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naSromis zogadi daxasiaTeba  

 Temis aqtualoba. Tanamedrove manqanebmSeneblobaSi 

liTonSemcveli konstruqciebis Semcireba, maTi teqnikuri 

maxasiaTeblebis amaRleba da saimedoobis gazrda, erT-erT 

aqtualur problemas miekuTneba. am mimarTulebiT 

prioritetulia liTonuri nakeTobebis struqturis srulyofa, 

axali Taobis ekonomiuri masalebis miReba-damuSavebis gziT, 

romelTac ganekuTvnebian fenovani kompoziciuri masalebic. 

amdenad, gansxvavebuli fiziko-meqanikuri maxasiaTeblebis mqone 

sxvadasxvagvari liTonebis SeerTebis gziT, fenovani 

kompozitebis miReba, Tanamedrove masalaTmcodneobis aqtualuri 

problemaa. 

rTuli teqnologiuri amocanebis gadawyvetisa da 

saeqspluatacio maxasiaTeblebis amaRlebis mizniT, sxvadasxva 

Tvisebebis mqone liTonebis SeduRebis (SekavSirebis) problemis 

warmatebiT gadaWra mravali mecnierisa da teqnikuri muSakis 

yuraRebis centrSia moqceuli. sxvadasxvagvari liTonebis 

SeerTebis procesis Seswavlisas aucilebelia mTeli rigi 

problemebis gaTvaliswineba, romlebic dakavSirebulia 

SesaerTebeli liTonebis araerTgvarovan fiziko-qimiur 

TvisebebTan da gardamavali (SeerTebis) zonis moTxovnili 

maxasiaTeblebis uzrunvelyofasTan.  

fenovani kompoziciuri masalebi (fkm) warmoadgenen 

perspeqtiul Tanamedrove konstruqciul masalebs, romlebSic 

SesaZlebelia realizebul iqnas winaswar moTxovnili 

funqcionaluri Tvisebebi. dakveTili fiziko-qimiuri 

funqcionaluri Tvisebebis mqone, konstruqciuli masalebis 

Seqmnisas gansakuTrebuli adgili ukavia SezRuduli 

SeduRebadobis mqone, sxvadasxvagvari liTonebisgan warmoebul 

kompoziciur fenovan nakeTobebs. aseTi saxis fkm-is miReba, 

romelTa ricxvs miekuTvneba folad-aluminis nakeTobebic, 

moiTxovs SeerTebis zonis teqnologiuri parametrebisgan 

damokidebuli struqturul-fazuri mdgomareobis Rrma da 
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safuZvlian kvlevas, aseve SeerTebis zonis struqturisa da misi 

meqanikuri maxasiaTeblebis kavSir-urTierTobebis dadgenas.  

sxvadasxvagvari masalebis SeerTebis aucilebloba 

ganpirobebulia nakeTobis TiToeuli fenis unikaluri, 

gansxvavebuli TvisebebiT. magaliTad, aluminisa da misi 

Senadnobebis sxvadasxva markis foladebTan SeerTeba iZleva 

aluminis simsubuqisa da koroziamedegobis Serwymis 

SesaZleblobas foladis simtkicesTan. amiT aixsneba 

kombinirebuli folad-aluminis fkm-is farTo gamoyeneba 

saaviacio, kosmosur, atomur, energetikul, Tavdacvis da sxva 

mrewvelobaSi.  

gansakuTrebiT didia moTxovna magniumis Semcvel aluminis 

AlMg6 da qrom-nikeliani foladebis St0,5 Senadnobebze, romlebic 

sxvadasxva daniSnulebis gadamyvanebis saxiT, farTod gamoiyeneba 

gemT, avia da avto mSeneblobebSi. aseTi masalis gamoyeneba 

ramdenjerme amcirebs Sromatevadobas, konstruqciis masas da 

zrdis masalis koroziamedegobas. 

dReisaTvis avtomobilis Zaris konstruqciis detalebis 

SeerTeba ZiriTadaT xorcieldeba meqanikuri procesebiT, 

moqlonviT, klinCeriT, SewebebiT da wertilovani SeduRebiT, 

rac srulad ver akmayofilebs simtkicis moTxovnebs. am 

problemasTan dakavSirebiT germaniaSi, braunSveigis teqnikur 

universitetSi, INTAS-is programiT (ref. Nr 05-114-5449), gamoicada 

sisqiT 1,2 mm-is AlMg6-St0,5 fkm-is miRebis teqnologiuri cikli, 

SemuSavda rekomendaciebi am meTodiT VolkswagenVW-avtomobilis 

Zaris da saxuravis elementebis SesaerTeblad.  

f.TavaZis metalurgiisa da masalaTmcodneobis institutsa 

da stu-Si miRebul fenovan kompoziciur masalebze, DAAD 

(PKZ:A/09/77/888) grantis farglebSi Catarda meqanikuri 

maxasiaTeblebis gamocda da metalografiuli kvlevebi 

klaustalis teqnikur universitetSi.   

zemoT moyvanili magaliTebi naTlad miuTiTeben fkm-is 

gamoyenebis mzard tendenciaze, rac pirdapir aris 
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dakavSirebuli sxvadasxvagvari SesaerTebeli liTonebis 

nomenklaturis gafarToebasa da teqnologiis Semdgom daxve-

wasTan.  

warmodgenili sadisertacio naSromi eZRvneba folad-

aluminis SeerTebis kombinirebul meTods, romelic warmoadgens 

ramdenime aprobirebuli meTodis kombinacias, kerZod: winaRobiT 

eleqtrokontaqturi gaxureba – difuzuri SeerTeba – 

plastikuri deformacia – normalizacia. aseTi midgoma, 

aerTianebs ramdenime meTodis dadebiT elements, aneitralebs 

uaryofiT momentebs da, rogorc Sedegi, fkm-is xarisxis 

gazrdisa da sortamentis gafarToebis saSualebas iZleva. 

mecnieruli siaxle:L 

• eleqtrofizikuri da Termoplastikuri faqtorebis 

gavlena/dadgena fkm-is meqanikur Tvisebebze da gardamavali 

fenis srtruqturul-fazur formirebaze.  

