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reziume 

 
Sinagani xaxunisa da transmisiuli eleqtronuli 

mikroskopiis  meTodebis kompleqsuri gamoyenebiT Seswavlilia 

spilenZis fuZis, spilenZiT mdidari Cu-Zn, Cu-Pd da Cu-Si sistemis 

SenadnobebSi wck da mck fazebis daSlisa da atomuri 

mowesrigebis procesebis ZiriTadi kanonzomierebani Sualedur 

temperaturaTa diapazonSi; 

dadgenilia, rom izoTermuli dayovnebisas β′ ↔ β  

gardaqmnaze ufro dabal temperaturaze cezium-qloris tipis 

mowesrigebiT β′-fazis spilenZ-TuTiis SenadnobebSi xdeba 

orsafexuriani daSla, romelic gardaqmnis sawyis etapze moicavs 

TuTiis atomebiT mdidari brtyeli zonebis, habitusiT {110}β′ 

warmoqmnas da meore etapze, maTSi axali Cu-Zn3 tipis 

zestruqturis Camoyalibebas; Camoyalibebuli struqturuli 

mdgomareoba Semdgomi gacivebisas ar ganicdis gardaqmnas. 

dadgenili gardaqmnis Tavisebureba warmoadgens β′ tipis 

fazebisTvis saerTos spilenZis fuZis SenadnobebSi, rac 

damtkicebuli iyo spilenZ-paladiumis sistemaSi analogiuri 

gardaqmnebis arsebobiT. 

izoTermuli dayovnebisas Sualedur temperaturaTa 

diapazonSi Cu-Zn, Cu-Pd da Cu-Si sistemis Senadnebis mck fazis 

myari xsnarebi ganicdian ganSrevebas, xolo Cu-Pd sistemis wck 

fazaSi warmoiSoba grZelperiodiani zestruqturis warmonaqmni 

axlo ganSrevebis areebSi. 

Cu-2a.t.%Si maRali temperaturidan nawrTob SenadnSi 

izoTermuli mowva 150°C  temperaturaze iwvevs modulirebuli 

struqturis warmoqmnas, modulaciis didi periodiT ~1000Å 

kristalografiuli mimarTulebiT 〈110〉. aRniSnuli 

modulirebuli struqtura formirdeba kaJbadis  α-myari xsnaris 

spilenZis meserSi daSlisas. gaRaribebuli  α-myari xsnaris 

matricaSi kaJbadiT gamdidrebuli α′-fazis nawilakebis 
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kanonzomierad dawyobis Sedegad da es struqtura gamoirCeva 

maRali stabilurobiT aRniSnul temperaturaze. 

Cu-Si sistemis Senadnobebis kvlevis miRebul Sedegebze 

dayrdnobiT gakeTebulia praqtikuli rekomendacia, rom 

kaJbaduri brinjaos fuZisaTvis, rogorc TuTiiani brinjaos iafi 

SemcvlelisaTvis da perspeqtiuli antifriqciuli 

masalebisaTvis, saWiroa kaJbadis Semcvelobis gazrda 2-3 a.t.%-iT 

standartulTan SedarebiT da maTgan damzadebuli detalebis 

Termulad damuSaveba 150-250°C  intervalSi 4-2 sT-is ganmavlobaSi 

Sesabamisad. 

damuSavebulia rTuli heterogenuli struqturis mqone 

liTonuri masalebisagan metalografiuli da eleqtronul-

mikroskopiuli kvlevebisaTvis nimuSebis momzadebis 

uzrunvelsayofi mowyobilobebi da Sesabamisi meTodikebi. 
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Abstract 

 
The samples of Cu-Zn, Cu-Pd and Cu-Si alloys, on the basis of Cu, in the state of 

ordered and disordered of (BC) and (FC) cubic phases, by complex methodes of internal 

friction and transmission ellectron microscopy, were studied over he temperature range 

of 20-600°C. 

The total correlation between stuctural transformations proceeding in the β’-phase of 

the Cu-Zn system alloys with relaxsation phenomena was established. Basing on the 

obtained results, it can be stated that the relaxsation spectrum features detected for the 

β’-phase of the Cu-47%Zn alloy and the strength anomalies are associated not only with 

the mechanism of the interaction between the superlocation and the vacancies, as is 

described in the literature, but with the processes of multi-stage disintgration and 

reordering in the β’‐phase as well. 

The samples of Cu-40%Pd alloy in the state of ordered and disordered of (BC) and (FC) 

cubic phases were studied. It is demonstrated that after long-term annealing at the 

temperature below the ordering dome, the alloy phase ordered similar to cesium 

chloride stratifies along crystallographic planes {110} with the formation of plane zones 

rich in palladium atoms. In FCC solid solid solution of the alloy under study, there takes 

place the formation of fine areas (20-50 Å) of near ordering with their subsequent 

transformation into microdomain with a new distant order inside the microdomain. 

It is justified that stacking faults play a decisive part in the formation of ϰ ‐ phase from 

the HCC lattice of α-phase of the Cu-Si alloys with higer content of silicon. Based on 

the results of electron-microscopic investigation of the microstructure and the 

mechanical properties of the alloys under study, it can be inferred that the changes in the 

mechanical properties of the alloys are directly related to the microstructure formed as a 

result of decomposition of the α-phase of Cu-Si alloys. 
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naxazebisa da suraTebis nusxa 

 

sur. 1.1.1 wyvetili daSla SenadnobSi Cu3Pd+8(a.t.)%Ag, nawrTobi 800°C –
dan da daZvelebuli 450°C –ze 1sT (a) da 7sT (b) (matrica 
mouwesrigebelia). X50000 
 
sur. 1.1.2. uwyveti daSla SenadnobSi Cu3Au+8(a.t.)%Ag, nawrTobi 800°C –dan 
da daZvelebuli 400°C –ze 200sT (matrica mowesrigebulia). X50000 
 
sur. 1.1.3. denadobis zRvris temperaturuli pikebi CuZn 
monokristalebisaTvis. 
 

sur. 1.1.4. σ0,2(T) da ψ(T) mrudebi β-latuni Cu-2Ni-Zn monokristalisaTvis [40]. 
 

nax. 1.2.1.1. Cu-Zn Senadnobis fazuri mdgomareobis diagrama. 

 
nax. 1.3.1. Cu-Pd Senadnobis fazuri mdgomareobis diagrama. 
 

sur. 2.2.1. nimuSis kveTis sqema (a), sami sxvadasxva diametris mqone 

pinceti (b). 

 
sur. 2.2.2. awyobili eleqtrosapolirebeli ujredis ganivi kveTis 
sqema 
 
sur. 2.2.3. eleqtrolitSi metalebis koroziuli Tvisebebis gansazRvris 
mowyobilobis funqcionaluri sqema(a) da “speqtropotenciostatis” 
saerTo xedi (b). 
 

nax.2.3.1. praqtikaSi gamoyenebuli temperaturaze damokidebuli, dabal 

sixSiruli, Sinagani xaxunisa Q-1  da Zvris modulis G sazomi xelsawyos 

sqema 

 

nax.2.3.2 relaqsometris principuli sqema 

nax.3.1.1. Cu-47%Zn Senadnobi; a) Q–1(t) Sinagani xaxunisa da f2(t) Zvris 
modulis temperaturuli damokidebulebis eqsperimentuli mrudi; b) 
Sinagani xaxunis pikebi 280°C - 400°C temperaturis midamoSi fonis 
gamoklebiT:  
 

 x



sur.3.2.1. Senadnobi Cu-47%Zn; a) β′ _ fazis marcvlis tem gamosaxuleba  da 

b) nimuSis Sesabamisi mikrodifraqciuli suraTi, zonis RerZi [001]β′, 
(gaxureba-gacivebis cikli 20-250°C midamoSi 3°/wT siCqariT) 

g) β′ _ fazis marcvlis tem gamosaxuleba  da d) nimuSis Sesabamisi 

mikrodifraqciuli suraTi, zonis RerZi [001]β′, (gaxureba-gacivebis cikli 
20-350°C midamoSi 3°/wT siCqariT) 
 

sur.3.2.2. Senadnobi Cu-47%Zn; a) β′ _ fazis marcvlis tem gamosaxuleba  da 

b) nimuSis Sesabamisi mikrodifraqciuli suraTi, zonis RerZi [001]β′, 
(wyalSi gamowrTobili gaxurebisas 430°C-mde 3°/wT siCqariT), g) igive 
gacivebisas 430°C-dan 350°C-mde da d) nimuSis Sesabamisi 

mikrodifraqciuli suraTi, zonis RerZi [111]β′, e) igive gacivebisas 430°C-
dan 250°C -mde da v) nimuSis Sesabamisi mikrodifraqciuli suraTi, zonis 

RerZi [001]β′. 
 

sur.3.2.3. β′ _ fazis Sebrunebuli meseri: a) zonuri daSlis stadiaze;  

b) axali zestruqturis CuZn3 formirebis stadiaze. 

 

nax.3.3.1 Cu-40at.%Pd Senadnobis Sinagani xaxunisa Q-1(t) da Zvris modulis 
f2(t) temperaturuli damokidebuleba 
 

sur.3.3.1. Cu-40at.%Pd Senadnobi:   
a) nimuSis mowesrigebuli struqturis eleqtronuli mikrofotografia;  
b) mocemuli aris mikrodifraqciuli suraTi  [001] β′ zonis RerZiT;  
g) igive [011] β′ zonis RerZis gamoyvanisas. 
 

sur.3.3.2. Cu-40at.%Pd Senadnobi, mowesrigebuli Senadnobis izoTermuli 
mowva 450°C – 100sT:  
a) struqturis eleqtronuli mikrofotografia;  

b) aRniSnuli aris mikrodifraqcia [111] β′ zonis RerZiT.   
 

sur.3.3.3. Cu-40at.%Pd Senadnobi, mowesrigebuli Senadnobis mowva 300°C – 
25sT:  
a) struqturis eleqtronuli mikrofotografia;  

b) aRniSnuli aris mikrodifraqcia, [001] β′ zonis RerZiT. 
 

sur.3.3.4. Cu-40at.%Pd Senadnobi nawrTobi nimuSi 900°C –dan:  
a) struqturis eleqtronuli mikrofotografia;  

b) aRniSnuli aris mikrodifraqcia, [110]α zonis RerZiT. 
 

sur.3.3.5. Cu-40at.%Pd Senadnobi:  
a) nawrTobi nimuSis mikrodifraqciuli suraTi  [010]α zonis RerZiT;  
b) igive nimuSis 300°C – 30wT gamowvis Semdeg; 
g) (b) eleqtronogramis gaSifvris sqema. 
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sur.3.3.6. Cu-40at.%Pd Senadnobi, nawrTobi nimuSis 900°C –dan gamowva 250°C 
– 30wT.  
a) struqturis eleqtronuli mikrofotografia;  

b) aRniSnuli aris mikrodifraqcia, [001]α zonis RerZiT. 
 

nax.3.4.1. Cu–2at.%Si Senadnobi; struqturis eleqtrono-mikroskopiuli 
suraTi: a) izoTermulad gamomwvari 150°C-10 sT-is Semdeg; b) 
izoTermulad gamomwvari 300°C-10 sT-is Semdeg. 
 

nax.3.4.2. Cu–2at.% Si Senadnobi; izoTermulad gamomwvari 150°C-12sT-is 
Semdeg; a) struqturis eleqtrono-mikroskopiuli suraTi; b) mocemuli 
ares mikrodifraqciuli suraTi  [110] α. zonis RerZiT. 
 
nax.3.4.3. Cu–2at.% Si Senadnobi; izoTermulad gamomwvari 150°C-8sT-is 
Semdeg; a) modulirebuli struqturis eleqtronuli mikrofotografia 
nimuSis daxrisas perpendikularulad modulaciis mimarTulebis RerZis 
garSemo; b) mocemuli aris mikrodifraqciuli suraTi  [110] α. zonis 
RerZiT. 
 

nax.3.4.4. Cu–5at.% Si Senadnobi; struqturis eleqtrono-mikroskopiuli 
suraTi: a) izoTermulad gamomwvari 150°C-8sT-is Semdeg; b) izoTermulad 
gamomwvari 300°C-8sT-is Semdeg. 
 
nax.3.4.5. Cu–8at.% Si Senadnobi; izoTermulad gamomwvari 150°C-13sT-is 

Semdeg; a) mravalSriani wd da ϰ-fazis gamonayofis eleqtrono-
mikroskopiuli suraTi; b) mocemuli aris mikrodifraqciuli suraTi [112]α 
zonis RerZiT; g) ϰ-fazis refleqsSi bneli adgili. 
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disertaciaSi gamoyenebuli abreviaturebi 

 

mck – moculoba centrirebuli kuburi 

wck – waxnag centrirebuli kuburi 

afs - antifazuri sazRvrebi 

gpm - gaerTianebuli perturbaciuli meTodi 

tem- transmisiuli eleqtronuli mikroskopi 

wd- wyobis defeqtebi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



FSesavali 

 

problemis aqtualoba da samuSaos mizani 

 

metaluri Senadnobebis moTxovnil samomxmareblo 

Tvisebebis miRebis safuZvels, rogorc wesi, warmoadgens 

Termuli damuSavebis an Termomeqanikuri damuSavebis gamoyeneba. 

am procesebis gamoyenebis samecniero bazas ferad metalTa 

SenadnobebSi, warmoadgens martensituli gardaqmnebis Teoria. 

