personnel catego-
ries. These students benefit by taking courses that are
harmonized across national boundaries and their di-
plomas can be recognized as equivalent. This system
has proven advantages in closely related economies
such as the European Union. Sweden has adopted that
method and now has welding as a specialization that
is available in upper secondary schools. Sweden is
considered to be a role model for that method of pro-
viding a welding education.

Inthe USA, we are pursuing other models. Schools,
colleges and universities teach welding in the tradi-
tional way in a classroom and lab setting, but their
curriculum may vary depending on the school and
location. We tend to measure outcomes — the skills
the student has obtained and what has he/she learned,
which is the basis of the certification programs, rather
than where the person received their training. Howev-
er, different means of providing the skills and educa-
tion are being developed.
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3.1. Weld-Ed

Weld-Ed strives to improve the quality of educa-
tion and training services to address the hiring and
professional development needs of the welding indus-
try. Weld-Ed has three overarching goals that drive its
activities.

1. Increase the number of welding technicians to
meet workforce needs. This goal is accomplished in
partnership with the American Welding Society and
involves several initiatives. The first is the develop-
ment and distribution of recruiting materials for mid-
dle school, high school, and college age students,
covered above. Additional, very successful resources
have been developed, including a DVD — Improv-
ing their Competitive Edge: Students in Welding.
AWS and Weld-Ed also collaborated on a resource for
secondary educators to use in their math and science
classrooms. Engineering Your Future explores the ev-
er-increasing relationships among science, technolo-
gy, and society. The goal of the program is to excite
students about some of the natural laws of physics and
their application in the technological world in which
we live, while perhaps guiding them to consider sci-
ence-based careers. In the first six months since its
introduction, over 4,900 free copies were distributed.

2. The second initiative involves disseminating the
message that careers in welding are abundant, highly
skilled, and utilize advanced technology. The Careers
in Welding trailer, described earlier, reached over
35,000 individuals in its first year. This mobile exhib-
it features the five arc welding simulators as well as
interactive exhibits designed to excite young people
about the many career opportunities available in the
welding industry.

3. The third initiative includes research on welding
industry trends. In 2010, Weld-Ed released The State
of the Welding Industry report, a comprehensive ex-
amination of the welding industry, including industry
and workforce data by region, figures for new and re-
placement workers needed, and recommendations on
filling the gap in the welding education pipeline. The
employment projection data is continuously updated
and currently shows a need for over 310,000 welders,
inspectors, technicians, and engineers by 2019.

3.1.1. The comprehensive reform of welding tech-
nician education

In 2011, the Weld-Ed Center published a national
core curriculum model. This core curriculum, appro-
priate for all postsecondary Welding Technician ed-
ucation programs, provides a validated listing of the
core of what students should know and be able to do
after completing a welding technician program. A stu-
dent learning outcome specifies what a student should
learn as a result of their education experience in the
classroom and laboratory. That experience might also
include internships or other industry experiences. An
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outcome reflects the consequences or results of what
the student learns, not what the instructor teaches.
The student learning outcomes listed in the model are
not intended to describe every conceivable student
learning outcome that a postsecondary welding tech-
nician program might include. In fact, it is expected
that most programs should include additional student
learning outcomes that are germane to the specific lo-
cation where students may be employed.
3.1.2. Enhance faculty professional development
and continuing education

Weld-Ed has developed a series of professional de-
velopment modules for secondary and post-secondary
educators. These modules incorporate the list of stu-
dent learning outcomes from the national core curric-
ulum model and thus prepare educators for success-
ful instruction in a welding technician program. The
core professional development program includes four
modules, typically offered in the summer months,
with each module consisting of one week of instruc-
tion.
3.1.2.1. Welding Metallurgy and Weldability
of Commercial Alloys

This course covers the concepts and fundamentals
of atomic structure, grain structure, heat flow, phase
transformations, welding metallurgy, and the welda-
bility of ferrous and non-ferrous commercial alloys.
Laboratory work consists of welding metallurgy in-
vestigation on welded samples and weldability testing
for specific applications.
3.1.2.2. Cutting and Joining Processes

This course covers the basics and principles of
major joining and cutting processes. Advantages,
disadvantages, equipment, consumables, techniques
and variables for each process are discussed. Appli-
cations, criteria for consumable selection, and how to
establish process parameters are emphasized. Labo-
ratory work involves equipment set up and operating
of the welding and cutting equipment for specific ap-
plications.
3.1.2.3. Design for Welding, Fabrication, Assembly
and Robotic Welding

This course covers the concepts and fundamentals
of the design for welding, fabrication, assembly and
robotic welding. Laboratory work consists of case
studies using standard design equations to determine
the behavior of welded materials, part processing and
optimization of fabrication, design considerations for
work holding and manipulating equipment, and the
programming and operating of robots for GMAW
welding.
3.1.2.4. Weld Quality and Inspection, Welding
Codes, Specifications and Safety

This course covers the concepts and fundamen-
tals of weld quality and inspection methods, welding
codes, specifications, and safety. Laboratory work
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consists of setting up and operating the instruments
and equipment for identification and characterization
of weld discontinuities and defects.