• eqsperimentuli monacemebisa da regresuli analizis Sedegebze 

dayrdnobiT folad-aluminis SeerTebis simtkicis zrdis 

kinetikuri kvleva. 

• fmk-is funqcionaluri Tvisebebis uzrunvelsayofad 

optimaluri parametrebis da reJimebis dadgena.  

• fkm-is plastikurobisa da simtkicis maxasiaTeblebis 

dabalanseba, SesaerTebeli zedapirebis aqtivaciis, difuzuri 

da Termoplastikuri zemoqmedebis saSualebiT.  

• SeerTebis minimalur droSi gardamaval fenaSi, siTbos maRali 

koncentrirebis da mikroplastikuri lokalizebis, 

uzrunvelyofa.  

avtoris piradi wvlili. miRebuli Sedegebis utyuaroba 

emyareba maTematikur dagegmvas da regresiul analizs, 

Teoriuli kinetikuri kvlevebisa da metalografiuli analizis 

Sedegebis urTierT Tanxvedras.  

f.TavaZis metalurgiisa da masalaTmcodneobis institutSi 

da braunSveigis teqnikur universitetSi (9 Tve INTAS-is 
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programiT) avtoris monawilebiT dagegmarebuli da Seqmnilia 

materialur-teqnikuri baza, sadac Catarebulia eqsperimentaluri 

kvlevebi. metalografiuli kvleva da analizi, maT Soris 

rentgenospeqtraluri da sxva, Sesrulebulia klaustalis 

teqnikur universitetSi (6 Tve DAAD-is programis farglebSi).  

miRebuli Sedegebi ar ewinaaRmdegeba Tanamedrove 

warmodgenebs masaladmcodneobaSi, eleqtroteqnikasa da 

liTonebis wneviT damuSavebaSi.  

samuSaos mizans warmoadgenda dagegmili (dakveTili) 

funqcionaluri Tvisebebis mqone AlMg6-St0,5 fkm-is miReba, 

romelic erTian teqnologiur ciklSi iTvaliswinebs 

SesaerTebeli zedapirebis eleqtrofizikur aqtivacias, difuzur 

SeerTebas da Termoplastikur stimulirebas, drois umokles 

monakveTSi SedarebiT dabali temperaturisa da wnevis pirobebSi.  

amocanebi:  

• gaxurebisa da izoTermuli dayovnebis periodSi Zalovani da 

eleqtruli parametrebis gaangariSeba - dadgena; 

• erTkomponentiani plastikuri deformaciisa da normalizaciis  

Termomeqanikuri parametrebis dadgena da eqsperimentaluri  

kvleva; 

• aqtivaciis energiis gansazRvra, difuzuri SeerTebis 

parametrebis dadgena, procesebis maTematikuri aRwera-

gaangariSeba;  

• deformaciis keraSi Jangbadis SeRwevadobis SemzRudavi 

denmimyvani instrumentis (puansonis) konstruqciis Seqmna; 

• zedapirebis oqsiduri fenisgan gawmenda da fizikuri 

kontaqtis formireba; 

• damwnexi mowyobilobis, gamzom-gadamwodi, kontrolisa da 

regulirebis aparaturis montaJi-gawyoba; 

• nimuSebis meqanikuri Tvisebebis gamocda-dadgena;^  

• SeerTebis gardamavali Sris kvleva, struqturuli da fazuri 

analizi. 
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naSromis aprobacia. disertaciis ZiriTadi Sedegebi 

moxsenebulia 2009÷12 wlebSi, oTx saerTaSoriso konferenciaze:      

o First International Conference for Students and Young Scientists on Materials 

Processing Science, Tbilisi, 10 -13 October 2010  

o Second International Conference for Students and Young Scientists on Materials 

Processing Science, Tbilisi, 10 -13 October 2012  

o Materials Science Forum Vols. 706 – 709 2012, Trans Tech Publications, 

Switzerland pp. 373 – 376  

o Tanamedrove teqnologiebi da araorganuli 

masaladmcodneobis meTodebi, saqarTvelo, Tbilisi 4-6 ivnisi, 

2012, 74 – 83 gv  

o metalurgiis da masaladmcodneobis yovelwliur samecniero 

– teqnikur konferenciebze. 

publikaciebi. disertaciis masalebze gamoqveynebulia 12 

statia, miRebulia patenti [#4864].  

naSromis struqtura. sadisertacio naSromi Sedgeba 

Sesavalisgan, xuTi Tavisgan, daskvnebis, gamoyenebuli 

literaturis siasa da danarTisgan. masala moicavs 160 

gverds maT Soris 17 cxrils, 35 naxazs da 120 dasaxelebis 

gamoyenebul literaturas.      

 

naSromis ZiriTadi Sinaarsi 

1. naSromis literaturul mimoxilvaSi gaanalizebulia 

SeuTavsebadi liTonebis SeerTebis arsebuli teqnologiebi 

romlebic saWiroeben vakuumuri da/an asafeTqebeli kamerebis 

gamoyenebas. vakuumur – difuzuri, glinviT da afeTqebis 

meTodebis gamoyenebisas, karg Sedegebs iZleva damatebiT 

fenaTaSorisi safenebis gamoyeneba, magram es iwvevs 

Sromatevadobis zrdas.  

   difuzuri procesebis stimulirebisas, erT-erT ZiriTad 

problemas warmoadgens, zedapirulidan da moculobiT 

Tbogamoyofaze gadasvla. am problemis gadasaWrelad gamoiyeneba 

lazerul-rkaluri an lazerul-plazmuri kombinirebuli, aseve 
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Tanamedrove teqnologiebi. lazeruli teqnologiebi gamoiyeneba 

zedapirebis gasasufTavebladac, rac iwvevs procesis sagrZnob 

gaZvirebas. fizikuri kontaqtis formirebisas eleqtrodeniT 

gaxureba, rogorc pirdapiri, ise uku polarobis an impulsuri 

denis gamoyenebiT, sagrZnoblad amartivebs da aiafebs process. 

arsebuli teqnologiebiT aucilebelia SesaerTebeli 

zedapirebis oqsiduri apkisa da mikronawiburebis moSoreba, 

winaswari meqanikuri damuSaveba da xurebis procesSi 

daJangvisgan dacva, rac damatebiT xarjebTanaa dakavSirebuli.  