Tumca, naklebadaa Seswavlili fazaTa nazi struqtura da ar 

arsebobs  Sualeduri temperaturebis midamoebSi fazuri 

gardaqmnebis meqanizmis sruli suraTi, im temperaturebis 

midamoebSi, romlebic asobiT gradusiT aRemateba martensituli 

gardaqmnis wertils. 

 bolo aTwleulebis ganmavlobaSi, fizikuri 

masalaTmcodneobis praqtikuli moTxovnebi spilenZis fuZis 

Senadnobebis rig fiziko-meqanikuri Tvisebebis temperaturul 

qcevebze, Sualeduri temperaturebis midamoebSi, mudmivad 

iwvevdnen mkvlevarebis interess. garda amisa, spilenZis fuZis 

Senadnobebis Tvisebebis prognozireba da Segnebuli marTva 

SeuZlebelia atomur-kristalografiul da mikrostruqturul 

doneze fazuri gardaqmnebis meqanizmis, struqturis codnis 

gareSe. aRniSnuli SenadnobebisTvis temperaturebis Sualeduri 

midamoebi warmoadgens oTaxis temperaturidan zeviT 500°C –mde. 

temperaturebis am midamoebSi, anu im midamoebSi, sadac SerCeuli 

sistemis SenadnobebisTvis, atomebsSoris met manZilze 

gamxsnelis atomebis difuzia praqtikulad SeCerebulia, xolo 

gaxsnili atomebis ZiriTad procesebs, romlebic mimdinareobs 

izoTermul pirobebSi da romlebic sazRvraven maT fiziko-

meqanikur Tvisebebs, warmoadgenen difuziakontrolirebadi 

Zvradi (beinituri) gardaqmnebi, daSlisa da atomuri 

mowesrigebis procesebi. spilenZis fuZis Senadnobebis am 

gardaqmnebis arsis arsebul warmodgenebs, xSirad ar gaaCniaT 
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sakmarisi eqsperimentaluri safuZveli. es ukanaskneli metwilad 

exeba spilenZis fuZis SenadnobebSi beinitur gardaqmnebs da am 

gardaqmnebis Tanmxleb procesebs.  dRemde gamoukvleveli rCeba 

beinituri gardaqmnebis produqtebis nazi struqtura da 

kristalogeometria. agreTve ar aris erTiani azri spilenZis 

fuZis Senadnobebis waxnagcentrirebuli (wck) da 

moculobacentrirebuli (mck) fazebis daSlisa da atomuri 

mowesrigebis procesebze.  

 aRsaniSnavia is faqtic, rom ar arsebobs samuSaoebi, 

romlebSic mowesrigeba-ganwesrigebisa da difuzia-

kontrolirebadi Zvris tipis gardaqmnebi gamokvleuli yofiliyo 

difraqciuli eleqtronuli mikroskopiisa da Sinagani xaxunis 

gazomvis meTodebis kompleqsuri gamoyenebiT. xolo am kvlevebis 

meTodebis Serwyma, SeiZleba metad efeqturi gamodges aRniSnuli 

tipis gardaqmnis meqanizmebis gaxsnisaTvis, rac iqneba winaswar 

gansazRvruli Tvisebebis mqone Senadnobebis Seqmnis safuZveli. 

aRniSnuli meTodebis efeqturoba metwilad ganpirobebulia 

eqsperimentis avtomatizebuli da programuli marTviT. 

 zemoaRniSnulidan gamomdinare, mocemuli disertaciis 

ZiriTad amocanas warmoadgens: 

1) spilenZis fuZis SenadnobebSi Sinagani xaxunis 

procesebis struqturuli aspeqtebis gamokvleva; 

2) Cu-Zn, Cu-Pd da Cu-Si sistemis Senadnobebis wck da mck 

fazebis daSlisa da atomuri mowesrigebis procesebis 

ZiriTadi kanonzomierebebis gamovlena Sualedur 

temperaturaTa diapazonSi; 

3) metalografiuli da eleqtronul-mikroskopiuli 

kvlevebisaTvis nimuSebis preparatiuli meTodebiT 

momzadebis uzrunvelsayofad mowyobilobebis damuSaveba 

da Seqmna rTuli heterogenuli struqturis mqone 

masalebisagan. 
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amgvarad, samuSaos ZiriTadi samecniero mimarTuleba 

dakavSirebulia Canacvlebis SenadnobebSi Sualeduri 

temperaturebis midamoebSi fazuri gardaqmnebis struqturuli 

meqanizmebis fizikuri Teoriis agebasTan. 

 

samecniero siaxle 

 

- Seswavlilia, spilenZ-TuTiis sistemis 

SenadnobebSi,  Sualeduri temperaturebis zeda da 

qveda midamoebSi, difuziur-kontrolirebadi 

gardaqmnebis Tanmxlebi movlenebis 

kristalografiuli da morfologiuri 

Taviseburebebi; 

- dadgenilia, rom izoTermuli dayovnebisas β′ ↔ β  

gardaqmnis temperaturaze ufro dabal 

temperaturebze cezium-qloris tipis mowesrigebiT 

β′-fazis spilenZ-TuTiis SenadnobebSi xdeba 

orsafexuriani daSla, romelic gardaqmnis sawyis 

etapze moicavs TuTiis atomebiT mdidari brtyeli 

zonebis, habitusiT {110}β′ warmoqmnas da meore 

etapze, maTSi axali Cu-Zn3 tipis zestruqturis 

Camoyalibebas; Camoyalibebuli struqturuli 

mdgomareoba Semdgomi gacivebisas ar ganicdis 

gardaqmnas. dadgenili gardaqmnis Tavisebureba 

warmoadgens β′ tipis fazebisTvis saerTos 

spilenZis fuZis SenadnobebSi, rac damtkicebulia 

spilenZ-paladiumis sistemaSi analogiuri 

gardaqmnebis arsebobiT; 

- dadgenilia, izoTermuli damuSavebisas, Sualedur 

temperaturebis midamoebSi, spilenZiT mdidari  Cu-

Zn,  Cu-Pd da Cu-Si sistemis mck da wck Canacvlebis 

myari xsnarebis, daSlisa da atomuri mowesrigebis 
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Taviseburebebi; naCvenebia, rom sakvlevi sistemebis 

mck myari xsnarebi warmoadgenen ganSrevebadebs, 

xolo Cu-Pd sistemis wck fazaSi warmoiSveba 

grZelperiodiani zestruqturis warmonaqmni axlo 

ganSrevebis areebSi.    
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1. literaturis mimoxilva 

 

1.1. difuzia kontrolirebuli Zvradi gardaqmnebi spilenZis 

fuZis SenadnobebSi  

 

cnobilia, rom maRali temperaturebidan wrTobisas β-faza 

spilenZ-TuTiis Senadnobi warmoqmnis cezium-qloris tipis 

mowesrigebul β′-fazas (an narevs α+β′, komponentebis 

Semadgenlobaze damokidebulebiT). Tavis mxriv, β`-faza SeiZleba 

gardaiqmnas α-fazad martensituli β′→α an beinituri β′→α1  

reaqciis Sedagad. martensituli wertili Ms Senadnobis 

Semadgenlobaze damokidebulebiTYSeiZleba icvlebodes _10°C-dan 

(Senadnobi 38,5% TuTia) _240°C-mde (Senadnobi 42% TuTia) 

[1,2,3,4,5]. ufro maRali temperaturebisas martensituli gardaqmna 

SeiZleba inicirebuliqnes deformaciiT [4,6]. martensituli 

wertili iwevs maRla  spilenZ-TuTiis Senadnobis legirebisas 

sxva mesame komponentiT, rogoricaa kaJbadi, vercxli, oqro, 

galiumi, tyvia, surma [7,8,9]. Tumca, maTTvis miRebuli Sedegebi 

binaruli SenadnobebisaTvis damaxinjebis saxiT: zestruqturebi, 

mowesrigeba, morfologia da sxv. unda xdebodes Zalian 

frTxilad, zog SemTxvevebSiki saerTod araa gamarTlebuli. 

igives Tqma SeiZleba martensitze, romelic miRebulia 

gacivebisas uSualod mikroskopSi, radganac gardaqmna Txel 

folgaSi mimdinareobs sagrZnobi organzomilebiani daZabulobis 

TanxlebiT da Secdoma iqneboda gangvecalkevebina martensiti, 

romelic warmoqmnilia iseT pirobebSi moculobiTi martensitiT 

nimuSis masivSi. 

 rac Seexeba beinitur gardaqmnas, misi mimdinareobis 

temperatura icvleba farTo diapazonSi 200°C-dan 400°C-mde. 

zogierTi mkvlevari, poulobs beinitur kristalebs ufro maRal 

temperaturebze [10,11]. Tumca, es temperatura arasodes ar 

aRemateba  β-fazis mowesrigebis temperaturas (~450°C). amasTanave, 
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miuxedavad identuri struqturisa, sruliad gansxvavebulia 

morfologiuri wnelisebri zeda beiniti da firfitisebri qveda 

beiniti. diagrama dro-temperatura-gardaqmna, romelic agebulia 

flevitosa da tauneris [11] mier aRniSnuli gardaqmnisaTvis 

metastabilur β′-CuZn, praqtikulad warmoadgens ori mrudis 

Serwymas, romlebic ikveTebian Bs temperaturaze. amasTanave, α1-

firfitebis inkubaciis periodi gacilebiT ufro didia, vidre α-

wnelebis. aRsaniSnavia, rom ori wveros aRmoCena am diagramebze 

miT ufro advilia, ramdenadac naklebia TuTiis Semadgenloba 

SenadnobSi da SenadnobisTvis, romelic Seicavs ~43,5% TuTias, 

zeddeba midis uaryofisken. dabali temperaturebis mxridan, Bs 

temperaturis miaxloebul midamoSi, Tanaarsebobs α-fazis 

wnelebi da firfitebi. naCvenebia, rom firfitebi warmoiSoba 

adre, amasTanave, firfitebisebri warmonaqmnebi avlenen wnelebad 

ganviTarebis tendencias aRniSnul temperaturaze, izoTermuli 

dayovnebis xangrZliobis gazrdisas. beinitis morfologia 

detalurad aRwerilia statiebSi [10,12,13,14]. martensitisa da zeda 

beinitisagan gansxvavebiT, α1-firfitebi, xSir SemTxvevaSi, 

gvxvdeba maxvilkuTxiani wyvilebis saxiT. kristalebs Soris 

metad damaxasiaTebel kuTxeebs, romlebic qmnian am wyvilebs, 

rogorc aRniSnulia samuSaoSi [15] warmoadgenen ~120° da ~165°-

iani kuTxeebi, rac damtkicebulia SemdgomSi moyvanili sakuTari 

kvlevebiT optikur da eleqtronul mikroskopebze. aRniSnuli 

movlenis axsna SesaZlebelia Tu iqneba gaTvaliswinebuli 

daZabuloba, romelic warmoiSoba matricaSi zrdadi 

erTeulovani firfitebis kuTxeebSi. isini upirobod 

Tanamonawileoben gamoyofili fazis pirvelad firfitasTan, 

mkacrad gansazRvruli kuTxiT, axali kristalebis CasaxvaSi.  

matricebSi CasaxvisaTvis yvelaze metad xelsayrel 

mimarTulebebs warmoadgenen 〈111〉β′ mimarTulebebi.  

 metad sainteresoa aRniSnuli Senadnobis martensituli da 

beinituri fazebis kvlevebi rentgenuli da eleqtronuli 
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difraqciis saSualebebiT. Tu α-fazas, araswori geometriuli 

formis wyalobiT, aqvs Tanaswori wck struqtura, maSin 

martensituli da α1 – firfitebi Seicaven sxvadasxva saxis wyobis 

defeqtebs (wd) didi raodenobiT da amaxinjeben mesers, 

romelsac isedac gaaCnia miswrafeba tetragonalobisaken, da 

avlens fenobriv struqturas. ufro xSirad difraqtogramebi 

pasuxoben 3R da 11H wyobas anda maT narevs [7,10,12,16,17,18,19]. 

samuSaoSi [12] naCvenebia α1 – firfitis tendencia, gansxvavebiT 

martensitisagan, gardaqmnis drois gazrdiT gadasvla 3R-dan 1R 

struqturaze, anu defeqtebi moiwveba da faza Rebulobs wck 

wyobis sixSires. 

gaxexili nimuSis reliefuri zedapiris warmoSobaze 

dakvirveba, rogorc martensituli β′→α, ise beinituri β′→α1 

gardaqmnisas [10,11,18], gvarwmunebs martensitis beinitSi 

fenomenologiuri Teoriis gamoyenebis sisworeSi. zogjer α1-

firfitis mcire zoma xels uSlis reliefuri efeqtis aRmoCenas. 

am SemTxvevaSi SesaZlebelia gamoyenebuliqnas nakawrebis 

Canacvlebis teqnika (invariantuli sibrtyis Zvris deformaciis 

Sedegad), romelic moyvanilia [13]-Si. naxsenebi Teoria matricis 

mck mesersa da wck gamoyofis mesers Soris, beinuri 

Tanafardobis Sesasruleblad, uSvebs “beinuri RerZebis” sam 

variants: [001], [010] da [100].     

 
 

 1.1.1. Termuli gasaleba sxvadasxva zestruqturebSi  

 

mosalodnelia, rom fazuri gardaqmnebis kinetika 

mniSvnelovnad unda zemoqmedebdes struqturis formirebaze [20]. 

agreTve SesaZlebelia, rom nela mowesrigebad SenadnobebSi, 

romlebic eswrafian wyvetad gamoyofisken, ver moxerxdeba 

Seicvalos daSlis meqanizmi da SeaTavsos gamyarebis ori saxe. 

am kiTxvaze pasuxi iyo miRebuli Cu3Pd+8(a.t.)%Ag Senadnobis 

kvlevisas [21]. Cu-Pd sistemis binaruli Senadnobebi wesrigdeba 
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18-30%(a.t.)Pd–is midamoSi, perioduli antifazuri domenuri 

struqturis warmoqmniT [22]. maSin roca binarul Cu-Ag 

SenadnobebSi daSla intensiurad mimdinareobs wyvetadi 

meqanizmiT [22]. 

sammag SenadnobSi Cu-Pd-Ag 740°C –ze dabal temperaturaze 

xdeba vercxliT mdidari fazis gamoyofa, romelic 

aramowesrigebulia da izomorfulia matricasTan, anu aqvs wck 

meseri im parametriT, romelic axlosaa sufTa vercxlis meseris 

parametrTan. temperaturis daweviT daSlis meqanizmis daZveleba 

orjer icvleba. 600-740°C temperaturis intervalSi fazis swrafi 

koagulaciis Sedegad SenadnobSi warmoiqmneba uwyveti daSla 

metad uxeSi struqturis warmoqmniT. aseTi struqturis 

Senadnobs aqvs metad dabali simkvrivis Tvisebebi (ufro dabali, 

vidre mouwesrigebel myar Senadnobs  sahomogenizecio wrTobis 

Semdeg). 

daZvelebis temperaturis dawevis Semdeg, izrdeba wyvetili 

daSlis wili, romelic xasiaTdeba marcvlebis sazRvrebidan  

gamoyofis gazrdiT da dakavSirebulia matricis 

rekristalizaciasTan. wyvetili daSlis siCqare am SenadnobSi 

gacilebiT maRalia. mag., 500°C  daSla xdeba 30wm-ze nakleb 

droSi. Senadnobis struqtura, romelic daZvelebulia wyvetili 

meqanizmiT moyvanilia sur. 1.1.1-ze. 

amgvarad, Cu3Pd+8(a.t.)%Ag SenadnobSi daZvelebis 

temperaturis dawevisas xdeba daSlis meqanizmis cvla: uxeSi 

uwyveti daSla droTa ganmavlobaSi icvleba wyvetiliT. 

daZvelebis temperaturis Semdgomi dawevisas (440°C –ze dabalze) 

xelaxla xdeba daSlis meqanizmis cvla: wyvetili daSla 

icvleba maRaldispersiuli uwyvwetiT (sur.1.1.2). Senadnobis 

struqturis analizma aCvena, rom es cvlileba warmoiSva 

atomuri mowesrigebis zemoqmedebiT. 
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sur. 1.1.1 wyvetili daSla SenadnobSi Cu3Pd+8(a.t.)%Ag, nawrTobi 
800°C –dan da daZvelebuli 450°C –ze 1sT (a) da 7sT (b) (matrica 
mouwesrigebelia). X50000 