These four professional development modules
have been offered for three summers to over 275 ed-
ucators. The success of these core modules led the
Weld-Ed team to develop two additional one-week
modules to be offered for the first time in summer
2013. These include the following:
3.1.2.5. Laser Welding

This course covers the concepts and fundamentals
of laser welding technology including basic optics,
laser welding systems and welding process optimiza-
tion, and metallurgy of laser welds. Laboratory work
consists of case studies that involve optimization of
laser welding equipment and identification and char-
acterization of weld discontinuities and defects.
3.1.2.6. Efficient and Effective Welding Technician
Instruction

This course covers the foundations of welding
technician education; program needs assessment
and program development, developing program and
course objectives, a survey of learning theory, labora-
tory development, teaching methods, and classroom
management techniques.

In addition, Weld-Ed offers an annual Educators
Conference in conjunction with the FABTECH show.
This one-day conference is open to educators and in-
dustry trainers and features updates on Weld-Ed offer-
ings, best practices from educators, and presentations
and free resources from Weld-Ed industry partners.
More than 200 individuals have taken advantage of
this outstanding programming over the past few years.

As Weld-Ed looks to the future, plans include
continuous improvement of the existing profession-
al development modules; expansion of professional
development opportunities to include the advanced
needs of industry; investigation into new delivery ap-
proaches for education and training such as on-line
and blended delivery; growth of offerings to include
consulting in needs assessment, program design, pro-
gram improvement; identification of future strategies
to sustain the existence of the Center.

3.2. AWO — American Welding On-Line

AWS statistics of the welding industry in the Unit-
ed States show an abundance of school programs ded-
icated to the entry-level and advanced-level welding,
but precious few programs dedicated to welding su-
pervision, inspection, or engineering. As the welding
certification body in the United States, AWS provides
some training in the bodies of knowledge for each
of these fields, but that training has historically been
limited to survey courses helping students review pri-
or to examination. These courses are not designed to
instruct on fundamentals, nor are they meant to teach
the subject to individuals interested in entering those
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career fields. Rather, these courses are developed for
individuals already functioning in those roles to fill
in knowledge gaps in preparation for examination.
Individuals seeking to enter into one of welding ca-
reers fields with little or no prior knowledge are most
commonly left to rely on self-study. Recognizing this
shortcoming, the American Welding Society is utiliz-
ing American Welding Online as a means of estab-
lishing profession pathways for individuals seeking
to advance their careers. Instead of teaching only
the advanced knowledge needed for test preparation,
American Welding Online courses span the gamut of
knowledge levels from those who are looking to break
into the field, to those who are well established. With
the development of AWO, individuals will no longer
need to seek out specialized schools or training pro-
grams to learn the variety of skills needed to obtain an
AWS Certification. Clear, interconnected curriculums
provide the learner with career pathways that can take
them from entry level to certification.

AWS recognizes that in order to close the widen-
ing skill gap in the welding industry new means of
training welding personnel are required. In an effort
to address these issues, the American Welding Society
developed American Welding Online (awo.aws.org).
American Welding Online, or AWO, is a virtual edu-
cational community dedicated to training the welders
and welding personnel of the future. The foundation
of AWO is a simple principle: To provide welding ed-
ucation to anyone, anywhere, and at any time. In order
to fulfill this mission, AWS has adopted a modular ap-
proach to American Welding Online.

The cornerstone of American Welding Online is
the library of e-learning courses and virtual confer-
ences offered by AWS. These seminars are offered
asynchronously, allowing students from around the
world to access the course content on their own sched-
ule and complete the program at their own pace. The
American Welding Society offers multiple levels of
training and testing, from entry level certificate train-
ing to advanced certifications. Through American
Welding Online, AWS currently offers several online
courses including the Certified Welding Sales Repre-
sentative Program, Welding Fundamentals, Safety in
Welding, Math for Welders Level I, Understanding
Welding Symbols, Welding Metallurgy, and the soon
to be released The Science of Non-Destructive Test-
ing, Welding Economics, and Lean Management for
Welding Shops courses.