folad-aluminis SeerTeba gaZnelebulia maTi dnobis 

temperaturis, wrfivi gafarToebis, TboSemcvelobisa da 

Tbogamtarobis koeficientebis didi gansxvavebis gamo, amasTanave 

an dros adgili aqvs Termuli Zabvebis warmoqmnas. amasTanave, 

aseTi SeerTebisas gardamaval zonaSi, garkveuli temperaturul-

droiTi reJimebis pirobebSi, arsebobs interliTonuri naerTebis 

warmoqmnis saSiSroeba. gasaTvaliswinebelia isic, rom aluminis 

SenadnobebSi magniumis arseboba sagrZnoblad aaqtiurebs 

interliTonebis warmoqmnis process. 

zedapiruli atomebis kavSirebis daSla-aRdgena; difuzuri 

urTierTqmedebis gaaqtiureba, eleqtrostatikuri da magnituri 

velis ZiriTad denze zeddebis gavlena, damatebiT amcirebs 

SeerTebis dros; interliTonuri warmonaqmnebis 

SezRudvebisaTvis efeqturia impulsuri (WedviTi) datvirTvebiT 

zemoqmedeba; aqtivaciis sxvadasxva efeqtebis erTdroulad 

gamoyeneba, xarisxis zrdasTan erTad sagrZnoblad amcirebs 

SeerTebis temperaturas.  

aRsaniSnavia, rom vercerTi cnobili meTodi, 

damoukideblad ver wyvets folad-aluminis SeerTebisas arsebul 

problemebs, kerZod: SeerTebis temperaturisa da dayovnebis 

drois Semcirebisas, saWiro xdeba liTonebis plastikuri 

deformaciis gazrda, rac yovelTvis araa SesaZlebeli; garda 

amisa temperaturis daweva xSirad SeuZlebels xdis ZiriTadi 

liTonis plastikuri da simtkicis maxasiaTeblebis tolfasi 
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SeerTeba, da a.S. Sesabamisad, naSromSi dasaxuli miznis srulad 

realizacia moiTxovs folad-aluminis SeerTebis meTodebis 

kombinirebas da maTi urTierTqmedebis uzrunvelyofas.  

vakuumSi difuzur SeerTebas sxva meTodebTan SedarebiT 

gaaCnia rigi upiratesobebi. kerZod, uzrunvelyofilia SeerTebis 

maRali xarisxi da zusti geometriuli zomebi, Tumca 

aucilebelia zedapirebis winaswari meqanikuri (an qimiuri) 

damuSaveba. amasTanave, difuzuri SeerTeba vakuumSi mimdinareobs 

sakmaod did droSi (12-15 wuTi), rac zRudavs warmadobas.  

  eleqtrokontaqturi gaxurebisas, ufro efeqturad xdeba 

siTbos gamoyofa gardamaval zonaSi, amave dros, difuzuri 

procesis gareSe, warmoebul fkm-Si SekavSirebis zonis 

plastikuroba, ver akmayofilebs wayenebul moTxovnebs. amrigad, 

xarisxiani SeerTebis warmoqmnisa da formirebisaTvis 

SesakavSirebeli zedapirebis aqtivacia SesaZloa miRweul iqnas 

eleqtrodeniT intensiuri gaxurebisa da SeerTebis difuzuri 

procesebis erTobliobiT. 

2. maTematikuri modelirebisa da eqsperimentaluri kvlevebis 

monacemebis safuZvelze, SerCeulia teqnologiuri parametrebi da 

dadgenilia SeerTebis reJimebi.  

Camoyalibebulia kompoziciuri masalebisadmi wayenebuli 

moTxovnebi, zomebi, SekavSirebis zonis simtkice da 

plastikuroba, struqtura da fazuri Semadgeniloba. kompozitis 

funqcionaluri daniSnuleba srul TanxvedraSia meqanikur da 

struqturul TvisebebTan (standarti DIN. X12CrNiTi 18-9).  

cxrili 1. fkm-is moTxovnili meqanikuri da struqturuli Tvisebebi  

meqanikuri monacemebi  struqturuli monacemebi  
simtkice 

Wimvadobaze Ϭв, 
mpa 

210 mikrosisale HV 1200 

simtkice 
wyvetaze Ϭwyv, mpa >120 aluminis Semcveloba, 

%  
<70% 

simtkice waWraze 
ϬwaW, mpa >70 fenis sisqe, mkm  <10 

fardobiT 
wagrZelebaze δ% 15÷20 interliTonebi, % <3 
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folad-aluminis eleqtrokontaqturi gaxurebis da 

difuzuri SeerTebis meTodebis kombinireba, safuZvlad daedo 

teqnologiur ciklis SemuSavebas (sqema 1).  

  
sqema 1 AlMg6-St0,5 SeerTebis teqnologiuri cikli, 

sadac -  𝓘,𝓤 , 𝛥 𝓘 , 𝛥f – eleqtrofizikuri, Т, Р, 𝜟Р − Termomeqanikuri 
parametrebia 

 
sqema 1-is mixedviT, pirvel stadiaSi (t1) minimaluri 

dawnevis (0,5 mpa) pirobebSi denis Zala aRwevs maqsimalur 

mniSvnelobas, gardamaval fenaSi myisierad gaxureba iwvevs 

mikrodeformacias da oqsiduri apkis rRvevas. fizikuri 

kontaqtis formireba grZeldeba meore stadiaSic (t2) da 

mTavrdeba SesaerTebeli zedapirebis da oqsiduri apkis sruli 

moTelva-rRveviT. mesame stadiaSi (t3) eleqtruli winaRoba 

utoldeba nuls, temperatura aRwevs 4500C rac SesaerTebeli 

zedapirebis maRali aqtivaciis da difuzuri SeerTebis 

winapirobas warmoadgens.  

aRsaniSnavia, rom cxeli plastikuri deformaciisas 

deformirebuli alumini xasiaTdeba dislokaciebis gazrdili 

simkvriviT, rac warmoadgens gardamaval SreSi Termodinamikur 

stimuls. Termomeqanikuri damuSaveba, moicavs “gaxureba-

deformacia-gaciveba” procesebis erTobliobas, rac kristaluri 

wyobis defeqtebis simkvrivis zrdasTan erTad, aumjobesebs 

gardamavali fenis plastikur Tvisebebs.  
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   aRniSnuli efeqtis gamoyenebis mizniT, “izoTermuli 

dayovnebis” procesis Semdgom, roca zedapirebis SekavSireba 

dasrulebulia, gaTvaliswinebulia erTkomponentiani dabali 

intensiobis (350-4500С) plastikuri deformacia.  