 

 

sur. 1.1.2. uwyveti daSla SenadnobSi Cu3Au+8(a.t.)%Ag, nawrTobi 
800°C –dan da daZvelebuli 400°C –ze 200sT (matrica mowesrigebulia). 
X50000 
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miRebuli Sedegebi uflebas gvaZleven gavakeToT daskvna, 

atomuri mowesrigebis gavleniT rom CavaxSoT wyvetili daSla 

da miviRoT dispersiuli gamoyofili faza, mTels moculobaSi 

Tanabrad ganawilebuli nawilakebis saxiT, rogorc Cans 

SesaZlebelia nebismier SenadnobSi, sadac daZveleba da 

mowesrigeba mimdinareobs erTdroulad. am fazuri gardaqmnebis 

siCqareebis Sefardeba cvlis mxolod gardamavali midamos 

sidides, romelSic wyvetili gardaqmnis daSlis da atomuri 

mowesrigebis procesebi warmoadgenen konkurentuls. siCqareebis 

Tanxvdenili Sefardebisas gardamavali midamo SeiZleba 

praqtikulad ar arsebobdes, magaliTad, rogorc Au–Cu–Ag 

SenadnobSi. aseT SemTxvevebSi maRaldispersiuli uwyveti daSlis 

struqturis warmoqmna SesaZlebelia nebismier daZvelebis 

temperaturaze, romelic naklebia mowesrigebis kritikul 

temperaturaze. 

 am kanonzomierebas eqneba gamonaklisi mxolod im 

SemTxvevaSi, rodesac mowesrigebuli matrica saerTod ar 

Seicavs domenur sazRvrebs an Seicavs imdenad mcires, rom 

Zireul gavlenas ver moaxdenen gadajerebuli myari xsnaris 

daSlis procesebze. magaliTs warmoadgens ekviatomuri 

Semadgenlobis Senadnobi Cu–Pd, romelSic atomuri 

mowesrigebisas wck meseri gardaiqmneba mck mesrad. fazuri 

gadasvlisas pirdapiri da sapirispiro gardaqmna wck mesrisa mck 

mesrad xdeba rekristalizaciis gziT. amitom, mowesrigebuli 

Senadnobis marcvlis moculobaSi domenuri jgufebi ar 

warmoiqmneba [23].     

[24] avtorebis mier, Canacvlebis mouwesrigebel 

Senadnobebze Cu-Pt Cu-Pd Cu-Ni Pd-Pt Catarebuli iyo maRali 

garCevisunarianobis mqone fotoemisiuri Seswavla. Senadnobis 

speqtrsa da sufTa metalis speqtrs Soris TanafardobaSi 

aRmoCenilia Rrmuli fermis doneze, maSin rodesac narCeni 

winaRoba aris maRali da ufro zustad, rodesac Zlieri 
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ganzidvis eleqtron-eleqtronebis urTierTqmedeba aris 

mosalodneli. es aris Sesabamisoba alSulerisa da aronovis 

modelebs Soris, romelTa varaudiTac simkvrivis gamofitva 

xdeba fermis energiis axlo doneze maSin, rodesac 

warmodgenilia ganwesrigebac da eleqtrokorelaciac. 

 axlo mowesrigebis wonasworoba Cu–Pd SenadnobSi 

Seswavlilia Teoriulad. [25] Seswavlili iyo fermis zedapiris 

evolucia dakavSirebuli gaxleCvasTan (110)-ze, difuziis 

daZabulobis pikis temperaturis cvlilebasTan erTad.  Sedegi 

Sedarebuli iyo eqperimentul dakvirvebasTan eleqtron-

iradiaciul nimuSze mdgrad mdgomareobaSi, romlisaTvisac 

gaxleCvis temperaturuli damokidebuleba iyo winaswar 

aRmoCenili 20- dan 28 at.% Pd Semadgenlobis diapazonSi.  

 

bolo dros SesaZlebeli gaxda Seswavlili yofiliyo 

farTo supermesrebSi, romlebic Seicaven 100-dan 1000 atoms, 

mowesrigebuli N eleqtronuli struqturis gamoTvla [26][27][28]. 

nameli folknerma, vangma da stokma [28][29] warmoadgines es 

martivi wrfivi kanoni, e.w. ’qV’ damokidebuleba, metalur 

SenadnobebSi kavSiri lokalur gadaWarbebul muxtsa da 

lokalur madelungis potencials Soris. aRniSnuli ’qV’  wrfivi 

kanoni miRebuli iyo cifruli analiziT lokaluri 

Tanmimdevruli mravaljeradi ganSrevebis [27] gamoTvlebiT 

miRebuli monacemebidan, maTi warmoSobis periodi koncentraciis 

funqcionaluri Teoria  jerjerobiT ar iyo miRebuli. faqtia, 

rom orive kanoni iqneba ganxiluli, rogorc lokaluri 

simkvrivis miaxloeba. 

 am naSromSi ganxilulia koherentuli potencialis 

miaxloebis Teoriis axali versia.  

 

eleqtronuli struqturis gamoTvla Sesrulebuli metad 

farTo supermeserSi, gviCvenebs, rom lokaluri muxtis 

 24



gadameteba metalur SenadnobebSi aris fardoba nimuSis gaswvriv 

wrfiv damokidebulebasa da lokalur eleqtrostatikur vels 

Soris, romelic mTels kristalSi muxtis gadanawilebis Sedegia 

[30]. 

izomorfuli koherentuli potencialis miaxloebis 

TeoriaSi garegani lokaluri velebis CaTvliT, avtorebis mier 

damuSavebuli iyo axali Teoriuli sqema, romelSic lokaluri 

muxtis gadameteba, mouwesrigebel SenadnobSi, SesaZlebeli gaxda 

miRebuliyo lokaluri garegani velis Sedegad. aRniSnuli 

modeli  Seicavs mTel rig gamoTvliT upiratesobas izomorful 

TeoriaSi.  

CuPd da CuZn Senadnobebis gamoyenebis Sedegad, aRmoCenili 

iyo, rom rogorc mTavari wesi, arawrfivi muxtis gadawyoba 

xdeba narev mxareSi, rogorc kompleqsuri movlenis Sedegi, 

dakavSirebuli gare potencialSi eleqtronul gabnevsTan. garda 

amisa, avtorTa mier SemCneulia, rom wrfivi damokidebuleba iyo 

muxtis gadametebasa da gare potencials Soris, raodenobrivi 

SeTanxmeba aRniSnul zemesris gamoTvlasTan da sxva gverdis 

mdgomareobasTan. 

 vicinaluri zedapiris morfologia A3B-tipis 

mowesrigebul [Cu83Pd17(1,1,11)] SenadnobSi gamokvleuli iyo STM da 

He difraqciis saSualebiT [31]. Senadnobis mowesrigebul mxareSi, 

domenebi ormagi bijiT iyo SemCneuli da STM suraTma gamoavlina 

kavSiri zedapirul struqturasa da qimiurad mowesrigebul 

ZiriTad domens Soris. zedapiruli domenis zoma izrdeboda 

daZvelebis ganmavlobaSi rogorc t1/2 . gauxeSebis am procesis 

aqtivaciis energia aRmoCenili iyo 2,2 ev -ze.  

gamokvleuli iyo gazisebri meseris modeli, rom 

gansazRvruliyo gazavebuli wyalbadis difuziuroba 

struqturulad mouwesrigebel CuPd wck SenadnobSi, romelic 

Seicavda 47at.%Pd–ze met raodenobas [32]. avtorebi iyenebdnen 

simkvrivis funqcionalur Teorias, rom gaekeTebinaT detaluri 

gaTvlebi H SeerTebis energiis, vibraciis sixSirisa da 
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lokaluri difuziis barieris aqtivaciisTvis, or warmodgenil 

SenadnobisTvis 52 da 74 at.% Pd–iT. aRniSnuli monacemebi 

gamoyenebuli iyo, imisaTvis rom parametrizebuli yofiliyo, 

meseris modelSi bzarebis mosazRvre mxareebs Soris, yvela 

SesaZlo naxtomis xarisxi. kinetikuri ~monte karlo~ imitacia am 

mesris modelisaTvis iyo gamoyenebuli imisaTvis, rom 

gamoTvliliyo H moniSnuli difuziuroba, rogorc funqcia 

Senadnobis Sedgenisa da temperaturis monakveTSi 400K –dan 

1200K-mde. am imitaciis aRmoCenili Sedegebi karg TanxvedraSia 

miRweul eqsperimentul monacemebTan. avtorebi agreTve iyeneben 

kinetikuri ~monte karlo~ imitacias imisaTvis, rom gamoekvliaT 

axlo mowesrigebis impulsi H-is difuziisas CuPd wck 

SenadnobebSi. axlo mowesrigebis efeqti aris aRmoCenili 

eqsperimentis msvlelobisas. 

β-latunSi CuZn 500 da 200 K–is siaxloveSi SemCneulia 

denadobis zRvris temperaturuli piki [33]. β-latunis 

monokristalisaTvis Catarebuli iyo detaluri Seswavla 

[34][35][36] denadobis zRvrisa da 350-600 K intervalSi srialis 

geometriis temperaturiTa da orientaciuli damokidebulebiT. 

saZiebli SenadnobebisaTvis gamovlenilia Tp, σp  pikis 

parametrebis Zlieri orientaciuli damokidebuleba [33]. 

 sur. 1.1.3.-ze moyvanilia mrudebi σ0,2 (T) β-latunis 

monokristalisaTvis [34]. binaruli da sammagi SenadnobebisaTvis 

denadobis zRvris saorientacio damokidebuleba aRmoCnda 

gansxvavebuli. Tu SenadnobSi CuZn (sur.1.1.3.) SekumSvis RerZis 

miaxloebisas stereografiuli samkuTxedis gverdTan [011] da [-111] 

simaRleebs Soris pikis temperatura mcirdeba, maSin SenadnobSi 

Cu-14%(at.) Ni-49%(at.)Zn is izrdeba [37]. maSin, rodesac binarul 

SenadnobSi daZabuloba σp warmoadgens maqsimalurs 

orientaciisaTvis [-111], naSromis [36] Tanaxmad, SenadnobSi 

Cu(Zn,Mn), daZabuloba σp warmoadgens maqsimalurs [001] 

orientaciis siaxlovisTvis. 
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 rogorc Cans samuSaoebSi [34][38] warmodgenili CuZn-is 

mrudebidan rodesac T<Tp moqmedi srialis sistemas warmoadgens 

{110} <111>. legireba iwvevs srialis geometriis mniSvnelovan 

cvlilebebs: moqmedi xdeba srialis sistema {112} <111> (upirveles 

yovlisa im orientaciebisas, romlebis drosac gare daZabuloba 

uzrunvelyofs oreulebis warmoqmnas. Zlieri legirebisas 

zogierT SenadnobebSi, magaliTad (Cu,Ni)Zn, sistema {112}, <111> 

warmoadgens gadametebuls [35][38], maSin, rodesac sxvebSi,     

rogoricaa Cu(Zn,Mn) [36], sriali xdeba arakristalografiuli da 

warmoiSoba maqsimalurad moyvanili Zvradi daZabulobiT 

sibrtyis siaxloveSi. 

srialis kvalis analizi adasturebs grZivi srialis 

arsebobas im SemTxvevebSi, rodesac moqmedi sistema ixreba {110} 

<111> -gan.  

 oTaxis temperaturaze nakleb temperaturaze CuZn-Si 

SeimCneva meore piki σ0,2(T) [37][39][40]. sur.1.1.4. warmodgenilia 

damokidebuleba σ0,2(T) sxvadasxva orientaciisaTvis 

monokristalisaTvis Cu-2Ni-Zn [40].   

denadobis zRvris temperaturuli damokidebulebis 

saintereso Taviseburebas warmoadgens is faqti, rom piki ar 

SeimCneva zogierTi orientaciebisaTvis (sur. 1.1.4.). [37]-is Tanaxmad 

piki ar SeimCneva im orientaciebisaTvis, romlebic ganlagebulia 

stereografiuli samkuTxedis [001] da [111] polusebs Soris 

waxnagebis siaxloves. damokidebulebebidan ψ(T) Cans, rom 

srialis sistemis orientaciisas temperaturisgan damoukideblad 

warmoadgens {110} <111>, im dros, rodesac sxva orientaciebisas 

warmoiqmneba srialis cvlileba {110} <111> -gan, romelic 

moqmedia TTp-sas sistemaSi {112} <111>, romelSic gare daZabuloba 

Tanqmedia oreulebis warmoqmnisas (ψ- kuTxe srialis moqmed 

sibrtyesa da {110} sibrtyes Soris). malegirebeli elementis 

koncentraciis gazrdisas gansakuTrebiT izrdeba temperaturuli  
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sur. 1.1.3. denadobis zRvris temperaturuli pikebi CuZn 
monokristalebisaTvis. 
 

 
 

sur. 1.1.4. σ0,2(T) da ψ(T) mrudebi β-latuni Cu-2Ni-Zn monokristalisaTvis 
[40]. 
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intervali, romelSic warmoiSoba aRniSnuli gadasvla erTi 

srialis sistemidan meoreSi [40].  

eleqtronul-mikroskopiuli kvleva aCvenebs, rom 

gansaxilveli Senadnobebis dislokaciuri struqturis 

damaxasiaTebel elements warmoadgenen maryuJebi, romlebic 

gadaWimulia briuges veqtoris gaswvriv (anu romlebic Seicaven 

grZel sworxazovan xraxnisebur segmentebs), Tumca, isini 

ganlagebulia {110} sibrtyeSi T~ 300 K temperaturisas da {112} 

sibrtyeSi T~ 77 K temperaturisas [40]. garkveul doneze, am 

Senadnobebis dislokaciuri struqtura analogiuria dabal 

temperaturebze mck metalebSi dislokaciuri struqturebis. β-

latunSi agreTve SeimCneva srialis asimetria {112} sibrtyeSi, 

romelic adre SemCneuliyo mravali mck metalisaTvis. [39][41] 

Sromebis Tanaxmad, β-latunSi 77K temperaturaze denadobis 

zRvari anti-oreulovan mimarTulebaze 1.7-jer ufro maRalia, 

vidre oreulovanze. 

 warmodgenili σ(T) β-latunis aRniSnuli anomaliebis 

interpretaciisaTvis, maRaltemperaturuli  σ(T) anomaliebis 

mizezis analizisas [34][35][36][38] samuSaoebSi gamoyenebulia 

modeli, romelic warmodgenilia takeuCi da kuramotos mier [42].  