All American Welding Online courses are built to
teach the necessary knowledge base while focusing
on STEM (Science, Technology, Engineering, and
Math) education. Unlike most welding education cur-
rently in the marketplace, AWO courses do not focus
on the physical act of welding, but rather the theo-
retical base; the scientific and engineering principles;
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critical thinking; and problem solving. Courses, such
the AWS Welding Fundamentals seminar, provide
science-based education on six of the most common
welding processes: Oxyfuel Welding, Shielded Metal
Arc Welding, Gas Tungsten Arc Welding, Gas Met-
al Arc Welding, Flux Cored Arc Welding, and Sub-
merged Arc Welding. The seminar provides in-depth
study of these welding processes through the use of
diagrams, animations, high-definition videos, and
synchronized audio narration. The seminar study ma-
terial is presented in a thoughtful way that challenges
participants to think critically about the topics. For
example, when reviewing Shielded Metal Arc Weld-
ing, the course does not simply review the basics of
how the process works, instead it examines the prac-
tical application of SMAW, the science of the welding
arc, and how various welding variables, such as travel
speed or amperage affect the final weld. The seminar
also integrates education on higher knowledge skills
such as welding electrical theory, welding metallurgy,
and welding discontinuities. The participants receive
constant feedback and reinforcement in form of in-
teractive elements, practice problems, quizzes, and in
some courses, workbook practice. The combination of
interactive instruction and constant feedback provides
participants the opportunity to use high-level thinking
skills and critical thought to understand deeper con-
nections in the instruction material.

Almost as important as offering professional path-
ways, American Welding Online allows learners to
take ownership of the educational process, custom-
izing the experience to their individual needs. The
on-demand training offered through AWO allows the
user to determine which courses in the professional
pathways are suitable for their knowledge level. This
customized curriculum provides learners with the
most time- and cost-efficient means of gaining the
knowledge necessary to advance in their careers.

As of February 2013, American Welding Online
began offering synchronous learning opportunities
in the form of monthly webinars. These live training
opportunities offer the individual the opportunity to
learn from experts in a variety of fields from any-
where in the world. In addition to the ability to access
this training from any computer in the world with an
internet connection, these webinars allow the learn-
er to ask direct questions to a live instructor/ expert,
network with like-minded participants, and contribute
their own experiences to the educational process. In
order to reach the largest number of individuals possi-
ble, AWO will also host recordings of these webinars
on American Welding Online so that those individuals
who could not attend can still access the information.

Aside from the asynchronous and synchronous
learning opportunities offered through American
Welding Online, AWS continually offers informal
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learning opportunities such as the Professional Pro-
gram Podcast. This complimentary podcast can be
downloaded to any portable device through the AWO
Podcast page on iTunes (https://itunes.apple.com/us/
podcast/american-welding-online/id505523313)  or
watched directly through the AWO website. AWO
will also be launching a series of phone and tablet
apps geared towards allowing individuals to learn
in informal environments. The AWS app library will
consist of apps designed to help prepare individuals
for the Certified Welding Inspector exam (both D1.1
and API 1104 versions), as well as virtual welding
apps with both educational and entertaining aspects
meant to draw interest to the welding field while edu-
cating the user through the use of a game.

With the advent of American Welding Online, the
American Welding Society is realizing its goal of
bringing welding education to anyone, anywhere, and
at any time. This multifaceted response to the grow-
ing gap of skills and knowledge needed to compete
in a global economy will ensure that all levels of the
welding industry, whether the entry-level student or
the professional, are provided the opportunity to ob-
tain the education required for the technologically ad-
vanced jobs of tomorrow and today.

4. CONCLUSIONS

The worldwide need for skilled and educated
welding professionals is recognized by those work-
ing in the field, but people who could potentially fill
that gap must be reached. Therefore a concerted ef-
fort is underway to improve the image of welding and
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to reach the general public, as well as targeted pop-
ulations, such as youth and women. Media such as
publications, brochures, videos, DVDs, and TV per-
sonalities are targeting the general population. Youth
are also targeted through Iron Man Comic Books, the
virtual welders, BSA merit badge and social media.
Women in welding are highlighted as role models to
interest females and their parents.