Termomeqanikuri damuSaveba, moicavs plastikur 

deformacias da “normalizacias”, rac ufro efeqturi gavlenas 

axdens gardamavali zonis TvisebaTa maxasiaTeblebis 

erTgvarovnebis kuTxiT. amrigad meoTxe stadiaSi (t4) 

Termoplastikuri aqtivaciis mizniT gamoyenebulia 

erTkomponentiani plastikuri deformacia iseTi dawnevis ZaliT, 

romelic umniSvnelod aRemateba AlMg6 masalis denadonis zRvars. 

rogorc sqemidan Cans ZiriTadi parametrebi, maT Soris (Т, 𝓘), 

inarCuneben igive mniSvnelobebs, rac izoTermuli dayovnebisTvis 

aris damaxasiaTebeli.  

meqanikuri Tvisebebis stabilizaciis mizniT, mexuTe 

stadiaSi (t5) SeerTebis dasrulebisTanave gaTvaliswinebulia 

“normalizacia”, sadac SenarCunebulia deformaciis maRali done 

(40 mpa), xolo denis xvedriTi mniSvneloba gazrdilia 15 a/mm2-

mde.  

arsebuli midgomisgan gansxvavebiT, am SemTxvevaSi 

“normalizacia” axangZlivebs “izoTermul dayovnebas” 

zedapirebis ufro mzardi aqtivaciis pirobebSi. amasTan, 

gaxurebis temperatura ufro naklebad moqmedebs plastikurobis 

zrdaze, vidre “normalizaciis” temperatura da misi 

xangrZlivoba.  

amitom, mizanSewonilia swrafi gaxureba 5500C-mde, Semdgom 

dayovneba da haerze intensiuri gaciveba. aseve dadginda, rom 

normalizaciis periodSi, izoTermuli gardaqmnebi 

uzrunvelyofen ufro wvrilmarcvlovani struqturis miRebas.  

Catarebuli angariSis da eqsperimentaluri monacemebis 

Sejerebis Sedegad, teqnologiuri parametrebis saboloo 

mniSvnelobebi mocemulia me-2 cxrilSi.  
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cxrili 2.  teqnologiuri ciklis parametrebi 

1 stadia 
Zabva 
U, V 

xvedriTi 
deni a/mm2 

wneva 
Р, mpa 

temperatura 
Т 0,С 

dro 
τ, wm 

gaxureba               
t1 

             t2 

8 40 0,5 0÷100 2 

1,5÷4 2÷7,5 0÷10 100÷450 8 

dayovneba          
t3 3 7,5 10 420 30 

deformacia      
t4 3 7,5 5÷30 420 15 

normalizacia   
t5 3÷4,5 7,5÷20 30÷40 420÷550 15 

gaciveba      t6 4,5-0 20÷0 40÷15 550÷150 20 
jami 90 

   

  3. Seqmnilia materialur-teqnikuri baza, - hidravlikuri wnexi 

da gacivebis sistema (nax. 2), teqnologiuri aRWurviloba 

eleqtro kontaqturi gaxurebis sistema denis Zalis (Zabvis) 

regulirebiT (0-20 КА, 2-24 V)  da sxva mowyobilobani, maT Soris 

gadamwodebi da regulirebis sistemebi (nax.3).   

             
nax. 2 wnexis damwoli mowyobilobebis saerTo xedi 

SemuSavda wnex – formis msgavsi puansoni, romelic 

moculobiTi deformaciis garda, konstruqciulad gamoricxavs 

(zRudavs) Jangbadis SeRwevadobas gaxurebis periodSi, da nimuSis 

wyliT gacivebas SesaZleblobas iZleva.  

namzadebis Tvisebebis gaTvaliswinebiT, gaangariSebulia 

kontaqturi gaxurebis sistemis eleqtruli parametrebi, CarTvis 
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xangZlivoba, denis Zalisa da simZlavris mixedviT SeirCa 

Zalovani transformatori, denmimyvani sistema da a.S.  

nimuSis centrSi da mis perimetrze ganlagda Svidi 

Termowyvili, maTi signalebis gasaSualoebuli mniSvneloba 

aisaxeba grafikulad da vizualurad, sizustiT ±50С.  aseve didi 

sizustiT xdeba denis Zalisa (±1%) da wnevis (±3%) gazomvebi, maTi 

droSi cvalebadoba teqnologiuri ciklis farglebSi.  

 

nax.3 wnevis regulirebis blok-sqema 

wnevis regulirebis sistema (nax. 3) hidro – cilindrisa da 

tumbos garda, Sedgeba gadamwodebisgan da programuli 

marTvisgan. gaTvaliswinebulia temperaturis programulad 

marTva. stadiebis mixedviT, maTi asaxva grafikulad da monacemTa 

damuSaveba kompiuteris meSveobiT. Sedegad xdeba sasurveli 

reJimebis damaxsovreba da maTi ganmeorebiTi uzrunvelyofa, rac 

sagrZnoblad aadvilebs kvleviTi samuSaoebis dagegmvas da 

Sesrulebas.    