[34][35][36][38] samuSaoebis Tanaxmad, gamyareba ganpirobebulia 

kibeebis warmoSobiT, romlebic warmoiqmnebian xraxnuli 

dislokaciis segmentebis Termoaqtivirebuli ganivi srialis 

gziT da warmoadgenen damagrebis wertilebs, romlebic 

amuxruWeben dislokaciis Semdgom srials. adre iyo 

warmodgenili β-latunis maRaltemperaturuli pikis 

interpretacia, romelic eyrdnoboda antifazuri sazRvrebis 

(afs) energiis gansxvavebas, romelic warmoiqmneboda misi 

mniSvnelobis Termuli Tanafardobis Sesabamisi Zvris 

mniSvnelobis Sedegad. jerjerobiT Znelia iTqvas imis Sesaxeb, 

Tu ra mizezi warmoadgens sinamdvileSi aRniSnul temperaturul 

anomalias. 
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 [43][44]-is Tanaxmad, dabaltemperaturuli piki SeiZleba iyos 

dakavSirebuli xraxnuli dislokaciebis Termoaqtivirebul 

moZraobasTan, romlebic ekuTvnian zedislokaciebs peierlsis 

refleqsebis mixedviT. es modeli dafuZnebulia mck 

metalebisTvis adre gavrcelebul warmodgenebze sxvadasxva 

konfiguraciis birTvis arsebobaze (rogorc gauxleCavi aseve 

gaxleCili), romelTa Soris gadasvlac gansazRvravs paierlsis 

potencialis formas [45]. pirvelad [43] aseTi modelis 

saSualebiT iyo mcdeloba axsniliyo, β-latunis srialis 

geometriis zogierTi gansakuTrebuloba, dislokaciuri birTvis 

struqturis erTeulovani xraxnuli dislokaciis ganxilvis 

gziT.   

da bolos avtori aRniSnavs, rom siZnele temperaturuli 

anomaliebis interpretaciisa β-latunSi dakavSirebulia imasTan, 

rom SesaZlebelia zedislokaciebis blokirebis sxvadasxva 

meqanizmebis arseboba. pirvel rigSi, blokireba SeiZleba moxdes 

zedislokaciebis gardaqmniT rogorc mTlianis srialis sistemis 

cvlilebiT, analogiurs imisa, rogoric L12-Si. avtorisaTvis 

araa cnobili, arsebobs Tu ara β-latunis tipis SenadnobebSi 

energiis anizotropia (afs), romelic iyo gadamwyveti faqtori 

L12 zestruqturaSi temperaturuli anomaliebis asaxsnelad. 

meorec, zedislokacia SeiZleba iyos dablokili birTvis 

zedmetadgaxleCis Sedegad yoveli misi warmomqmneli erTjeradi 

dislokaciiT. amgvari zedmetadgaxleCa damaxasiaTebeli mck 

meserisaTvis SesaZlebelia  aixsnas dabaltemperaturuli pikiT 

σ(T), maSin roca gardaqmna zedislokaciis rogorc mTlianis 

warmoadgens mizezs maRaltemperaturuli pikis arsebobisas.  

 

naSromSi [46] aRwerilia maRali garCevisunarianobis mqone 

transmisiuli eleqtronuli mikroskopis saSualebiT nimuSis 

mikrostruqtura maRali simkvrivis mqone eleqtropulsaruli 

deniT damuSavebamde da damuSavebis Semdeg. mozrdili 
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granulebis eleqtropulsaciis zegavleniT damuSavebisas CuZn 

SenadnobSi aRmoCenili iyo ori nanofazis formireba, α- Cu(Zn) da  

β′- (CuZn), TiToeuli granulis saSualo zoma iyo daaxloebiT 

11nm. SemoTavazebuli iyo nanofazis formirebis SesaZlo 

meqanizmi. eqsperimentulma Sedegma aCvena, rom eleqtropulsacia, 

rogorc myisieri Semavali maRali energia, TamaSobs 

mniSvnelovan rols nivTierebebSi arawonasworuli 

mikrostruqturul cvlilebebSi da emsaxureba, rogorc  

daaxlovebis potenciuri procesi sinTezur nanostruqturul 

nivTierebebTan.  

 

 1.2. maRali garCevisunarianobis mqone transmisiuli 

eleqtronuli mikroskopiT dabal temperaturaze gamomwvar Cu-Zn 

SenadnobSi α-fazis dakvirveba  

 

cnobilia [47], rom fazuri gardaqmnis izoTermul process 

60/40 Cu-Zn SenadnobSi ewodeba beinituri gardaqmna, da α-fazis 

gamoyofa β′-fazidan mimdinareobs Semdegnairad: β′→α9R→αfcc . am 

samuSaoSi, Cu-40.26a.t.%Zn SenadnobSi α-fazis gamoyofa β′ erTi 

fazidan, gamokvleuli iyo maRali garCevisunarianobis mqone 

transmisiuli eleqtronuli mikroskopis saSualebiT imisaTvis, 

rom garkveuliyo am Senadnobis fazuri gardaqmna. gansakuTrebiT, 

defeqtebi (stratebi) α-fazaSi fokusirebuli iyo struqturis 

cvlilebis specialur Tvisebaze da am Senadnobis gamyarebaze 

gamowvis dros. naSromSi agreTve warmodgenilia aRniSnul 

Senadnobsa da Si damatebul Senadnobs Soris Sedarebis Sedegebi. 

  

  naSromSi [48] gaerTianebuli perturbaciuli meTodi (gpm) 

eleqtrostatikuri koreqciiT mocemulia dafaruli kolombos 

zemoqmedebiT, miRebuli efeqturi konis zemoqmedebiT sistemis 

raodenobaze koringa-koxi-rostokeris meTodis CarCoSi atomuri 

sferosa da koherentuli potencialis miaxlovebaSi.  es 
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gviCvenebs, rom am gziT miRebuli (gpm) zemoqmedeba iZleva 

mowesrigebis energiis zust aRweras, axlo mowesrigebis 

parametrebs da mowesrigeba-ganwesrigebis gardaqmnis 

temperaturebs  CuZn, CuAu, CuPd da PtCo sistemebSi. es aCvenebs imas, 

rom gpm aris unikaluri instrumenti eqstremalurad farTo 

speqtris misaRebad da mravali atomis urTierTqmedeba 

miuRwevelia sxva meTodebiT. 

 

mikrostruqtura da meqanikuri Tvisebebi xaxunis areviT  

SeduRebul 60%Cu-40%Zn SenadnobSi iyo gamokvleuli [49]. 

defeqtebis gareSe SeduRebis fardobiTad farTo speqtri iyo 

miRweuli SeduRebis kondiciaSi. samuSao instrumentis brunvis 

siCqare icvleboda 1000-dan 1500 br.wT SeduRebis siCqariT 500-dan 

2000 mm/wT da 500br.wT-500mm/wT. SeduRebis mikrostruqtura 

iweleboda eqsremalurad ukanasknel marcvlamde garkveul 

deformirebul marcvalTan erTad areul zonaSi da gawelili 

marcvlebi Termo meqanikurad Sexebul zonebSi. simyaris sidide 

areul zonaSi mTlianad SeduRebis pirobebSi  iyo gacilebiT 

ufro maRali vidre sabazo metalSi, gafarToveba SemcirebasTan 

erTad gaxurebis SesasvlelSi. warmoSoba rafinirebuli 

marcvlebis areul zonebSi iyo mTavari faqtori, romlis gamoc 

gamyarebis zrda asocirdeboda gaxurebis SesasvlelSi 

SemcirebasTan. simyare yvela zonis warmoadgens fardobiT 

gadamisamarTebas  variaciis gamyarebis sididis areul zonaSi.   

 

 spilenZis fuZis SenadnobebSi, Sualeduri temperaturebis 

midamoebSi, fazuri gardaqmnebis sruli suraTis miRebas, gaaCnia 

gansakuTrebuli mniSvneloba latunebisa da brinjaos  Termuli 

damuSavebis TeoriisaTvis. TumcaRa, miuxedavad kvlevebis didi 

raodenobisa, romelic dakavSirebulia spilenZis fuZis 

Senadnobebis struqturis TvisebebTan, spilenZiT mdidari Cu-Zn, 

Cu-Pd, Cu-Si  Senadnobebis fazuri mdgomareobebis diagramebis 

bevri midamo, moiTxovs dazustebas [50][51]. aRniSnuli sistemis 
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Senadnobebis SerCeva ganpirobebuli iyo imiT, rom isini qmnian 

Canacvlebis myar narevebs mck da wck meserebiT, romlebSic 

temperaturis gansazRvrul intervalebSi, romlebic emTxveva 

Sualeduri gardaqmnebis areebs, SesaZlebelia atomuri 

mowesrigebisa da daSlis procesebi, romlebsac Tavis mxriv 

garkveul wilad SeuZliaT imoqmedon beinituri gardaqmnebis 

msvlelobaze.  

 

 1.2.1. spilenZ-TuTiis sistemis α da β-fazis struqturisa da 

mowesrigebis procesebis Taviseburebani 

 

 Cu-Zn binaruli Senadnobis diagrama (nax.1.2.1.1.) 

daxasiaTebulia mouwerigebeli β-faziT maRali temperaturebisas 

da mowesrigebuli Cs-Cl-is tipis β′-faziT dabali temperaturisas 

[50]. Cu-Zn Senadnobis β-fazis mowesrigebis siCqare imdenad 

maRalia, rom sagrZnobi mouwesrigebloba ar SeiZleba iyos 

miRweuli oTaxis temperaturaze swrafi wrTobisasac [52]. Tumca, 

aseTi swrafi uwesrigoba → mowesrigeba gardaqmnis dros 

SeiZleba warmoiqmnas vakansiebi [53], rac gamoiwvevs atomebis 

difuziis koeficientis gazrdas mowvis dros.  

 β-latunis sadislokacio struqtura Seswavliliqna [54] 

samuSaoSi, romelSic naCvenebia, rom dislokaciebs gaaCniaT 

uCveulo kontrasti eleqtronul-mikroskopiul gamosaxulebebze. 

[55] samuSaoSi avtorTa mier naCvenebi iyo, rom dislokaciis 

TeoriiT kontrasti, romelic bazirebulia izotropuli 

gamyarebis Sesaxeb warmodgenaze (kriteriumi gb=0), 

araadeqvaturia β-latunis SemTxvevaSi. dislokaciis garSemo 

intensiurobis ganawilebis analizidan gakeTebulia daskvna, rom 

metwili dislokaciebisa mdebareobs {110}β sibrtyeebSi, romelsac 

gaaCnia biurgersis sruli veqtori 〈111〉. 
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nax. 1.2.1.1. Cu-Zn Senadnobis fazuri mdgomareobis diagrama. 
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 bolo dros β-latunis struqtura gaxda farTo kvlevis 

sagani, rogorc Teoriul [56][57][58], aseve eqsperimentul 

[59][60][61][62] aspeqtSi. 

gansakuTrebuli interesi gamoiwvia aRmoCenilma simyaris 

anomalurma pikma da Cu-Zn Senadnobis β-fazaSi denadobis zRvris 

siaxloveSi mimdinare movlenam [63][64]. gamovlenili anomaluri 

simyaris piki da sxva gansakuTrebuli movlenebi, aRniSnulia β-

Cu-Zn deformaciisas gazrdil temperaturebze [63][65] samuSaoebis 

avtorebi miaweren srialis mimarTulebis cvlilebas da 

dislokaciis gadaxoxebas [66]. Tumca, samuSaoSi [67] dinebis 

daZabulobis temperaturebze damokidebulebisa da β-Cu-Zn 

monokristalebis datvirTvis orientaciis Zireuli analizis 

safuZvelze avtorebi midian daskvnamde, rom miRebuli Sedegebi 

SeuZlebelia SeTanxmebulad iqnas axsnili 〈111〉 zemeserSi ganivi 

srialiT – xraxnisebri dislokaciiT sibrtyeebSi {110} da {112}. 

sainteresos warmoadgenen samuSaoebi, romlebSic 

struqturamgrZnobiare meTodebiT nacadia gamokvleuli 

yofiliyo gardaqmna mowesrigeba – ganwesrigeba β-latunSi am 

gadasvlis axlo wertilSi [68][69]. samuSaoSi [68] dopleris 

Semcirebis gazomvis saSualebiT γ-gamosxiveba pozitronebis 

anigilaciisas gansazRvrulia efeqturi enTalpiis 

monovakansiebis warmoSoba TuTiis koncentraciidan sistemaSi Cu-

Zn. struqturuli vakansiebis SesamCnevi simkvrive ar aris 

SemCneuli. dadgenilia, rom pozitronebis sicocxlis 

xangrZlivoba sagrZnoblad icvleba mowesrigeba – ganwesrigeba 

gadasvlisas, Tumca γ-gamosxivebis xazis forma sustad 

mgrZnobiarea gadasvlasTan. 

miuxedavad imisa, rom β→β′ mowesrigeba Cu-Zn SenadnobebSi 

didi xania cnobilia, am movlenis difraqciuli damtkiceba 

gamoCnda TiTqmis axlaxans. igi aRmoCenilia eleqtronogramebze 

zestruqturuli refleqsebis saxiT. rentgenografiulad amisi 
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gakeTeba metad garTulebulia TuTiis da spilenZis atomuri 

ganSrevebis unaris siaxlovis gamo. 

mikroskopuli struqturis mowesrigebis Seswavlis farTo 

SesaZleblobas qmnis Tanamedrove ganWoli eleqtronuli 

mikroskopia. 

miRebulia difraqciuli kontrastis efeqtebis dayofa or 

jgufad: a) efeqtebad, romlebic ekuTvnis mxolod mowesrigebul 

struqturebs da mxolod zestruqturuli arekvlis moqmedebisas 

da b) isini, romlebic ar arian specifiuri struqturis 

mowesrigebisas da SeiZleba iyvnen dakavSirebulni rogorc 

zestruqturul, aseve Zireuli arekvlis moqmedebebTan. pirvel 

jgufTan dakavSirebulia “pirveladi” kontrasti, xolo 

meoresTan – fazuri kontrasti antifazuri sazRvrebidan. meore 

jgufs miekuTvneba kontrasti, romelic warmoiSoba kristaluri 

meserebis simetriis gansxvavebis Sedegad anda mowesrigebuli da 

ganwesrigebuli fazebis kuTri moculobiT. gansakuTrebiT 

mniSvnelovania am jgufis efeqtebis ganxilva mowesrigebis 

sawyisi stadiebis Seswavlisas, maSin, rodesac mowesrigebuli 

midamoebis jamuri moculoba an maTSi mowesrigebis xarisxi araa 

sakmarisi SesamCnevi intensiobis zestruqturuli arekvlis 

formirebisTvis. am SemTxvevebSi saWiroa mxedvelobaSi 

miRebuliqnas efeqtebi gamosaxulebebze da eleqtronogramebze, 

romlebic saSualebas iZlevian aRmoaCinon mcire zomebis 

mowesrigebuli midamoebi, rogorebicaa: matricis deformaciis 

gamo eleqtronogramebze  ZiriTad anareklze, gabneuli 

absorfciuli kontrasti, mowesrigebuli midamoebis specifiuri 

sivrculi ganawileba. metad mniSvnelovania ganvasxvavoT 

eleqtronogramebze efeqtebi, romlebic dakavSirebulia 

difuzuri efeqtebidan zomebiT mcire mowesrigebul midamoebTan. 

bolo SemTxvevaSi nuli zomis kvanZi ar aris damaxinjebuli, 

xolo refleqsebis forma icvleba arekvlis xarisxis 

cvlilebiT [70][71]. 
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α-fazis mesris periodisa da spilenZSi TuTiis xsnadobis 

preciziuli gazomva, α-fazis wck myar SenadnobSi 210-300°C 

temperaturis internalSi, miuTiTebs axlo mowesrigebis xarisxis 

zrdaze [72]. α-latunSi, axlo mowesrigebis xarisxis zrda, 

aRmoCenilia kuTri TbomoculobiTi [73], eleqtrowinaRobiTi [74] 

da Sinagani xaxunis [75] gazomvebiT. Tumca, am monacemebiT ar iyo 

gansazRvruli axlo mowesrigebis niSnebi α-fazaSi.   