Once persons are interested they need to be prop-
erly trained and educated. A variety of means of de-
livering those skills and education are underway de-
pending on the location in the world. Most countries
have schools, colleges and universities that teach
welding. AWS in co-operation with Weld-Ed has pro-
grams to reach youth and to provide a model welding
technology curriculum and courses for faculty profes-
sional development and continuing education. AWS
has launched American Welding On-Line to provide
a welding education to anyone, anywhere, at any time
and dedicated to training the welders and welding per-
sonnel of the future.

These projects as well as others are focused on
successfully educating the population on the needs
and opportunities, then providing the training and
education necessary for welding professionals to
properly build our infrastructures and provide the
workforce for energy production and many other
industries.

1. (2011) The Manufacturing Institute and Deloitte Consulting
LLP Skills Gap Study, July-August.

2. American Welding Society & The United States Department
of Energy 2009. Vision for Welding Industry.
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MHDOPMALINA

.U MUKUTHUHY — 70

SApocnaB MBaHOBUY
Mukutun — npexce-
narenb npasieHus Ily-
OMUYHOTO aKIMOHEPHOTO
obmecTBa «KaxoBckuit
3aBOJ] AIIEKTPOCBAPOYHO-
ro obopynoBanus», le-
poit YKpauHbl, akaJeMHUK
AxaneMun WHXEHEPHBIX
HayK YKpauHbI 1 AMepH-
KaHCKOU aKajieMuu Ou3-
Heca, 3aCIy>KeHHBIH Ma-
IIMHOHOCTPOUTEIIb, YWICH
Briciiero HaygHo-3K0HO-
muuaeckoro Cosera YKpanHCKOro oHAa HayIHO-IKO-
HOMMYECKOTO U IOPUANYECKOTO COTPYIHUYECTBA.

. . Mukutun pomwmics 22 oktsaopst 1943 . B
cene JlopormueBka, 3amenuikoro paiona, TepHo-
MOJIBCKOM 00JIacTH.

B 1968 1. 3akonumn KumrHeBeKuit moauTeXHuYe-
CKHI WHCTHUTYT, OTYYIJI CIIEIUATBHOCTh WH)KEHE-
pa-mexannka. B 1969—1973 rT. paboran B KaxoBckoM
TpecTe COBX030B XEPCOHCKOW 00J1aCTH Ha TOJDKHO-
CTH WHXXEHEpa U TIIABHOTO WH)KEHEpa.

C 1973 r. u o Hacrosiee Bpems padotaet Ha Ka-
XOBCKOM 3aBOJI€ 3JIEKTPOCBAPOYHOr0 000PYI0BaHHUS,
I MPOILEN MyTh OT HauaJlbHUKA KOHCTPYKTOPCKOTO
Oropo 10 aupekropa 3asozaa (1990) u mpencenarens
npasienus [IAO «KaxoBckuit 3aBoj] 27IEKTpOCBapOU-
Horo obopynoBanus» (1996).

Bricokwuii mpodeccronanu3m no3ponuia Spocina-
By VIBaHOBHUY YCIIEIITHO PEaTn30BaTh MPOEKTHO-KOH-
CTPYKTOPCKHE M TEXHOJOTHYECKHE Pa3paboTKH MO
CO3JIaHHIO U BHEIPEHUIO B TIPOU3BOZACTBO MEPBBIX 00-
pasmoB KOMIUIEKCOB «/Jlyra», « CTBIK» IJIs pa3BUTH
SIMOYprcKOTo Ta30KOHIECATHOTO MECTOPOXKACHUS. B
YpEe3BBIUANHO CIOXKHBIX YCIOBHSX MEPEX0/1a CTPaHbl
Ha MPUHLHUIBI PHIHOYHOU SKOHOMUKH . 1. MUKUTHH
o0ecrneunst cTaOMIIbHbIE (PHHAHCOBO-DKOHOMHUYECKUE
roKa3aren paboThl 3aBOjIa.

Ceronust K39CO — naubonbmee B CHI™ npen-
MPUATHE TI0 BBITYCKY YHUBEPCAIBHOTO U CIIEI[UAITH-
3HUPOBAHHOTO 00OPYIOBAHHMS JUIS JYTOBOW U KOHTAKT-
HO¥ cBapku. Cpein HUX aBTOMAThI M TTOJTYyaBTOMAThI
IuIst myroBoi cBapku A-1416, AJ[-231, IIAT-603M,
ucrounukn nutanus KMY-501, TAPT-160, koHTakT-
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HbIe TOYeuHbIe U moBHbIE MamuHel KT-007, KT-009,
MT-2202 u ap.