 

  4. fkm-is simtkicis maxasiaTeblebis Seswavlis mizniT, Catarda 

nimuSebis meqanikuri gamocda – kvleva (nax. 4) gaWimvaze (Ϭв), 

wyvetaze (Ϭwyv.) da waWraze (ϬwaW.) agreTve fardobiT 

wagrZelebaze (δ%), rogorc plastikuri deformaciis pirobebSi 

(nimuSi sisqiT 4 mm), ase deformaciis gareSe (sisqiT 1,2 mm).  
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nax.4 f.k.m. meqanikuri gamocdis Sedegebi: 

gaWimvaze (1); wyvetaze (2); Wraze (3); da fardobiT wagrZelebaze (4). 
daStrixuli ubnebi Seesabameba areebs deformaciis gareSe, xolo 

naTeli – deformirebul areebs 
 

eqsperimentaluri kvlevisa da nimuSebis gamocdis 

Sedegebze dayrdnobiT dadginda temperaturis (T), wnevis (P) da 

SeerTebis drois xangZlivobis (τ) urTierTkavSirebi (nax.5)  

 
nax.5 SeerTebis temperaturuli da wnevis pirobebi 

sadac optimaluri reJimebi daStrixulia 
                          – Р=15 mpa, Тopt. 1 =3500С deformaciiT 

       -  Р=7,5 mpa, Тopt. 2 =4250С deformaciis gareSe 
                         ВС –vakuumSi SeduRebis zRvari; 
                         В'С' –myarad SeerTebis zRvari 

 
teqnologiuri parametrebis T da P urTierTgavlenis mxriv 

SeerTebasa da SeduRebas Soris gamoyofilia ABC gamyofi are, 

sadac T1-s qvemo zRvarze ufro meti dawnevaa saWiro, xolo T1 da 
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T2 farglebSi wneva iklebs T-s zrdasTan erTad. dadginda 

deformaciis gareSe optimaluri reJimi T=400-4500C da P=(5÷10) mpa 

farglebSi (daStrixulia ).  

garda amisa, eleqtro kontaqturi gaxurebisa da difuzuri 

SeerTebis pirobebSi (vakuumis gareSe) temperatura icvleba nax.6 

–ze mocemuli kanonzomierebiT, sadac -ares qvemoT 

interliTonebi ar warmoiqmnebian.  

 
nax. 6 SeerTebis temperaturuli da droiTi pirobebi,            optimaluri 

reJimebi daStrixulia 
              -T=3500C, deformaciiT, 
       - T=4250C, deformaciis gareSe, 
       - interliTonebis SezRudvis are 
 
 me-6 naxazis mixedviT, (400÷4500С) intervalSi temperaturis 

cvlilebis farglebSi, xarisxiani SeerTeba xdeba 1,5 wuTSi, rac 

5-7-jer naklebia vakuumSi difuzuri SeerTebisaTvis saWiro 

drosTab SedarebiT.  

 amrigad, dadgenilia SeerTebis optimaluri parametrebi 

(daStrixulia ) temperaturuli, wnevisa (nax.5) da droiTi (nax.6) 

pirobebidan gamomdinare:  

T=4250C, P=7,5 mpa, τ=1,5 wuTi 

plastikuri deformaciis gaTvaliswinebiT optimuri 

temperatura (Тopt.) gadainacvlebs ufro maRali wnevisa P=(15÷20) 

mpa da dabali  temperaturuli (3500C) pirobebisken (daStrixuli 

), rac 750C-iT ufro naklebia im temperaturasTan SedarebiT, 
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rac deformaciis gareSe (Тopt.2) pirobebSia aucilebeli. amave 

dros deformaciis pirobebSi simtkicis maqsimaluri mniSvneloba 

0,5 wuTiT adrea miRwevadi, vidre deformaciis gareSe. 

Sesabamisad, dadgenilia SeerTebis optimaluri parametrebi 

(daStrixulia ) plastikuri deformaciis pirobebSi: T=3500C, 

P=7,5 mpa, τ=1,5 wuTi. 

 Catarda or da sam faqtoriani eqsperimentis maTematikuri 

dagegmva, Seswavlilia T, P da τ gavlena simtkicis 

maxasiaTeblebze (Ϭв, Ϭwyv, ϬWra.). regresiuli analizis Sedegad, 

magaliTis saxiT (nax.7) moyvanilia simtkicis (Ϭwyv) 

damokidebuleba SeerTebis procesebis temperaturisa (300-500)0C 

da wnevis (10÷20) mpa cvlilebasTan droSi τ=1,5 wuTi mudmivobis 

pirobebSi.  

 

nax.7 SeerTebis simtkicis damokidebuleba temperaturasa da wnevaze  

 rogorc naxazidan Cans, SeerTebis procesSi deformaciis 

gazrdis Sedegad (15÷20) mpa-mde, SeerTebis simtkice aRwevs 165 

mpa-s dones, ufro dabal temperaturaze 3500C, rac aseve 

Seesabameba eqsperimentalur monacemebs.  

 Catarda nimuSebis gamocda fardobiT wagrZelebaze da 

simtkiceze Wraze. Sedgebi srulad akmayofilebs standartis 

moTxovnilebebs (nax.3, cxrili 1).  

 aRsaniSnavia, rom eqsperimentis maTematikuri dagegmva da 

regresiuli analizi, sagrZnoblad amcirebs sakvlevi nimuSebis 
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saWiro raodenobas (27 dan 8-mde) da Sesabamisad, kvlevis 

Sedegebis cdomilebas.  

 SeerTebis procesebis adekvaturi aRweris mizniT 

gamoyenebulia myari fazis warmoqmnis cnobili kinetikuri 

meqanizmi [5, 6]:  

SeerTebis simtkicis kinetika ^:  

𝜔(𝑡)= 𝜎(𝑡)
𝜎(𝑚)

= � 1 − 𝑏 exp−�𝐾
𝑚
𝑡�

𝑚

� ;                      (1) 

 
SeerTebis simtkicis siCqaris kinetika  

2 2
1

1

( ) exp 1 exp
mK Kdf x K b t b t

dt m m
ω −

    = = − − −        
; (2) 

1
01 mb ω= − .                                                        (3) 

sadac 𝝎(𝒕) = 𝜎(𝑡)
𝜎(𝑚) – mimdinare da maqsimaluri simtkicis Tanafardobaa 

me-8 naxazze warmodgenili mrudebi agebulia (1, 2) Tanaxmad 

da gamoxatavs simtkicisa (A1, A2) da misi siCqaris (B1, B2) zrdas 

droSi.  