 

1.2.2. Cu da Cu-Zn Senadnobis struqturuli da 

mikrostruqturuli kontroli diferencialuri swrafi glinviT  

 

spilenZisa da latunis firfitebSi Zvris deformaciis 

mTels farTSi gamokvleuli iyo diferencialuri swrafi glinva 

[76]. spilenZisa da latunis orive firfitam aCvena <110>//RD 

Zvradi struqtura ZiriTadi komponentis {111} <110>. amasTanave, 

umniSvnelo komponenti iyo {001} <110> spilenZisaTvis, xolo 

latunisaTvis {112} <110>.  

 rekristalizaciis temperatura diferencialuri swrafi 

glinviT miRebuli firfitisaTvis ufro dabali iyo vidre neli 

glinviT miRebuli firfitisaTvis maRali eqvivalenturi 

deformaciis gamo. 

 rekristalizaciis struqtura TiTqmis igive orientaciisaa 

rac gamomuSavebuli Zvradi struqtura, maTi intensiobis polusi 

(RerZi) aris susti.  

Cu-Zn Senadnobi, romelic farTodaa gamoyenebuli rogorc 

eleqtronuli nawili, rogoricaa eleqtroCamWeri da CamrTveli, 

unda gamoirCeodes maRali simkvriviTa da maRali drekadobiT 

[77]. Cu-Zn Senadnobi maRali simkvrivisaa da maRali drekadobiT 

gamoirCeva maSin, rodesac mis SemadgenlobaSia 20-40 masa% Zn da 

rogorc narCeni Cu da gardauvali usufTao minarevebi, da 

rogorc kristaluri marcvlis damaxasiaTebeli niSnebi. 

kristaluri marcvlis saSualo diametri (mGS) unda Seadgendes 
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1-4 mkm da standartuli gadaxra (σGS) kristaluri marcvlis 

diametridan ar unda aRematebodes 1/3(mGS). SenadnobSi 

Tanafardoba {l(220)+l(111)}/l(200) rentgenis sxivis difraqciis 

intensiobasTan Seswavlil gabrtyelebul sibrtyesTan aris 2,0-

5,0. Cu-Zn Senadnobi SeiZleba damatebiTad Seicavdes erTs an 

ramodenimes Ni, Si, Fe, Ti, Co da Sn saerTo jamSi 0,01-0,3 masa%. 

Senadnobi sasurvelia Seicavdes gogirds 30 memilioneds an 

naklebs da zedapiris xaoianoba (Ra) ar unda aRematebodes 0,2 

mkm-s. 

 

1.3. Cu-40at.%Pd Senadnobis mck da wck fazebis atomuri 

mowesrigebis procesebi 

 

Cu-Pd Senadnobis (romelic Seicavs 40at.% paladiums) 

mdgomareobis diagramis Tanaxmad (nax.1.3.1) 600°C-ze dabal 

temperaturaze Senadnobi mowesrigebulia da gaaCnia cezium-

qloris tipis kristaluri struqtura. 600°C-ze maRal 

temperaturaze Senadnobi ganwesrigebulia wck kristaluri 

mesriT  [50][51]. 

Cu-Pd SenadnobebSi, iseve rogorc Cu-Au-Si, ganwesrigebul 

wck mdgomareobaSi sxvadasxva avtorebis mier [78][79][80] iqna 

aRmoCenli difuzuri maqsimumebi zestruqturuli refleqsebis 

poziciebSi. es Sedegebi, avtorTa mosazrebiT, miuTiTebdnen 

SenadnobebSi an zogierTi mowesrigebuli mdgomareobis 

arsebobas mowesrigebis temperaturaze (Тк)  maRla, an isini 

dakavSirebuli iyo nimuSis arasrul wrTobasTan. 

Cndeba, (Тк)  maRal temperaturaze axlo mowesrigebasa da 

axlo mowesrigebis mikrodomenuri koncefciis CarCoSi mcire 

mowesrigebuli domenebis arsebobis SesaZleblobas Soris 

kavSiris kvlevis aucilebloba. am koncefciis Tanaxmad SeiZleba 

gamoyofiliqnas axlo mowesrigebis sami tipi.  
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nax. 1.3.1. Cu-Pd Senadnobis fazuri mdgomareobis diagrama. 
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pirveli tipi – Txevadi tipis axlo mowesrigeba. meore tips 

Seesabameba atomebis iseTi ganawileba, romlis drosac 

kristalSi warmoiqmneba mikroareebi, gansxvavebuli 

koncentraciiT, mowesrigebis xarisxiTa da agreTve axlo 

mowesrigebis saxiT (axlo mowesrigebis saxeSi igulisxmeba 

mowesrigeba, romlis prototipicaa garkveuli saxis 

zestruqtura). mesame tipis axlo mowesrigebas warmoadgens 

kristalis iseTi mdgomareoba, rodesac is Sedgeba antifazuri 

mikrodomenebisagan, romelTa arsebobas miyavs zestruqturuli 

arekvlis Zlier gaganierebamde da agreTve maT gaxleCvamdec ki. 

mravali eqsperimentuli monacemis analizis safuZvelze 

[81],  SesaZlebeli gaxda eCvenebinaT, rom lokaluri wesrigi 

SenadnobebSi, aramowesrigebul mdgomareobaSi, warmoiSoba 

praqtikulad yovelTvis. gakeTebul iqna mcdelobebi Teoriulad 

damtkicebuliyo aseTi mikroareebis arseboba maRali 

mowesrigebiT grZelperiodiani struqturis stabilurobis 

pirobis TvalsazrisiT [79][82][83]. 

miuxedavad amisa, rogorc kinetikis aseve mowesrigebis 

yvelaze diskretuli areebis agebulebis mravali aspeqti rCeba 

gamoukvleveli, imis gamo, rom araa sakmarisi eqsperimentuli 

monacemebi Cu-Pd  sistemis Senadnobis Sesaxeb [84][85]. amitom, Cu-

40at.%Pd  Senadnobis fazuri   gardaqmnebis struqturuli 

meqanizmis kvlevas, rogorc samodelos, aqvs gansakuTrebuli 

mniSvneloba, imisaTvis, rom garkveuli iqnas struqturul-fazuri 

mdgomareobis arsi, romelic formirdeba Termuli zemoqmedebiT 

wck da mck myari Canacvlebis xsnarebSi. bolo xanebSi, Cu-Pd  

sistemis Senadnobebi iwvevs did interess ara mxolod rogorc 

samodelo, aramed rogorc perspeqtiuli masala wyalbadis areSi 

momuSave masalebis sferoSi [32].  

kargadaa cnobili, rom β-CuZn Senadnobi B2 mowesrigebuli 

struqturiT aCens denadobis zRvris anomalur piks 200°C 

siaxloveSi [86]. sxvadasxva kvlevebSi, romlebic damyarebulia 

tem dakvirvebaze, ganvrcobili iyo β-CuZn Senadnobis 
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dislokaciis daxasiaTeba. da aRmoCenilia, rom denadobis zRvris 

pikis temperatura miaxloebiT emTxveva mis srulad gadasvlas 

<111> dislokaciidan dabal temperaturaze <110> dislokaciaze Tp 

temperaturaze maRla [87]. aqamde, warmodgenili iyo oTxi modeli 

β-CuZn SenadnobiSi denadobis zRvris  anomaliis asaxsnelad; 

anti-fazuri sazRvris gaTrevis modeli; ganivi srialis piningis 

(damagrebis) modeli, lokaluri acoceba-Caketvis modeli, da 

vakansiebis gamyarebis modeli. sainteresoa aRiniSnos, rom am 

oTx models GgaaCnia sxvadasxva deformaciis siCqaris 

damokidebuleba denadobis zRvris anomaliaze. rogorc anti-

fazuri sazRvris gaTrevis aseve lokaluri acoceba-Caketvis 

modeli orive models unda eCvenebinaT uaryofiTi deformaciis 

siCqaris damokidebuleba. aseve aRsaniSnavia isic, rom darCenil 

or models unda eCvenebina mcire deformaciis siCqaris mimarT 

mgrZnobiaroba. 

sanam Catardeboda daZabulobisa da kompresiis testebis 

seria sxvadasxva deformaciis siCqaris qveS, manamde Catarebuli 

iyo deformaciis siCqaris damokidebulebis kvleva ramodenime 

sxva mowesrigebul masalaze, gazomvebs win uswrebda viwro rigi 

samuSaoebisa deformaciis siCqareze, radgan qondaT siZneleebi 

aRmoeCinaT daxarisxebis damokidebuleba. aRniSnul samuSaoSi 

Seswavlilia deformaciis siCqaris damokidebuleba denadobis 

zRvris anomaliaze β-CuZn SenadnobiSi daZabulobisa da 

datvirTvis relaqsaciis testebis gamoyenebiT, da agreTve 

SesaZlo mikro-meqanizmi, romelic fokusirebuli iyo denadobis 

zRvris anomalur qmedebebze.  

 

1.4.  Cu-Si Senadnobis α fazis daSlis procesebis Taviseburebani 

  

 talRur emisiuri zarbazaniani transmisiuli eleqtronuli 

mikroskopis  (tem) saSualebiT gazomili iyo 275°C,  400°C  da 

550°C temperaturaze nawrTob Cu-7.15a.t.%Si SenadnobSi wyobis 

defeqtebis narevi atomebis gamoyofa [88]. siliciumis 
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koncentraciis maRali lokalizebis zrda gamovlenili iyo 

wyobis defeqtebis sibrtyeze. maRali valentobis siliciumis 

atomebis  gamoyofa zrdis lokaluri eleqtronebisa da atomebis 

Tanafardobas kristalSi amgvarad, amcirebs wyobis defeqtebis 

energias, rogorc mosalodneli iyo Cu-Si sistemis 

SenadnobisaTvis.  

 

 

1.4.1. Cu-Si Senadnobis koroziuli Tvisebebi sulfidisa da 

qloridis areSi  

 

kargadaa cnobili [89], rom Si silikonur latuns aniWebs 

maRal simkvrives da koroziamdgradobas, romelic aucilebeli 

moTxovnaa hidravlikuri wnexebisaTvis, radiatorebisaTvis, 

kardanuli gadacemis lilvebisaTvis, Sesanax rezervuarebSi da 

qimiuri mrewvelobis sxva mowyobilobebSi. maT gaaCniaT maRali 

koroziamdgradoba sazRvao areSi, magram Sida 

koroziamdgradobis procesi sulfidis atmosferoSi ufro metad 

mdgradia Zabvis zemoqmedebiT koroziuli bzarebis gaCenis 

mimarT da agreTve sezonuri bzarebis gaCenis mimarT, vidre 

latuni moTavsebuli dabinZurebul atmosferoSi. ZiriTadSi, 

Senadnobebis koroziamdgradoba damokidebulia Senadnobis 

qimiaze, TermodamuSavebis programaze, meore fazis arsebobaze 

da specifiur garemoze. 

Tumca, qloridisa da sulfidis areSi koroziamdgradobis 

mimarT TermodamuSavebis gavlenisa da gansakuTrebuli 

Tanafardobis binarul Cu-Si SenadnobSi silikonis 

Semadgenlobis cvlilebis Seswavla literaturaSi SezRudulia. 

 aRniSnul samuSaoSi warmodgenilia koroziuli qcevebi 

sami tipis komerciulad mniSvnelovani Cu-Si Senadnobebis, 3.5% 

sodium-qloridis da 1% sodium-sulfidis narevebisaTvis. 
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1.5. Sinagani xaxunis meTodis SesaZleblobebi 

 

 Sinagani xaxunis Q-1 sidide zineris modelisaTvis 

damokidebulia gamosaxulebidan ωτ. relaqsaciuri 

movlenebisaTvis, romlebic damokidebulia atomur da 

molekulur gadawyobasTan, relaqsaciis dro damokidebulia 

temperaturaze eqsponencialurad e.i. 

τ = τoexp(H/RT),         (1.5.1) 

sadac H – ganxiluli relaqsaciuri procesis aqtivaciis 

energiaa; τo - zogierTi droebiTi parametri.  

Q-1(T) maqsimumis pirobas aqvs saxe: 

    ωτ=1 anu ωτoexp(H/RT)=1             (1.5.2) 

am formulidan gamomdinareobs relaqsaciuri procesis 

aqtivaciis energiis H gansazRvris ramodenime gza, romelic 

iwvevs pikebis warmoqmnas Q-1(T) mrudze.  

 

1.5.1. pikis sixSiruli wanacvleba.  

 

Tu SevcvliT nimuSis rxevis sixSires, maSin relaqsaciuri 

piki Q-1(T) wainacvlebs temperaturis Skalaze garkveuli ΔT=T2-T1 

sididiT. Tu cnobilia T1, T2, ω1 da ω2, maSin advilad SeiZleba 

ganisazRvros H da τ0  Semdegi formulebidan 

1 2 2

2 1 1

lnTTH R
T T

ω
ω

=
−

         (1.5.3) 

1 2
0

1 2

1 1ln = ln( )
2 2

T TH
R TT 1 2τ ωω
⎛ ⎞+

⋅ −⎜ ⎟
⎝ ⎠

              (1.5.4) 

romlebic gamomdinarea (1.5.1) da (1.5.2) utolobebidan. maRali 

sizustiT H-is gamosaTvlelad (1.5.3) formuliT aucilebelia 

Seicvalos sixSire ω ramodenime xarisxiT. Tumca, Tu gazomva, 

rogorc wesi, mimdinareobs erT danadgarze, sixSiris cvla 

SesaZlebelia ara umetes erTi xarisxiT. Sedegad sidide ΔT 

xdeba sakmarisad mcire: ~20-30 grad. temperaturis maqsimumisa da 
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H sididis arasakmarisad zusti gansazRvrisas H sididis 

gamoTvlisas Secdoma warmoadgens ~20%. imisaTvis, rom 

gaizardos ΔT sididis gazomvis sizuste SesaZlebelia Tu 

ganisazRvreba mTliani pikis wanacvleba. amas xels uSlis ori 

garemoeba. sixSiris cvlilebisas realuri pikis sigane Q-1(T) 

mrudze icvleba. garda amisa, inacvlebs maqsimumis simaRlec, rac 

dakavSirebulia relaqsaciis xarisxis Δ0-is temperaturaze 

damokidebulebasTan, agreTve relaqsaciis droebis speqtris 

arsebobaze.   

 am faqtorebis gavlenis Sesamcireblad saWiroa 

gamoyenebuli iqnas moyvanili Sinagani xaxunis Q*
-1= Q-1/ Q-1

max 

(fonis gamoricxviT) T-1temperaturaze damokidebulebis mrudebi. 

 zineris modelis safuZvelze aseTi koordinatebisas 

relaqsaciuri maqsimumis forma ar icvleba sixSiris 

cvlilebisas Δ0(T)-is susti damokidebulebis arsebobis 

pirobebSicki. 