Bonbmias 3acnyra S. 1. MukuTrHHa B pa3BUTHH U
YKPETUIEHUH TECHOTO HAayYHO-TEXHUYECKOTO COTPY/I-
HuyectBa 3aBoga ¢ UDC um. E. O. IlaTona, nponon-
JKarolerocs BoT yxke 40 set. 9To mo3BOIMIO CO30aTh
PsAIl pebCOCBAPOYHBIX MAlTUH HOBOTO MOKOJICHHS,
MPEBBIIAIOIINX 10 CBOMM XapaKTepUCTHUKaM 3apy-
OckHble aHajoru. Ha mpennpusiTiu opraHn3oBaHo
cepHitHOe MPOU3BOACTBO COBPEMEHHOTO PEIbCOCBa-
pounoro obopynoBanusi — Mamuubel K 920, K 922,
K 924, K 945, K 1000, K 1100 1 MOOMABHBIX KOM-
minexkcoB KPC-1, KCM-005. Oto obopynoBanue
YCIENTHO KOHKYPHPYET C JIy4IIMMU 00pa3amMu TeX-
HUKHU BeIyHINX 3apyOeHbIX QUPM U IKCILTyaTH-
pyetcst B 76 cTpanax mupa, B yactHoctu B CIIA,
Asctpuu, Kurae, Oxuoit Amepuke, Kanane, As-
crpanuu, Uaauu.

B nocnennee BpeMs 3aB0J COBEPIISHCTBYET MPO-
IYKIHIO, TTOCIEA0BATEIbHO paCIINpss TepedeHb
obOopynoBanus. biarogapst muaHabiM kagectBam 5. 1.
MUKUTHHA — 3PYAULIH, TEXHUYECKOH JalibHO30PKO-
CTH, TBOPUYECKOMY MOAXOAY MPHU PEIICHUHU MPpodIemM
— HEYKJIOHHO HOoJJepKUBaeTcs mnpouecc oOHOB-
JIEHUs ¥ MOJAEPHM3ALNN TPOAYKIUHU C UCIIOJIb30Ba-
HUEM MOCJIEHUX JOCTHKEHUH HayKH U MEpPeTOBhIX
TEXHOJIOTUI.

3a 3¢ exTuBHYIO OPraHU3aTOPCKYIO0 padoTYy, BbI-
COKHI TpodeccCroHaNN3M, BECOMBIN BKIIAJ] B CO3/1a-
HU€ MPON3BOJCTBEHHO-TEXHUYECKOTO U WHTEIJIEK-
TyanpHOTO TIoTeHIana komnanun K39CO, kotopas
BOIIIJIa B YHCJIO MHUPOBBIX JIHIEPOB IEKTPOCBAPOU-
HoM TexHukH, 5. 1. MUKUTHH yIOCTOEH psijia Harpa
u 3BaHmid: pemun Cosera Munuctpo CCCP B 00-
TacTH Hayku U TexHukH (1987), 3BaHus «3acmykeH-
HBII MalIMHOCTpouTeNnb YKpauHs (1995), moyetHoi
rpamotel Kabunera Munuctpos Ykpaunst (1999),
1-#1 3onoroii Meganu «3a 3¢ GEeKTUBHOE YIIPABICHHE
o peteHno MexyHapoIHOM KaapoBoil akageMuu
(2000), [MoueTHoti rpamoToit BepxoBHoro Cosera
VYkpaunst (2004), 3Banus «Iepoii Ykpaunsi» (2004) ¢
BpyueHueM opzieHa ['ocynapcTsa.

CepaeuHo Mmo3apaBiisieM I00WIApa, jKelaeM eMy
JI0OpOTo 3/10POBBS, JOJATUX JIET KU3HH, BIOXHOBE-
HUA B JaJIbHEHIIIEM IUIOAOTBOPHOM Tpyze Ha Omaro
YKpauHbl.

WuctutyT snexrpocBapku uM. E. O. ITatona
Penxonnerus xypHana
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CEObMAA MEXOYHAPOOHAA KOH®EPEHUWUA
«MaTtemaTuyeckoe mogenMpoBaH1e M

WH(OPMaLMOHHbIE TEXHONOrMKU B CBapKe

N POACTBEHHLIX NMpoUeccax» m
Yupauna, Kpeim, Bonewan AnTa,

Aom TEopuecTEa yyeHbi cHauwsenns HAHY, 22 — 26 cenTaSpa 2014 r.