 
nax. 8 SeerTebis simtkicis (A1, A2) da siCqaris (B1, B2) kinetikuri 

mrudebi 
 

kinetikuri mrudebi (A1, A2) gamoirCevian zrdis garkveuli 

inerciulobiT da droSi gajerebiT (τ>100 wm.), xolo maTi 

warmoebuli mrudebi (B1, B2) aRweven maqsimums, roca fardobiTi 

simtkicis zrda Seesabameba 𝜔 = 0,7 − 0,9  da τ=20÷30 wm.  
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 simtkicis zrdis mudmiva K ganisazRvreba formula (1)-dan 

da tolia:  

K =
𝑚
𝜏
𝑙𝑛

1

1 − � Ϭ(τ)
Ϭ(𝑚)�

1
𝑚

                                                        (4) 

sadac m=2, organzomilebiani Fe-Al SeerTebisas, τ-SeerTebis 

droa simtkiceze gamocdisas.  

 qvemoT cxrilSi moyvanilia ori nimuSis gamocdis 

monacemebiT, safuZvelze me-4 formuliT gamoTvlili Sedegebi  

nimuSi T, С0 P mpa τ wm. 
𝜎(𝜏)
𝜎(𝑚)

 К( 1
წმ

) 

№ 1 500 15 60 0.7 3.8*10-2 
№ 2 550 5 120 0.9 4.9*10-2 

siCqaris mudmiva (K) gaTvaliswinebiT, (1) da (2) formulebis 

mixedviT angariSi drois nebismier monakveTSi SeerTebis 

simtkicis cvlilebis prognozirebis saSualebas iZleva. garda 

amisa, areniusis cnobili formuliT K-s Sesabamisi 

temperaturuli monacemebis gamoyenebiT, SesaZlebelia aqtivaciis 

energiis gaangariSeba simtkicis maxasiaTeblebis zrdasTan 

dakavSirebiT.  

amrigad, Teoriuli da eqsperimentaluri kvlevis 

Sejerebuli meTodis gamoyeneba, saSualebas iZleva, mxolod ori 

nimuSis monacemiT (𝜔(𝑡) = 0,47; 0,9) dadgindes SeerTebis simtkicis 

zrdis Sesabamisi teqnologiuri parametrebi.    

 
  5. fkm-is struqturuli Tvisebebi, fazuri Sedgeniloba da 

maTTan dakavSirebuli procesebi, SeviswavleT izoTermul – 

difuzur reJimSi, temperaturis mudmivobid periodSi. 

dadgenilia, axali fazis inkubaciuri periodis xanglivoba, rac 

gamoricxavs interliTonebis warmoqmnis albaTobas.  

 amasTan erTad, AlMg6-St0,5 urTierT difuzuri SeRwevadobis 

maqsimumi, srul SesabamisobaSia, optimalur pirobebTan (nax.4,5) 

deformaciis gareSe (daStrixuli ), sagulisxmoa isic rom 

mikrorentgenospeqtruli analizis Tanaxmad, AlMg6 da St0,5 

Tanabari procentuli (50%) Semcveloba (nax. 9), uzrunvelyofs 
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gardamavali fenis saWiro struqturul Tvisebebs: fenis sisqe 5 

mkm, Mg – 3% (6% nacvlad), Al<70% interliTonebis gareSe.  

 

nax.9 SeerTebis areSi elementebis koncentrireba % 
 

gardamaval fenaSi elementebis aseTi koncentrireba 

srulad Seesabameba mikrostruqturas deformaciis gareSe 

(nax.10).  

   
 

nax.10 mikrostruqtura deformaciis gareSe 

 mikrostruqtura SedarebiT ufro wvrildispersiulia 

plastikuri deformaciis pirobebSi (nax. 11), rac optimalur 

pirobebTan (nax. 4,5) srul SesabamisobaSia (daStrixuli ), 

sadac gardamavali fenis sisqe Seadgens 20 mkm, rac dasaSvebia 

interliTonebis gareSe simtkiceze moTxovnilebiT.  
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nax.11 mikrostruqtura plastikuri deformaciiT 
 

lokaluri mikrorentgenuli analizis safuZvelze, 

Seswavladia areSi mikrosisalis ganawileba, ris Sedegad 

nimuSis WrilSi da gagdinda difuzuri SeRwevadobis siRrme, 

elementebis gavrcelebis areali, maT Soris Mg → AlMg6 (nax.12) 

                  

nax.12 mikrosisalis ganawileba SeerTebis WrilSi, deformaciis gareSe  
 

 rogorc nax.12-dan Cans, AlMg6 fazis mikrosisale Seesabameba 

120÷130 HV, xolo St0,5 800÷950 HV, maT Soris gardamavali Sris 

maqsimaluri mikrosisale, Sualeduri mniSvneloba 680 HV, 

akmayofilebelebs simtkicis moTxovnebs.  

 elementebis (Al, Mg, St) tipiuri gadanawileba gardamaval 

fenaSi moyvanilia nax. 13-ze, sadac Mg-is procentuli Semcveloba 

orjer naklebia, vidre misi Semcveloba ZiriTad liTonSi, rac 

difuzuri procesebis eleqtrostimulirebis gavleniT aixsneba. 

SeerTebis sxva meTodebTan SedarebiT (garda eleqtrokontaqturi 
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gaxurebisa) Mg – is Semcveloba, gardamaval fenaSi ar aris 

naklebi 6%.  

   

nax.13 difuziur areSi elementebis SeRwevadoba 
 

Catarebuli kvleviT dadginda izoTermuli dayovnebis 

periodis gavlena mikrosisaleze, rogorc gardamaval areSi, 

aseve ZiriTad liTonebSi (nax. 14)  

 

nax. 14 izoTermuli dayovnebis gavlena mikrosisaleze 
-SeerTebis optimaluri reJimi τ=1,5 wuTi 

     -difuzuri SeerTeba vakuumSi τ=12 - 15 wuTi 
 

 rogorc nax. 14 – dan Cans, AlMg6 da St0,5 fazebis 

mikrosisaleebi ufro naklebia mniSvnelobiT da Tanabrad aris 

gadanawilebuli, vidre vakuumSi difuzuri SeerTebisas miiReba, 

rac izoTermuli dayovnebis drois faqtorzea damokidebuli.  

  aRsaniSnavia, rom optimaluri reJimebis ganxilul 

diapazonSi, srulad gamoiricxa forianoba, aramTlianoba da 
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sxva wuni, xolo struqturuli Tvisebebi da fazuri 