 Tuki arsebobs relaqsaciis droebis speqtri, Sinagani 

xaxunis gamosaxulebas aqvs Semdegi saxe 

( )

(0)
1

21

0

1

k
j j

j
j

j

M
M

ωτ

ωτ

−

= ∞

Δ
=

⎛ ⎞
+ ⎜ ⎟
⎝ ⎠

∑Q   

da (1.5.2) formuliT H-is gamoTvla, am SemTxvevaSi iZleva 

garkveul gasaSualoebul aqtivaciis energias. amasTanave, 

mrudebis gamoyeneba moyvanili Sinagani xaxunis Q*
-1-is T-1–ze 

damokidebuleba iZleva saSualebas dadgindes, arsebobs Tu ara  

aqtivaciis energiis speqtri.   Tuki sixSiris cvlileba ar iwvevs 

pikis formis cvlilebas Q*
-1(T-1)-is mrudze, maSin procesi 

xasiaTdeba erTi energiis aqtivaciiT. winaaRmdeg SemTxvevaSi 

arsebobs Hj energiis speqtri.  
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1.5.2. pikis forma, sigane da mdgomareoba T RerZze 

 

H-is gansazRvris sxva forma mdgomareobs 

dabaltemperaturuli an maRaltemperaturuli Q-1(T) pikis Stos 

gamoyenebaSi. marTlac, formulebidan 
1

1 max
2 2

2
1
QQ ωτ
ω τ

−
− =

+
 da (1.5.1)-dan 

vRebulobT: 

dabaltemperaturuli pikis StosaTvis (ωτ>>1)  

     1 ~ exp HQ
RT

− ⎛ ⎞−⎜ ⎟
⎝ ⎠

,              (1.5.5) 

maRaltemperaturuli pikis StosaTvis (ωτ<<1) 

     1 ~ exp HQ
RT

− ⎛ ⎞
⎜ ⎟
⎝ ⎠

              (1.5.6) 

(1.5.5) da (1.5.6) dan gamomdinareobs, rom H SeiZleba gansazRvruli 

iyos dabaltemperaturuli an maRaltemperaturuli Q-1(T) pikis 

Stos daxris kuTxiT koordinatebze lnQ-1 – 1/T.  H-is gansazRvris 

aRniSnuli xerxi gamoyenebuli unda iyos mxolod kargad 

gamokveTili viwro pikebisaTvis. 

H-is gamoTvlis mesame gza dafuZnebulia Q-1(T) pikis siganis 

gansazRvraze. saerTod pikis siganes zomaven 1/2 doneze. aseTi   

Q-1(T) donisaTvis Sesabamisi temperaturebi, (1.5.11)-dan gamomdinare, 

akmayofileben aSkara pirobas  

1
maxQ−

    
0

2

0

exp
1
4

1 exp

H
RT

H
RT

ωτ

ωτ

⎛ ⎞
⎜ ⎟
⎝ ⎠=

⎡ ⎤⎛ ⎞+ ⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

.              (1.5.7) 

aRniSnuli pirobidan vRebulobT 

    0
1

exp 2 3H
RT

ωτ
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

              (1.5.8) 

    0
1

exp 2 3H
RT

ωτ
⎛ ⎞

= −⎜ ⎟
⎝ ⎠

              (1.5.9) 

aqedan vRebulobT 
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    1 2

2 1

2,63 TTH R
T T

=
−

             (1.5.10) 

aq T1 da T2 –temperaturebia, romlis drosac Q-1=1/2 Q-1
max. 

 iseve, rogorc wina SemTxvevaSi, H–is gansazRvra formuliT 

(1.5.10) iZleva swor Sedegs mxolod im SemTxvevaSi, Tu procesi 

xasiaTdeba relaqsaciis erTi droiT. Tuki aris relaqsaciis 

droebis speqtri, (1.5.10) formuliT napovni HsaS iqneba 

Semcirebuli. 

H-is gamoTvlis meoTxe gza SemoTavazebulia vertosa da 

marksis [582] mier. [582]-is Tanaxmad, H energia SeiZleba iqnas 

gansazRvruli mxolod Tmax temperaturiT Q-1(T)-is maqsimumiT da 

ωmax sixSiriT: 

    max
max max

max

ln kTH RT T S
ω

= + Δ
h

,            (1.5.11) 

sadac ћ-plankis mudmivaa; k-bolcmanis mudmivaa; ΔS-aqtivaciis 

entropiaa.  

 rogorc cdebi gviCvenebs, TΔS damateba bevrs arafers ar 

cvlis H-is Sefasebisas. amasTan dakavSirebiT, mas saerTod ar 

iTvaliswineben da H-s gansazRvraven formuliT: 

    max
max

max

ln kTH RT
ω

=
h

    (1.5.12) 

 igi miiReba (1.5.2) pirobidan, Tu CavTvliT τo-s daaxloebiT 

ћ/kTmax-is tolad. (1.5.12) gamosaxulebas xSirad iyeneben H-is 

gansazRvrisTvis misi simartivis gamo. Tumca (1.5.12) formulis 

gamoyenebisas saWiroa gaTvaliswinebuli iyos misi SezRuduloba 

relaqsaciis zogierTi saxeobebis mimarT. am formulis 

gamoyeneba eqvivalenturia im mosazrebis, rom eqsponencialuri 

mamravli τo da gamosaxuleba (1.5.1) praqtikulad erTidaigivea 

yvela relaqsaciuri procesisaTvis da sididis xarisxiT 

Seadgens 10-13 wm-s. amave dros, arsebobs Sinagani xaxunis 

meqanizmebis rigi, rodesac τo ramodenime xarisxiT gansxvavdeba 

aRniSnuli sididisagan paierlsis barierebis dislokaciebiT 

Termuli aqtivaciuri daZleva, dislokaciisa da moZravi 
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wertilovani defeqtebiT domenebis sazRvrebis urTierTqmedeba, 

difuzuri wertilovani defeqtebis gadanawileba araerTgvarovan 

cvlad Zabvis velSi da sxv.          

 

1.5.3. Sinagani xaxunis gazomvisas meTodikis SerCeva da 

Secdomebis Sefaseba 

 

Sinagani xaxunis gazomvisas mniSvnelovan pirobas 

warmoadgens gazomvis meTodikis SerCeva, radganac masze 

gansakuTrebuladaa damokidebuli eqsperimentuli monacemebis 

saimedooba da sizuste. sazomi xelsawyos meTodisa da 

konstruqciis SerCeva ganisazRvreba dasaxuli amocanis xasiaTiT, 

Sesaswavli masalis bunebiT da fizikuri movleniT. 

magaliTad, dabalsixSiruli (~1hc) grexiTi qanqaris 

gamoyeneba Termulad aqtivirebuli procesebis Sesaswavlad, 

saSualebas iZleva Catarebul iqnas kvlevebi ufro dabali 

temperaturebisas, vidre maRalsixSiruli meTodebisas, rac 

gamoricxavs defeqtebis mowvas, gansakuTrebiT maSin, Tuki 

gazomva mimdinareobs gaxurebis procesSi Q-1(T) mrudis 

avtomaturi Cawerisas. amasTanave, saWiroa nimuSis sawyisi 

deformireba maqsimaluri amplitudiT, rasac zogierTi 

masalebisaTvis miyavs gardauval procesebamde, romlebic cvlian 

masalis Tvisebebs, da e.i. aucileblobasTan gamoyenebul iqnas am 

masalebisaTvis sxva meTodi. Q-1-is koreqtuli gansazRvra 

rezonansuli pikis siganisas SesaZlebelia mxolod deformaciis 

dabali donisas, rodesac gardauvali danakargebi mcirea da 

rxeviTi sistema SeiZleba CaiTvalos xazovnad. 

   Q-1-is saimedo monacemebis misaRebad saWiroa 

gansakuTrebuli yuradReba daeTmos energiis danakargis 

gamoricxvas an mis Semcirebas minimumamde, romlebic ar aris 

dakavSirebuli energiis gabnevasTan nimuSis masalaSi. es pirvel 

rigSi danakargebia, romlebic ganpirobebulia nimuSis 

gasrialebiT CamWerSi; energia, romelic gaibneva sacdeli 
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danadgaris  masalaSi, agreTve danakargebi garemos deformaciis 

xarjze. amitom, nimuSis damagrebis sistema danadgarze unda iyos 

mkvrivi, rac gamoricxavs mSral xaxuns SeerTebaSi. akustikuri 

danakargebis SemcirebisaTvis rxeviTi sistema SeiZleba 

ganTavsdes vakumur kameraSi. kameraSi 1,33 n/m2 (<10-2 mm.vw.sv.) 

wnevisas danakargis sidide  praqtikulad wnevaze damoukidebeli 

xdeba. 

gazomvis nebismieri meTodisas sidide Q-1 ar aris zusti. 

gazomvis Secdoma ΔQ-1 ikribeba sistematuri Secdomidan, 

romelic ZiriTadad ganpirobebulia danadgaris SemadgenlobaSi 

Semavali sazomi xelsawyoebis cdomilebebiT, da SemTxveviTi 

SecdomiT, romelic dakavSirebulia garemo pirobebis 

arakontrolirebad cvlilebebTan da eqsperimentatoris 

gansakuTrebul subieqtur TvisebebTan. pirveli tipis Secdomebis 

aRmofxvra SeuZlebelia. isini SeiZleba mxolod Sefasdes da 

gaTvaliswinebul iqnas gazomvis Sedegebis damuSavebisas anda 

Semcirebuli iqnas ufro zusti xelsawyoebis gamoyenebiT da 

agreTve danadgaris konstruqciis daxvewiT. 

danakargebis meore tipi praqtikulad yovelTvis SeiZleba 

Semcirdes gazomvebis mravaljeradi CatarebiT anda gazomvis 

avtomatizaciiT [91][92][93]. ganmeorebiTi gazomvebis saWiro 

raodenobis gansazRvra araa Zneli, Tuki CavTvliT, rom 

Secdomebi eqvemdebareba ganawilebis normalur kanons [92]. 

savsebiT gasagebia, rom gazomvis sistematuri Secdoma 

sxvadasxvaa sxvadasxva danadgarebisaTvis erTidaigive meTodebis 

safuZvelze. ase magaliTad, grexiTi qanqaris milevis dekrementis 

gazomvisas SeiZleba gamoyenebuli iqnas aTinaTis  vizualuri 

anaTvali naxevradgamWvirvale Skalaze, aseve gamoviyenoT 

rxevebis ricxvis diskriminatori da eleqtromeqanikuri 

mricxveli. grexiTi qanqaris rxevebis periodi SeiZleba gaizomos 

wamzomiT anda eleqtronomTvleli sixSirismzomiT. gazomvis 

cdomileba pirvel da meore SemTxvevebSi iqneba Zireulad 

sxvadasxva.  
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grexiTi qanqaris Tavisuflad milevadi rxevebis meTodiT 

Sinagani xaxunis gansazRvrisaTvis gamoiyeneba formula: 

   1 1

2

1 ln AQ
N Aπ

− = ,              (1.5.13) 

sadac N-rxevebis ricxvia, romelic Seesabameba A1-dan A2-mde 

amplitudis Semcirebas. 

Tu rxevebis ricxvi N ganisazRvreba eleqtromeqanikuri 

mricxvelis saSualebiT, maSin Secdoma am sididis gansazRvrisas 

ΔN= 1, rac Seesabameba SesaZlo gaTvlas erTianze. ±

A1 da A2 sidideebi warmoadgenen diskriminatoris 

trigeruli mowyobilobis amoqmedebis zRudeebs. Secdoma A1 da A2  

erTi da igivea da tolia trigerebis zRudeebis 

arastabilurobis sididis. samuSao [94]-is Tanaxmad, am sidides 

gaaCnia xarisxi 0,2%. amgvarad, mcire milevebisas gazomvis 

SecdomaSi ZiriTad wvlils Seitans trigerebis amuSavebis 

zRurblebis arastabiluroba, xolo didi milevisas – saTvleli 

sistemis Secdoma. 

zRvruli fardobiTi Secdoma SeiZleba ganisazRvros 

Semdegi formuliT:  

1
1 2

1
1 1 1

1 2
2 2 2

2
ln ln ln

A AQ N
A A AQ NA A A
A A A

−

−

Δ Δ .A N
N

Δ Δ Δ Δ
= + + = +           (1.5.14.) 

Cans, rom Secdomis sidide damokidebulia gasazomi Q-1 

Sinagani xaxunis  mniSvnelobaze. Q-1 gazrdisas mcirdeba rxevebis 

ricxvi N fiqsirebul  A1 da A2  doneebs Soris da Secdoma 

izrdeba (1.5.13.). 

Q-1 Secdomis gansazRvra Tavisufali milevadi rxevebis 

meTodiT damikidebulia amplitudebis urTierTobiT da mcirdeba 

am urTierTobis gazrdiT. Q-1~1 –sas Secdoma xdeba Zalian didi, 

garda amisa, Q-1-is aseTi mniSvnelobebisas sidide, romelic 

cdomilebis Sebrunebulia, aRar xdeba adeqvaturi Sinagani 

xaxunis, amitom Q-1-is gazomva am meTodiT, rogorc zemoT 

aRiniSna, kargavs azrs. 
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Q-1-is gansazRvrisas iZulebiTi rxeebis meTodiT 

rezonansuli mrudidan gazomvis fardobiTi Secdoma 

damokidebulia generatoris stabilurobaze, nimuSis sixSiris 

rezonansis gazomvis sizustiT da pikis siganis Sesabamisi 

sixSirebiT ν1 da ν2: 

1

1
1 2 0

4Q
Q

ν ν
ν ν ν

−

−

Δ Δ Δ
= +

−
        (1.5.15)  

aq Δν – sixSiris gansazRvris cdomilebaa.  