HaunoHaneHas akagemus Hayk YepauHel
WHcTuTyT anexTpoceapku um. E.O. Matona HAHY
MempoyHapogsas accoumaumna «Ceapkay

KoxghepeHyua NOCceALUYeHa naMamu
awademura HAHY B.M. Maxverko

Temartuka KoHdpepeHUMH

MaTeMmaTHyecKoe MOOENHPOBAHME: + TEpMOgedopMALMOHHbIX NEOUSCCOE NpH CBApKE
AABNEeHUEM C yUeToM BonbMx qedopsauUni;

+ TRAHCNOPTa BOJOPOAA B CEADHLIN CORAMHEHKHAX,

+ olEHkM pucka oBpasosaHua XONogHbE (BOOODOAHEIX)
TPELLYHH,

+ COTATOMHBIX HANPAXEHKWA ¥ AehopMauMia npu
MHTOMPOXOGHOA CBAPKE C YHETOM WIMEHEHWA
MUKDOCTRYKTYPS METANNS,

+ AerpafauMi CBORCTE MaTEpHaNa CBAPHLIX COSOMHEHHA
noj BO3NEHCTRMEM BLICOKKY TEMNERATYD, XMMHECKH
ATPECCHBHBIX CREA W AQEDHOMD OBMYYEHWR;

+ npalecca waeHTHAdMKAUM QeberTon B CoAPHBIX
COBOMHEHHAX NP HEPA3PYLUSKOWMY METOOAN MCNTAHMA.

+ hAIWYECKMY ABNEHWA, ONPEEMAKLLKX
FDOERTUEHOCTE M DACADEASNEHWE TENNCRNOMEHHA NEK
CEAPDONHOM Harpese;

+ NPpDUECcCa NepeHDCa METANNA NPX CBapKe;

+ 00pa30BaHMA U MOPOOWHAMKHEN CEaPOYHOR BaHHEI
NP CBAPKE NNABNEHWEM CINCLWHBIX W NOPUCTHIX
MaTEpHanos;

# KPUCTANMMIALMAN CEBADOYHOM BAHHBI, XMMHAYECKOND
COCTABA I0HBI REONNARNEHAS W 0Bpalosanma
EAMHHBCHOA HEOAHOPOAHOCTH,

# KMHETIHY MUEDOCTRYKTYDHEIX MIMEHEHUA NPK GAHD- U
MHOMONPOXoOHORA caapke,

+ JABMCHMOCTI XUMWYECKWA COCTIE — MAKROCTRYRTYDE MHEOPMALMOHHBIE TEXHONOTHW B CBAPKE,
— MEXaHNYECKHE CBOACTES;

# KAHETHEH QedopsausorHblx NPOLGECCoB B
TEMMEPATYPHEIX MHTEPRANAX 0BDaZ0BAHMA FODAYMK
TRELMH ¥ YCNOBHA WX NPEaYNPEsaSHUA,

HAMNMNABKE W HAHBCAHHN NOKPLITHA.

+ Paboque A3LINK KOHDEPEHUMM — YKPAWHCKWA, PYCCKHA, BHINMACKIA.

+ [INA y4aCTHA B KOHPepeHUIKM HEoGX0ANMO IANONHWTE PEMMCTRALMOHHYIG KAPTOURY W HANDAEWTs 82 B OprxomuTer go 3
wioHA 2014 1, K Hasany kondepaHysy ByayT vagaHsl Te3IUcs: OokNanos.

+ TpeboBanuA K 0DOpPMNEHNID TEINCOB. TeXKCT cnefyeT HabupaTte Ha onHoM M3 pabounx faukos B pegakTope WORD (kerne
12, uepes 1.5 wnrepeana). OSbem Teawcos — 1 cTpaHvua.

OcHOBHEI® AaThI
Mopada 3aAB80K HA YYacTHE W Teawcom aoxnagoe Ao 03.065.2014 r Pacchurwa sToporo MedopMagqoRHone coobuleHus qo
17.06.2014 r. Paccsinka NPArNALLeHAR Ha KoHEpeHLMID W NOATEEDMASHWE yacTuA 40 15.07.2014 . OnnaTta oprasrIauMoHHom
BAHOCA NPOMABOAMTCA HA OCHOBAHWA CHETOB DPIKOMUTETE WK HENOCPEAETESHHD BO BPEMA NDOBEAEHNR KOHDEPEHLEN,
OprromuTeT
Yepawda, 03630, r. Kwes, yn. Boxenxo, 11
WHCTHTYT anexTpoceapkl us, E.O. MaTtosa HAH YipauHs!
Ten.fthasxc: (38044) 200-82-T7
E-mail: joumal@paton kiev.ua, romanovai@paton kiev.ua
www. patonpublishinghouse com