Semadgenloba srul SesabamisobaSia moTxovnebTan (cxrili 1).   

folad aluminis eleqtrogaxureba da difuzuri SeerTeba 

arsebiT gavlenas  axdens Sris myarfazur formirebis pirobebze: 

uzrunvelyofs SesaerTebeli zedapirebis ukeTes fizikur 

kontaqts, zedapirebis moTelvas (gasufTavebas) mtkice SeWidvis 

kvanZebis warmoqmna-SenarCunebas, amasTan sakontaqto zedapirebis 

aqtivacia gacilebiT ufro swrafad da efeqturad miRwevadia, 

vidre meqanikuri an qimiuri damuSavebisas.  

   nairgvarovani liTonebis myar fazaSi SeerTebis 

kombinirebuli teqnologia efuZneba romelic efuZneba ramdenime 

aprobirebul meTodis erToblivobas: eleqtrokontaqturi 

gaxurebas da difuzur SeerTebas, plastikur deformacias da 

normalizacias. miRebulia, dagegmili funqcianaluri Tvisebebis 

mqone, kompoziciuri AlMg6-St0,5 masala, romlis miReba dRemde 

arsebuli teqnologiebiT problematuria (vakuumis da afeTqebis 

kamerebi), an SeuZlebelia (SeduReba, glinva). aRsaniSnavia isic, 

rom SemoTavazebuli teqnologia arsebul teqnologiebTan 

SedarebiT, gacilebiT ufro nakleb kapitalur dabandebebs 

moiTxovs, gaadvilebulia procesis ganmsazRvreli parametrebis 

gazomvebi, kontroli da regulireba, dabalia nakeTobis 

TviTRirebuleba. 

aRsaniSnavia, rom TavdacviTi javSan filebis warmoebaSi, 

didi moTxovnilebaa gradientuli meqanikuri Tvisebebis mqone 

masalebis Seqmnaze. aseTad pirvel rigSi moiazreba folad-

aluminis bazaze miRebuli fenovani kompoziciuri nakeTobebi, 

romelTa warmoebisas perspeqtiulad gvesaxeba afeTqebisa da 

eleqtroglinvis meTodebis Serwymuli teqnologiuri procesis 

gamoyeneba, Semdgomi cxlad glinvisa da TermodamuSavebis 

mizniT. Cveni azriT, SemoTavazebuli aseTi hibriduli procesi 

saSualebas iZleva sxvadasxva sisqis, nairgvarovani masalebis 

afeTqebiT miRebul iqnas maRali simtkicis fenovani kompozitebi 

eleqtroglinviT damuSavebis pirobebSi. 
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daskvna 
 

1. SemuSavebulia teqnologia, romelic uzrunvelyofs:  

• SesaerTebeli zedapirebis fizikuri kontaqtis formirebas;  

• zedapirebis aqtivacias da myar fazaSi SeerTebas 
(SeWidulobas);   

• moculobiT urTierTqmedebas foladsa da alumins Soris;  

• oqsiduri apkisa da mikrowarmonaqmnebis rRvevas da moTelvas;  

• fkm-s meqanikuri Tvisebebis gaumjobesebas, gaWimvaze, wyvetasa 

da moWris simtkiceze standartis (DIN X12 CrNiTi 18-9) 
moTxovnilebis Sesabamisad;  

• saWiro fazur Semadgenlobas da meqanikur Tvisebebs;  

• elementebis (Al, Mg, Fe) saWiro koncentrirebas gardamaval 
SreSi;  

• mikrosisalis Tanabar gadanawilebas, wvrilmarcvlovan 
mikrostruqturas, gardamavali Sres sisqiT 5 mkm-is 
farglebSi.  
 

2. Seqmnilia materialur – teqnikuri baza:  
wnexi, transformatori, teqnologiuri aRWurva (puansoni), 
hidravlikis da gacivebis sistema, parametrebis gazomvebi da 
kontroli, teqnologiuri ciklis regulireba da marTva.  
 
3.  miRebuli Sedegebi uzrunvelyofen:  

• SeerTebis temperaturuli qveda zRvaris Semcirebas 3500С – 
mde (minimum 700С-iT);  

• wnevis orjer Semcirebas;  

• gardamaval zonaSi Mg – is % Semcvelobis orjer Semcirebas 
AlMg6-Tan SedarebiT. 
 

4. folad-aluminis SeerTebis teqnologiis, upiratesobebia:  

• gamoiricxa zedapirebis meqanikuri (qimiuri) damuSaveba;  

• puansonis konstruqcia gamoricxavs haeris SeRwevadobas da 
zedapirebis daJangvas;  

• dabalansebulia plastikuri Tvisebebis da simtkicis 
maxasiaTeblebi moTxovnilebis Sesabamisad; 

• uzrunvelyofilia konstruqciulad dasrulebuli formebis 
da zomebis nakeTobebis miReba; 

• miRweulia produqciis sortamentis gafarToeba, 
erTkomponentiani plastikuri deformaciisas; 

• vakuumSi difuzur SeerTebasTan SedarebiT folad-aluminis 
SeerTebis drois periodi Semcirebulia 5-7jer; 

• SemoTavazebulia gamartivebuli, ekologiurad sufTa 
teqnologiuri sqema;  