Tu sixSireebs zomaven eleqtronomTvleli sixSirismzomiT, 

da generatoris sixSiris arastabilurobis sidide ar aRemateba 

10-4, maSin SeiZleba miviRoT Δν ≈0,1 hc.  

Sinagani xaxunis temperaturuli damokidebulebis 

kvlevisas saWiroa ganisazRvros sul cota ori didi uaryofiTi 

Tviseba, pirveli maTgani mdgomareobs imaSi, rom bevri mkvlevari 

bolo dromde ar uTiTebda, Seicavs Tu ara sazomi sidide Q-1 

amplitudadamokidebul Semadgenels. 

meore uaryofiTi Tviseba mdgomareobs Q-1(T) kvlevis 

ararsebobaSi erTi romelime gansazRvruli meTodiT 1°K-ze 

dabali temperaturebidan nimuSis dnobis temperaturamde. 

praqtikulad es savsebiT ganxorcielebadia. aRniSnuli kvlevebis 

ar arseboba dakavSirebulia imasTan, rom gamoqveynebuli 

samuSaoebis avtorTa TiTqmis didi nawili ar ikvlevdnen 

Sinagani xaxunis temperaturul damokidebulebis saerTo 

kanonzomierebas, rac gansakuTrebulad aucilebelia Sinagani 

xaxunis meTodis damtkicebisaTvis, aramed xsnidnen romelime 

konkretul metaloSeswavliT an metalofizikur amocanas, sadac 

iyenebdnen meTodis maRal mgrZnobiarobas struqturuli 

gardaqmnebis mimarT. 

amitomaa, rom TvalsaCino warmodgenebi temperaturuli 

speqtris Sesaxeb SeiZleba miviRoT mxolod mravali samuSaos 

gaerTianebisas da analizisas. 
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2. amocanis dasma da kvlevis meTodebis SemuSaveba 

 

literaturis mimoxilvidan Cans, rom bolo aTwleulebis 

samuSaoebi, romlebic exeba gansaxilveli sistemebis gardaqmnebs, 

xasiaTdeba procesebis meqanizmSi metad ufro Rrma SeRweviT 

atomarul doneze. amavdroulad, dRemde arsebuli warmodgenebis 

mravali aspeqti beinituri gardaqmnebis Tanmxlebi procesebis 

struqturuli meqanizmebis Sesaxeb rCeba metwilad hipoteturad, 

eqsperimentuli monacemebis ukmarisobis gamo. im 

eqsperimentaluri monacemebisa, romlebic moicavs gardaqmnebs 

mTlianad Sualedur temperaturebSi, yvela masTan Tanamdevi 

movlenebiT saboloo produqtebis formirebis mimarTulebiT. 

praqtikulad Seuswavlilia TviT beinituri garadaqmnebis 

procesebSi monawile fazebSi mimdinare gardaqmnebi. 

 spilenZ-TuTiis Senadnobebi, maTi miswrafebis gamo 

evteqtoiduri da martensituli gardaqmnebisken, metad 

perspeqtiuli masalaa, radgan SesaZlebelia garkveuli 

meqanikuri Tvisebebis misaRebad mizanmimarTulad Seicvalos maTi 

mikrostruqturebi. Tumca es jerjerobiT araa miRweuli, radgan 

aRniSnul SenadnobebSi fazur gardaqmnebs mivyavarT 

mikrostruqturuli Taviseburebebis ukontrolobebTan. Sedegad, 

dReisaTvis araa Sedgenili reJimebi yvela SesaZlo Termuli 

(Termo-meqanikuri) gardaqmnebisaTvis da Sedegad miRweuli 

mikrostruqturebis mimoxilvisTvis, agreTve maTsa da meqanikur 

Tvisebebs Soris korelaciisTvis. 

 Sualeduri gardaqmnebis produqtebis morfologiur da 

kristalogeometrul Taviseburebebis  zusti struqturuli 

aRwera da interpretacia warmoadgens metad efeqtur 

mimarTulebas beinituri gardaqmnebis arsis gasagebad. cxadia, am 

mimarTulebiT, bolo wlebSi, samuSaoebis raodenoba mkveTrad 

gaizarda eleqtronuli mikroskopebis da Sinagani xaxunis 

danadgarebis gamoyenebiT.  
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 samuSaoSi, sakvlev obieqtebad, SerCeuli iqna spilenZis 

fuZis Senadnobebi, erTis mxriv SemadgenlobiT metad 

miaxloebuli praqtikaSi gamoyenebul konstruqciul masalebTan 

da meores mxriv, meTodurad metad xelsayreli samuSaos 

ZiriTadi miznis - spilenZis fuZis SenadnobebSi fazuri 

gardaqmnebis  struqturuli meqanizmis sruli suraTis Seqmnis 

misaRwevad.  

 

2.1 nimuSis SerCeva, TermodamuSaveba da momzadeba fizikuri 

kvlevebisaTvis 

 

spilenZiT mdidari Cu-Zn, Cu-Pd da Cu-Si  sistemis 

Senadnobebs, mdgomareobis diagramis Tanaxmad, oTaxis 

temperaturaze, gaaCniaT erTfaziani da orfaziani struqtura 

wck da mck mesriT. Tumca, aRniSnuli Senadnobebis es fazebi, 

metastabiluria da dabaltemperaturuli mowvisas ganicdian 

daSlas. 

 xSir SemTxvevebSi, daSla atomuri mowesrigebis 

procesebTan erTad mimdinareobs. saerTod, es procesebi 

ganStovdeba xarisxobrivad gansxvavebuli stadiebiT [95]. 

beinituri gardaqmnebis sakvlevad samodelo Senadnobebis 

saxiT SerCeuli iyo spilenZ-TuTiis Senadnobebi, romlebic 

Seicavdnen 41% da 42% TuTias. orfazian SenadnobebTan erTad 

vikvlevdiT Senadnobebs erTfaziani  α da β′ mdgomareobebiT, 

Sesabamisad 30%, 46% da 47% TuTiis SemadgenlobiT. imisaTvis, 

rom maTSi gardaqmnebi gamokvleuliyo Zvris β′↔α gardaqmnebis 

procesebis gareSe. 

 cxrilSi 2.1.1. moyvanilia SerCeuli Senadnobebi, maTSi 

komponentebis Tanafardoba da TermodamuSavebis reJimebi 

gansazRvruli Cveni kvlevis amocanebidan gamomdinare. kerZod: 

Cu-Si sistemis SenadnobebisTvis gamokvleuli yofiliyo Aα-fazis 

daSla im mizniT, rom  gamovleniliyo kaJbadiani brinjaos 

fiziko-meqanikuri Tvisebebis gaumjobesebis SesaZlebloba. 
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cxrili 2.1.1. TermodamuSavebis reJimi 
 

# Cu-Me 
sistemis 

Senadnobebi 

TermodamuSavebis reJimi 
wrToba izoTermuli mowva 

tempera 
tura 

dro, 
wT 

garemo tempera 
tura 

dro,  
wT 

garemo 

1 2 3 4 5 6 7 8 
1. Cu-30%Zn 835 

835 
835 
835 
835 

15 
15 
15 
15 
15 

wyali 
` 
` 
` 
` 

- 
150 
200 
250 
300 

- 
450 
120 
60 
60 

- 
vakuumi 

` 
` 
` 

2. Cu-41%Zn 830 
830 
830 
830 
830 

15 
15 
15 
15 
15 

wyali 
` 
` 
` 
` 

- 
200 
250 
300 
350 

- 
120 
210 
5 
5 

- 
vakuumi 

` 
` 
` 

3. Cu-42%Zn 830 
830 
830 
830 
830 
830 
830 
830 
830 
830 
830 

15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 

wyali 
` 
` 
` 
` 
` 
` 
` 
` 
` 
` 

- 
200 
250 
250 
250 
250 
250 
300 
300 
300 
350 

- 
180 
30 
45 
60 
75 
240 
5 
15 
30 
30 

- 
vakuumi 

` 
` 
` 
` 
` 
` 
` 
` 
` 

4. Cu-46%Zn 830 
830 
830 
830 

10 
10 
10 
10 

wyali 
` 
` 
` 

- 
250 
250 
300 

- 
120 
240 
30 

- 
vakuumi 

` 
` 

5. Cu-47%Zn 820 
820 
820 
820 
820 

10 
10 
10 
10 
10 

wyali 
` 
` 
` 
` 

- 
200 
250 
300 
350 

- 
120 
120 
30 
30 

- 
vakuumi 

` 
` 
` 

6. Cu-2at.%Si 830 
830 
830 
830 
830 
830 

15 
15 
15 
15 
15 
15 

wyali 
` 
` 
` 
` 
` 

- 
150 
250 
300 
350 
500 

- 
60 
60 
60 
60 
60 

- 
vakuumi 

` 
` 
` 
` 
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cxrili 2.1.1. gagrZeleba 
 

7. Cu-5at.%Si 830 
830 
830 
830 
830 
830 

15 
15 
15 
15 
15 
15 

wyali 
` 
` 
` 
` 
` 

- 
150 
200 
250 
300 
500 

- 
60 
60 
60 
60 
60 

- 
vakuumi 

` 
` 
` 
` 

8. Cu-6at.%Si 830 
830 
830 
830 

15 
15 
15 
15 

wyali 
` 
` 
` 

- 
150 
200 
300 

- 
60 
60 
60 

- 
vakuumi 

` 
` 

9. Cu-40at.%Pd 950 
950 
950 
950 

60 
60 
60 
60 

wyali 
` 
` 
` 

- 
400 
500 
700 

- 
60 
60 
30 

- 
vakuumi 

` 
` 
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Cu-40a.t.%Pd SenadnobebisTvis dadgenili yofiliyo  

grZelperiodiani mowesrigebuli zestruqturis warmoqmnis 

meqanizmi da CsCl tipis mowesrigebis mqone β′ – fazis daSlis 

procesebTan misi kavSiri.   

homogenizebuli nimuSebi mkveTri wrTobis Semdeg, 

erTfazian areebSi izoTermulad iwveboda drois sxvadasxva 

dayovnebiT, ramodenime wuTidan asobiT saaTamde. beinituri 

struqturis formirebisaTvis orfazian spilenZ-TuTiis 

Senadnobebis nimuSebi iwrToboda izoTermulad β′→α gardaqmnis 

temperaturaze, xolo nawili nimuSebisa wyalSi wrTobis Semdeg, 

aseve iwveboda izoTermulad beinituri gardaqmnis 

temperaturebze. 

yvela gamokvleuli masalebis gamodnoba xdeboda 

induqciur RumelebSi. miRebuli zodebis Wedva xdeboda Zelebad, 

xolo Semdgom xdeboda wnelebad glinva. wnelebidan 

CamonaWerebi gamoiyeneboda rogorc namzadi 

TermodamuSavebisaTvis. am wnelebis nawili gaqlibuli iyo im 

diametrze, romelic Seesabameboda eleqtronuli mikroskopis 

obieqtis CamWeris diametrs. maTgan gamoWrili diskebi, sawyisi 

namzadis saxiT, aseve gamoyenebuli iyo Sesabamisi 

TermodamuSavebebisaTvis. 

 

2.2. nimuSebis preparirebis meTodebi 

eleqtronomikroskopuli da metalografuli kvlevebisaTvis 

 

namzadebs em kvlevebisaTvis warmoadgendnen diskoebi 

sisqiT 0,2-0,5mm, romlebic moWrili iyo 4mm diametris wnelebidan. 

diskoebi ganicdidnen Semdgom meqanikur xexvas 0,1-0,2mm-mde. 

nimuSebis Semdgomi gaTxeleba eleqtronuli konis ganWolis 

sisqemde (~103Å) xdeboda anoduri gaxsnis meTodiT 

mravalkomponentian eleqtrolitSi gayinuli Zmariseburi da 

orTofosforuli mJavebis bazaze [96]. 
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aRniSnul eleqtrolitebSi eleqtropolirebis reJimi 

Seesabameba denis dabal simkvrives, romelic qmnis nimuSis 

masalis metwil gaxsnas pincetSi xvrelis kideebTan. rac 

warmoqmnis perforaciebs nimuSis kideebTan, romelic xSir 

SemTxvevebSi gamouyenebels xdis mas eleqtronul mikroskopSi 

kvlevebisaTvis. 

amis Tavidan asacileblad, nimuSis centrSi Txel 

kideebiani Cqari eleqtronebisaTvis ganWolvadi naxvretis 

misaRebad eleqtropolirebas vawarmoebdiT 3 sxvadasxva 

diametris naxvretis mqone pincetSi (nax.2.2.1,b) Semdegi 

TanmimdevrobiT: centris mosaniSnad - mcirexniani polireba 1,5mm 

diametris naxvretis mqone pincetSi. amis Semdeg, nimuSi irecxeba 

da gadaitaneba 2,5mm diametris naxvretis mqone pincetSi, sadac 

polireba mimdinareobs drois ufro met intervalSi. 

perforaciis misaRebad saboloo polireba xdeba mesame 3,5mm 

diametris naxvretis mqone pincetSi. yovel pincetSi, polirebis 

dro, SeirCeva empiriulad da ZiriTadad damokidebulia nimuSis 

sawyis sisqeze da polirebis reJimze. 

nimuSis aseTi TanmimdevrobiT momzadebisas xSir 

SemTxvevaSi, naxvreti xvdeba diskos centrSi an mis siaxloveSi. 

sam pincetSi polirebuli nimuSis kveTis sqema (nax.2.2.1) kargad 

warmoaCens polirebis procesis Tanmimdevrobas. rogorc sqemidan 

Cans, nimuSis centralur nawilSi, unda warmoiqmnas TiTqmis 

erTgvarovani sisqis sakmarisad didi zomis farTi ganWolvadi 

Cqari eleqtronebisaTvis. eleqtropolireba unda Sewydes maSinve, 

rodesac warmoiqmneba perforaciuli xvreli, radganac Txeli 

farTis swrafi gaxsnis Sedegad warmoiqmneba xvreli sqeli 

kideebiT da nimuSebi xdeba uvargisi eleqtronomikroskopiuli 

kvlevisaTvis. 

nimuSis momzadebis zemoaRniSnuli meTodis upiratesoba 

mdgomareobs ara marto im adgilebis miRebaSi, romlebzec 

SesaZlebelia eleqtronebis ganWolva (~1000Å) nimuSis centrSi, 

aramed imaSic, rom aseTi meTodiT miRebul obieqtebs gaaCniaT 
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maRali meqanikuri mdgradoba Runvisa da folgis sibrtyis 

arakontrolirebdi cvalebadobis mimarT nimuSis eleqtronuli 

mikroskopis damWerSi Camagrebisas. folgis sibrtyis mdgradoba, 

SeiZleba uzrunvelyofili iqnas “masiuri” rgolebis arsebobiT 

diskos Txeli adgilebis garSemo. es Tviseba Zalze 

mniSvnelovania transmisiuli eleqtrono-mikroskopiuli 

kvlevebisaTvis.   

anoduri gaxsna gansakuTrebiT rTuldeba im SemTxvevaSi, 

rodesac Senadnobebi imyofebian orfazian mdgomareobaSi. 

eleqtrolitis Semadgenlobis eqsperimentuli SerCevisas da 

anoduri gaxsnis procesis zusti eleqtruli parametrebisas, 

aucilebelia mudmivi vizualuri kontroli nimuSis 

gasapolirebeli zedapiris mdgomareobaze. garda amisa, 

gamoyenebul mravalkomponentian eleqtrolitebSi gogirdisa da 

orTofosforuli mJavebis fuZeze gaxsnis procesi mimdinareobs 

didi raodenobis gazebis gamoyofiT anodispira midamoSi, rac 

zrdis nimuSis zedapiris damaxinjebis albaTobas pitingis 

Sedegad. 

gansakuTrebuli Tvisebebis gaTvaliswinebiT Seqmnili iyo 

eleqtrosapolirebeli ujredi, romelic saSualebas iZleoda 

ganxorcielebuliyo nimuSis ormxrivi polireba eleqtrolitis 

nakadSi da amavdroulad ganxorcielebuliyo dakvirveba 

zedapiris xarisxze. 

ujredi Sedgeba ori simetriuli kamerisagan (I) (sur.2.2.2,a), 

romlebic hermetulad dakavSirebulia nimuSis  tyviis anod-

damWeris saSualebiT (8) (sur. 2.2.2, a,b). xvrelebi anodis 

firfitebs Soris diametriT 3,5 mm emsaxureba nimuSis (4) 

sapolirebeli zedapirebis ujredis orive kameriT 

kontaqtisaTvis. uJangavi foladisagan damzadebul konusis 

formis kaTodebSi (2) CamontaJebulia minis fanjrebi (5) nimuSis 

gasanaTeblad da misi zedapiris dakvirvebisaTvis.  rezinis 

samagri rgolebi (6) hermetulad xuraven ujreds kaTodis 

mxridan. fiqsatorebi (3) saSualebas iZlevian ucvlelad datovon  
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sur. 2.2.1. nimuSis kveTis sqema (a), sami sxvadasxva 
diametris mqone pinceti (b). 