.ﬁjr._mm ICIBEAD 11/2013
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LEHTPATIbBHAA ®UTNTbTPOBEHTUITAUMOHHAA
CNCTEMA AIRTECH — FTAPAHTUA YACTOIO BO3AYXA
HA INMPON3BOOCTBE*”

Bui ne cnpasnsiemecs ¢ ycmpanenuem 3aepazneHno2o 6030yxa na eauiem npeonpusmuu? Mol npedna-

eaem Bam pewenue dannoii npobaemvl u npeocmasgiiem Bawemy sHumManuio yeHmpanibHyo cucmemy

AIRTECH om nemeyxou xomnanuu TEKA — eedyweco npouzsooumens QpuibmpoeenmuisiyuOHHO20

obopyoosanus ¢ I epmanuu!

Cuctema AIRTECH, tTun Stand Alone

Cuctema AIRTECH — Stand Alone mpenna-
3HAY€Ha JUJI CHWI)KEHMSI KOHIICHTPAIMU BPEIHBIX
npuMecei B BO3JyXe MyTeM 3a0opa 3arpsA3HEHHO-
ro BO3AyXa, ero GuibTpalMu U 3aTe€M BO3Bpalle-
HUSI OYUILEHHOTO BO3AyXa B IIeX. YIaJleHUE JABIMOB
1 a3po30Jeil B MOMEIEHUH MPOUCXOAUT Orarogapst
MOCTOSIHHOM (DUIIBTpaliuy 3arpsA3HEHHOTO BO3AyXa
(GUABTP-KapTPHUIKAMH C aBTOMaTUYECKON CUCTe-
moit ounctku POWERSPRUH-System. Cucrema

AIRTECH - Stand Alone obecrnieunBaeT yaajieHue

710 99 % BpeAHbIX YACTHIl U UMEET AOMYCK JAJIs yaa-

| nenust u punpTpanuu apIMa kiaacca W3 (BBICOKO-

nerupoBaHHas ctanb). DpdextuBHocTh AIRTECH
— Stand Alone noxnreepxaena ceprudukarom He-
MEIIKOTO MHCTUTYTa 1Mo oxpane Tpynaa [FA.

Jlnst pa30aBieHNst BpPEAHBIX IPUMECEH B BO3LyXe

| uexa muddyzopsl cucremsl AIRTECH — Stand Alone

pacronararoTcsi Ha BEICOTE 4-7 METPOB M PacpocTpa-
HSIFOT OYMIICHHBIN BO3/IyX TaM, IJie COOMpAeTCsl Hau-
BbICIIIAs] KOHIIEHTPALUS IBIMOB, a BEICOKOIIPOU3BO-
JIMTENbHAsT BEeHTISIIIMOHHASL CUCTEMa 00ecriednBaeT
nepemenierne Bozayxa 10 40 000 ky0.m/4 Ha manb-
HOCTB /10 50 MeTpoB.

Eme oOAHUM mpeuMyHieCTBOM CHUCTEMBI
AIRTECH — Stand Alone sBnsieTcsi ee THOKOCTb.
Cucrema KOMIIAKTHO CKOHCTPYHPOBaHa, a OTCYT-
CTBUE HEOOXOIMMOCTH MPOKJIABIBATh BO3LyXOBO/IbI
MPEIOCTABISIET BOBMOXHOCTh CBOOOTHOTO BEIOOpA
MecTa MOHTaxa. Cuctema 3Q¢GeKTUBHA U C TOUYKH

3peHHs] 5KOHOMHUH HEPrOHOCHUTENEH, TaK KaK TEIUIbIM BO3IYX, HAXOAALIMICA B 00JaCTH MOTOJIKA, OITy-
CKaeTCsl BHM3 IOTOKAMH YUCTOTO BO3yXa, YTO MO3BOJISET 3HAYUTEIbHO CHU3UTD 3aTPAThl HA OTOIJICHHE.