• miRebulia folad aluminis SeerTeba zona saWiro TvisebebiT 
saSualedo safenis gareSe. 
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reziume 
 

    kompoziciuri masalebi folad–aluminis da maTi SenaerTebis 
bazaze ZiriTadaT gamoiyeneba aviaciaSi, manqanadmSeneblobasa da 
gemTmSeneblobaSi, sadac SesaZlebelia SenarCunebul iqnas 
ToToeuli maTganis saWiro Tvisebebi. SemoTavazebulia fenovani 
masalebis izoTermuli eleqtrokontaqturi xurebisa da 
difuziuri SeerTebis axali meTodi. damuSavebulia 
teqnologiuri sqema da damzadebulia laboratoriuli 
danadgari, miRebulia folad–aluminis kompoziciuri masalebi, 
mocemulia maTi meqanikuri da metalografiuli kvlevebis 
analizis Sedegebi. fenovani kompoziciuri mesalebis gamoyeneba 
SesaZloblobas iZleva axali konstruqciebis Seqmnis, 
ZviradRirebuli feradi liTonebis ekonomiisa, masisa da 
Rirebulebis Semcirebisa. Catarebuli Teoriuli da 
eqsperimentaluri kvlevebi saSualebas iZleva miviRoT iseTi 
kompoziciuri masalebi romlebic srulad aymayofileben fiziko 
– meqanikur Tvisebebis gaTvaliswinebiT moqmed standartebs. 
  SemoTavazebulia folad-aluminis eleqtrokontaqturi xurebis 
da difuziuri SeerTebis kombinirebuli meTodi, romelic 
arsebiT gavlenas axdens SeerTebis zonis myarfazuri 
formirebis pirobebze: uzrunvelyofs SesaerTebeli zedapirebis 
ukeTes fizikur kontaqts, sakontaqto zedapirebis moTelvas, 
mtkice SeWidvis kvanZebis warmoqmnas da SenarCunebas. amasTan, 
sakontaqto zedapirebis aqtivacia ufro swrafad da efeqturad 
miiRweva meqanikurad an vakuumSi damuSavebasTan SedarebiT. 
Catarebuli eqsperimentuli monacemebis Tanaxmad, fizikuri 
kontaqtisa da SeWidvis Zalebis warmoqmna Seesabameba myari 
sxeulebis modelisa da SekavSirebis simtkicis ganviTarebis 
kinetikis Tanamedrove warmodgenebs. SemuSavebulia reJimebi, 
romlis drosac (10-15) mpa ZaliT zedapirebis dawnevasTan erTad 
xdeba (5-10) a/mm2 simkvrivis denis gatareba. (3-5) wamis 
ganmavlobaSi gaxurebis procesSi, mikroSverilebis mTlianad 
moxsnisa da dasmis Semdeg, miiRweva zedapirebis aqtivaciis is 
aucilebeli done, rac myar mdgomareobaSi mtkice SekavSirebas 
uzrunvelyofs. gaxurebis damTavrebis Semdeg, (20-30) wamis 
ganmavlobaSi izoTermuli dayovnebis reJimSi, marcvlebs Soris 
warmoqmnil zedapirebze viTardeba mtkice kavSirebis 
dasamyareblad sakmarisi SeWidvis Zalebi. Catarebulia meqanikuri 
gamocdebi statikur da dinamikur reJimebSi, gansazRvrulia 
struqtura da fazuri Sedgeniloba folad-aluminis SeerTebis 
sazRvarze.  
  moyvanilia metalografiuli analizebisa da meqanikuri 
gamocdebis Sedegebi. dadgenilia, rom folad-aluminis kontaqtis 
zonaSi warmoiqneba intermetaluri naerTi FeAl3. miRebuli 
eqsperimentaluri Sedegebis analizisaTvis SemoTavazebulia 
meTodika procesebis kinetikuri maxasiaTeblebis gansazRvrisa 
dafuZnebuli axali fazis ganviTarebis kinetikis analitikur 
amoxsnaze. 
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Abstract  
 
  A  combined  method  of  electric  contact heating  and  diffusion  connection  of  
steel-aluminum is proposed  which  makes  an  essential  effect  on  three phase 
shaping conditions, provides better physical contact and contact surface cleaning, 
formation and conservation of solid setting units. Activation of contact surfaces is 
achieved more effectively and quickly than at mechanical and vacuum treatment. 
Formation of physical contact and setting corresponds to contemporary conceptions of 
solid body model and kinetics of development of connection strength by the data of 
the carried out tests.  
   Combined use of well approved means of steel and aluminum compound, “electric 
contact heating –diffusion connection” in extended version of “plastic deformation 
and thermal treatment” is presented. Technological plan combining positive elements 
of several means is elaborated. The received results well harmonized with the 
requirements of strength standard of mechanical properties of AlMg6-St0,5 could be 
transported to other pairs of dissimilar metals. There is carried out mechanical testing 
in static and dynamic models. There is determined structure and phase composition in 
steel-aluminum joint.   
  Elaboration and improvement of the method of steel‐ aluminum connection permit to 
reduce mass and in‐ crease corrosion resistance, as well as to realize the properties  
inherent  to each  metal separately.  Layered composites of magnesium bearing 
aluminum and stain‐ less alloys are widely used as adapters in steel‐aluminum 
structures, shipbuilding, automobile industry, aircraft cas‐ ing, etc. Rational use of 
metal, improvement of its quality and introduction of new technologies may solve the 
prob‐ lem of provision of industry with constructional materials. The important role in 
perfection of metal product structure and expansion of new generation saving shapes 
belong to layered composite materials: steel‐aluminum and their al‐ loys. In shipbuilding 
the connections are performed in deck superstructures from aluminum alloy AlMg3  with 
a metallic body. Composition units of steel‐aluminum are used for casing of the body of 
flying vehicle. Connections AlMg6‐1.4878 (DIN. X12CrNiTi 18‐9) became a serious 
problem because of the extension of their use in motor industry. At present the 
constructions of car body are connected by the method of combining of mechanical 
properties (riveting, clincher), bonding and spot welding which is inconsistent with the 
requirements on strength. 
  Connections steel‐aluminum are characterized by in‐ stability because of the 
considerable difference between chemical‐physical and mechanical properties, thermal 
stresses, etc; the presence of oxide film on the surfaces and intermetallic inclusions in 
transition zone are the main problems of strong connection; The necessity of mechani‐ 
cal purification from the films, vacuum and blasting cham‐ bers, interlayers between 
steel‐aluminum is yet compli‐ cating the production of composition materials. 
  Samples of layered composite of Steel-Al are received by method of diffusion 
welding and pressure. Mechanical tests on the samples were performed and results of 
the metallographic researches are received. It is established, that in a zone of contact 
of Steel-Al it is formed intermetalic layer FeAl3. For the analysis of the received 
experimental data on cynetic growth of durability of connection of materials in a solid 
phase the technique of definition of cynetic characteristics of process on the basis of 
the analytical decision of the fundamental equation cynetic developments of a new 
phase is offered.  
 