Texnuueckue XapaKTepUCTUKH:

[pousBoautensHocTs 18000 — 40000 Ky0.M/4
Momuocts Bentuwistopa 11,0 — 30,0 kBt
CrerneHb o4uCTKH > 99 %

YpoBeHb 3ByKOBOTO AaBieHus 65 nb

Cucrtema AIRTECH, Tun PUSH-PULL

OunbrpoBenTisinuonHas cucreMa PUSH-PULL noctpo-
eHa Ha npuHIune BraruBanus («PULLy) 3arpsi3HeHHOTO BO3-
JyXa 1eXa 4yepe3 CUCTEMY BO3AYyXOBOJOB, CMOHTHUPOBAHHBIX B

* CraThsl Ha MPaBaX PEKIAMbI

10-11/2013

. B AL CIIA] 159




NHOOPMALINA

1LIeXe Ha BbICOTE MAKCUMAJIbHON KOHLIEHTPALMKM CBAPOUYHBIX JBIMOB, OYUCTKHU BO3/yXa BbICOKOA(P(EKTHB-
HbIMU (punbTp-KapTpukamMu U BeiayBanus («PUSH») o6paTHO B 11ex OUYMIIIEHHOTO BO3/1yXa yepes pe-
HIETKH BO3yXOBOJIOB C JPYTOM CTOPOHBI CUCTEMBI.
Takum 006pa3oM B 1iexe co31aeTcs HUPKYIALUS BO3AyXa, CBAPOUHBIE JBIMbI IOCTOSHHO U 3P (PEeKTUBHO
pa30aBIAIOTCA, UTO CHIKAET (POHOBYIO KOHIIEHTPAITUIO BPEIHBIX MPUMECEl B BO3IyXe.
Cucrema PUSH-PULL BHOCHUT CyIIECTBEHHBIH BKJIaJ B yAy4IIEHHUE YKOJIOTHUECKON 0€30MacHOCTH
IIPOM3BOCTBA, YTO MOATBEPAKIEHO cepTudukaTtom Hemenkoro nHctuTyTa 110 oxpase tpyna IFA.

Cuctema AIRTECH, Tun BlowTec

DHeprodpPpeKTUBHOCTh U YHUBEPCATHHOCTh —
3TO 0COOEHHOCTH (PHITBTPOBEHTHIIAIIMOHHON CHUCTE-
Mbl AIRTECH — BlowTec. MoaynbHast KOHCTPYK-
nust nozBosisier npuMmeHaTh AIRTECH — BlowTec
B T€X IPOU3BOICTBEHHBIX MMOMEIIEHUAX, B KOTOPIX
HEBO3MOKHO pa3MelleHHe 00 1pyroil BeHTHIIsA-
nuu. CTaHIapTHBIC YIIEMEHTHI CHCTEMBI MOTYT OBITh
pa3MeIeHs! B JIF000M MOPSIKE, UTO MO3BOJISIET yCTa-
HOBHUTH €€ B OTPAaHUYEHHOM IPOCTPAHCTBE U B TO-
MEIIEHHSX C HU3KUMH TTOTOJIKAMH.

TEKA — cgenaHo B N'epmaHum!

HcnpiTanHOE HEMENIKOE Ka4eCTBO — ONTHUMAaJIb-
Has (pyHKIIMOHATHHOCTh. Bce yCTaHOBKHM BBITIONHS-
10T TpeboBanus Oe3omacHocT. Ha Hac Ber moxeTte
TTOJIOKHUTHCS!

Komnanus «/lensraCap» siBisieTcst opummaib-
HbeIM auctpudsrotopom TEKA B Poccuu. Hamm
CHEIHMANIMCTHI MPOKOHCYABTUPYIOT Bac mo Bcem Bo-
MpocaM OTHOCUTEIHHO (HUIBTPOBEHTHIIAIIMOHHOTO
o0opynoBaHus, OpraHu3anuy pabodero Mecra cBap-
IIMKa ¥ CPEJCTB WHANBUIYAIbHON 3AIINTHI.

Mps1 nogbepem miist Bac HeoOxoammoe o0opymo-
BaHUE, OCYIIECTBUM JOCTABKY U MOHTaXX 000pya0-
BaHMs, OCHAaCTUM Baie cBapouHOe MpOU3BOICTBO
«TI0JT KITFOU».
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00O «[densraCsap»

620141, r. EkaTtepuHbypr, yn. 3aBok3anbHas, 29

Ten.: +7 (343) 384-71-72 MmHorokaHanbHbIN
Ten./dakc: +7 (343) 287-41-52
E-mail: info@deltasvar.ru, www.DeltaSVAR.ru

Benozepos JImurpuii IOpreBuy,
pykoBoautens otaena mpomgax OO0 «/lemsraCpapy»

&DeltoSVAR
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