 

 

 
sur. 2.2.2. awyobili eleqtrosapolirebeli ujredis 
ganivi kveTis sqema 
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ujredis kamerebis urTierTmdebareoba. momWeri mowyobiloba (1) 

saWiroa ujredis kvanZebis SesakavSireblad da horizontaluri 

mikroskopis Stativze dasamagreblad. 

ujredis kamerebi da nimuSi ganlagebulia vertikalurad, 

rac uzrunvelyofs nimuSis orive zedapiris polirebisaTvis 

erTgvarovan pirobebs eleqtrolitis nakadis mimarT.   

eleqtrolitis cirkulaciis sistemasTan ujredi 

damagrebulia Semyvanebis saSualebiT (7). 

perforaciis warmoqmnaze SeiZleba vimsjeloT kameris 

fanjaraSi sinaTlis gamoCeniT. eleqtrolitis miwodebis 

siCqaris regulireba iZleva saSualebas Seiqmnas nakadi, 

sakmarisad laminaruli imisaTvis, rom ar moxdes blanti 

anodispira zedapiruli fenis rRveva, romelic aucilebelia 

sapolirebo anoduri gaxsnisaTvis. eleqtroliti miewodeba 

kameraSi qvevidan imisaTvis, rom xeli SeuSalos SedarebiT ufro 

mkvrivi, blanti anodispira fenis CamoRvras nimuSis vertikaluri 

zedapirebidan, ramac SeiZleba gamoiwvios  anodis amoWmis 

movlena.  

heterofazuri sistemebis metalografiuli kvlevebisas 

imisaTvis, rom gamovlenili iyos erTi faza, an fazebis jgufi, 

aucilebelia gaixsnas metwilad danarCeni. amasTanave, 

mniSvnelovan rols TamaSobs yoveli fazis eleqtroqimiuri 

parametrebis codna da gansakuTrebiT polarizaciuli mrudebi, 

romlebic akavSirebs daSlis intensiobas TandarTul 

potencialTan, radganac yovel fazas Seesabameba kuTri 

polarizaciis sakuTari mrudi. Tu eleqtrolitSi movaTavsebT 

sxvadasxva fazebisa da CanarTebian metaluri matricis narevs, da 

movdebT potencials, yoveli faza gaixsneba polarizaciis 

sakuTari mrudiT gansazRvruli siCqariT. Sesabamisad, SeiZleba 

SerCeuli iqnas potencialis iseTi mniSvneloba, romlis drosac 

matricis daSlis siCqareebisa da gamoyofis Tanafardoba iqneba 

maqsimaluri. arsebuli xerxebiT fazis gamovlenis aRniSnuli 

principis ganxorcieleba, anda  midamoebis gamdidreba 
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Senadnobis sxva komponentebiT, Sromatevadi amocanaa, romelic 

iTxovs mravali raodenobis nimuSis daxarjvas, eleqtrolits da 

eqsperimentisTvis dros. amasTan dakavSirebiT, gaCnda 

aucilebloba Seqmniliyo mowyobiloba, romelic mogvcemda 

saSualebas erTi da igive nimuSis zedapirze erTdroulad 

miviRoT sxvadasxva potencialisas amoWmuli areebis speqtri, 

romelic Seesabameba sxvadasxva eleqtroqimiur procesebs [97]. 

sur.2.2.3-ze warmodgenilia SemuSavebuli mowyobilobis 

funqcionaluri sqema da mis safuZvelze Seqmnili xelsawyos - 

“speqtropotenciostatis” saerTo xedi.  mowyobiloba (sur.2.2.3,a) 

Sedgeba Zabvis stabilizatorisagan 1 – eleqtrulad Sekruli 

mudmivi denis wyarosagan, eleqtruli ujredisagan 2 ori 

polarizebuli eleqtrodisagan 3 da 4 da muSa eleqtrodiT – 

nimuSiT 5 da kapilaris - zondis potencialis sazomi 

mowyobilobiT 6 Sedarebis eleqtrodiT 7. muSa eleqtrod - 

nimuSi 5 damzadebulia metalografiuli Slifis saxiT (sakvlevi 

zedapiris) eleqtruli gamosasvleliT potencialis gasazomad 

zomiT 50X40X2 mm, romelic Capresilia izolatorSi 8 imisaTvis, 

rom sakvlevi zedapiri ganTavsebuli iyos 3 da 4 eleqtrodebs 

Soris Seqmnili eleqtruli velis Zalovani wirebis 

paralelurad. mapolarizebeli eleqtrodebi dasmulia RerZze 9, 

romelic aRWurvilia eleqtromotoriT 10 mikrometruli xraxniT 

maT gadasaadgileblad potencialis speqtris gawelvis an 

Seviwrovebis mizniT. zond-kapilari 6 Sedarebis eleqtrodiT 7 

dasmulia RerZze 11, romelic aRWurvilia eleqtromotoriT 12 

mikrometruli xraxniT mis gadasaadgileblad muSa eleqtrod-

nimuSis sakvlevi zedapiris gaswvriv.  

 mowyobiloba aRWurvilia marTvis blokiT, romelic 

Sedgeba gadaadgilebis impulsis generatoriT 13, romelic 

dakavSirebulia zond-kapilaris 6 gadasaadgilebel 

eleqtromotorTan 12, zond-kapilaris mdgomareobis 

fotoeleqtronuli gardamqmneliT 14, romelic dakavSirebulia 

transkriptorTan 15 cifruli da cifroanaloguri  
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sur. 2.2.3. eleqtrolitSi metalebis koroziuli 
Tvisebebis gansazRvris mowyobilobis funqcionaluri 
sqema(a) da “speqtropotenciostatis” saerTo xedi (b). 
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gardamqmnelisaTvis 16 printeriT 17, agreTve xelsawyosagan 18 

Zabvis Sesadareblad muSa eleqtrodis 5 kideebTan modebuli 

ZabviT, romelic dakavSirebulia kvebis wyarosTan 1, Zabvis 

stabilizatorisagan da mapolarizebeli eleqtrodebis 

gadasaadgilebeli eleqtromotoriT 10. marTvis bloki agreTve 

Sedgeba cifruli voltmetris 19 saxis informaciis mosaxsneli 

xelsawyosagan, romlis Sesasvleli SeerTebulia Sedarebis 

eleqtrodTan da muSa eleqtrod-nimuSTan, xolo gasasvleli 

transkriptoris 15 gavliT cifrul mowyobilobasTan 20 da 

cifroanalogur gardamqmnelTan 16 potencialis mniSvnelobis 

gamosayvanad printerze 17. marTvis blokSi Sedis aseve 

mravalpoziciuri gadamrTvelebi 21, romlebic CarTulia 

procesorSi 22. garda amisa, gamzomi 23 da denis SemzRudveli 24.  

potencialebis gazomva nimuSis zedapirze xorcieldeba 

zond-kapilariT Sedarebis eleqtrodiT, romelic gadaadgildeba 

eleqtromotoris saSualebiT nimuSis zedapiris gaswvriv 

marTvis blokis generatoridan mowodebuli impulsiT. zond-

kapilaris mdgomareoba registrirdeba fotoeleqtronuli 

gardamqmnelis saSualebiT, romelSic mikrometruli xraxnis 

brunvaTa raodenoba gardaiqmneba impulsebad, romelTa 

raodenoba iZleva informacias zondis gadaadgilebis Sesaxeb (10 

bruns Seesabameba 1 mm gadaadgileba). nimuSis mTeli sigrZis 

gavlisas gazomva wydeba, zond-kapilari dgeba sawyis 

mdgomareobaSi. SesaZlebelia rogorc avtomatur, ise xeliT 

marTvis reJimSi. marTvis blokSi Seiyvaneba mowamvlis reJimis 

sawyisi monacemebi: speqtris potencialebis intervali +φ + - φ mv, 

kapilaris biji, mowamvlis dro. mowyobiloba avtomatur reJimSi 

amoWams muSa eleqtrod-nimuSis zedapirs gansazRvrul 

intervalSi, ris Semdegac nimuSs viRebT, vrecxavT da nimuSis 

zedapiri, romelic amoWmulia potencialis sxvadasxva 

mniSvnelobaze, mzadaa metalografuli an rastruli 

eleqtronuli mikroskopiT kvlevisaTvis.  
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2.3. Sinagani xaxunis gazomvisas gamoyenebuli danadgari  

 

miuxedavad imisa, rom milevis mravali meqanizmisaTvis ar 

arsebobs dasrulebuli Teoria, Sinagani xaxunis kvlevebis 

Sedegebi mniSvnelovnad gaafarToveben Cvens warmodgenebs im 

procesebis Sedegebze, romlebic dakavSirebuli arian milevis am 

meqanizmebze. fazuri gardaqmnebi mimdinareobs nimuSis rxevis 

sixSiris did diapazonSi dawyebuli ramodenime meaTedi hercidan 

damTavrebuli asobiT megahercamde. Sinagani xaxunis meTodiT 

gadaWrili amocanebis farTo wres, gansazRvravs gamoyenebuli 

sazomi xelsawyoebis mravalferovneba.  

praqtikaSi gamoyenebuli temperaturaze damokidebuli, 

dabal sixSiruli, Sinagani xaxunisa da Zvris modulis sazomi 

danadgarebi [98], romelTa relaqsometris agebuleba 

dafuZnebulia grexiT qanqaraze [99], ver uzrunvelyofs sistemis 

sakmaris stabilurobas radialur vibraciasTan 

damokidebulebaSi, radganac masSi sapirwoned gamoyenebulia 

sakidari Zafi da CamxSobi mowyobiloba (nax.2.3.1). 

am problemis gadasaWrelad Cvens centrSi Seiqmna axali 

tipis avtomatizirebuli relaqsometri [100], romlis grexiT 

qanqaraSi gamoyenebulia saaTis meqanizmis tipis qanqara (nax.2.3.2.). 

danadgaris sixSiris diapazonia 10-2-102hc, gazomvis 

temperaturuli diapazoni -190°C–dan +900°C–mde, rac 

SesaZlebelia dafiqsirdes garkveuli drois ganmavlobaSi da 

gaxureba-gacivebis siCqare marTuli iyos programulad. sistemas 

agreTve gaaCnia nuli mdgomareobis ayolis an dafiqsirebis,  

“tvist efeqtis” kompensirebis unari.  
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nax.2.3.1. praqtikaSi gamoyenebuli temperaturaze 

damokidebuli, dabal sixSiruli, Sinagani xaxunisa Q-1  da Zvris 
modulis G sazomi xelsawyos sqema: 
1-kapronis Zafi; 2-CarCo; 3-Rero; 4-gardamavali mufta; 5,7-CamWeri; 
6-nimuSi; 8-magniti; 9-tvirTi;10-Rumeli; 11-Termoregulatori;  
12-optikuri sistema; 13-sixSiris sareguliro mowyobiloba;  
14-mikroampermetri; 15-reostati; 16-generatori.  
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nax.2.3.2.-ze warmodgenilia relaqsometris principuli sqema: 

qveda uZravi fila 1, zeda uZravi fila 2, zeda moZravi fila 3, 

zeda da qveda filebis samagrebi 4, moZravi filis mcocavi 

mowyobiloba 5, zeda filis sacobi 6, inversiuli qanqaras 

damWeri 7, fotoeleqrtuli maCvenebeli 8, sacdeli nimuSi 9, 

nimuSis qveda uZravi CamWeri 10, nimuSis qveda uZravi CamWeris 

uZravi Rero 11, nimuSis zeda moZravi CamWeri 12, nimuSis zeda 

CamWeris moZravi Rero 13, jvris formis CarCo 14, 

damabalansebeli berketebi 15, sapirwone 16, sayrdeni nemsi 17, 

sayrdeni sali qva 18, qvis CamWeri berketi 19, berketis samagri 20, 

kontrbalansi 21, rxevis aRmgznebi eleqtromagnitebi 22, zeda 

moZravi filis sakoreqcio meqanizmi 23, zambara 24, gamanaTebeli 

25, linza 26, sarke 27, diferencialuri fotorezistori 28, 

cilindris formis Rumeli 29, naxvreti 30 Termowyvilis 

mosaTavseblad, koreqtori 31. 

nimuSis 9 qveda bolo Camagrebulia nimuSis qveda uZravi 

CamWeris 10 saSualebiT, romelic Tavis mxriv damagrebulia 

uZravi Reros 11 saSualebiT qveda uZrav filaze 1. nimuSis zeda 

bolo magrdeba zeda moZrav CamWerSi 12. CamWeri 12 zeda moZravi 

Reros 13 saSualebiT damagrebulia jvris formis CarCoze 14. 

erTad SerTebuli nimuSis zeda moZravi CamWeri 12, 

damabalansebeli berketebi 15 Tavisi sapirwoneebiT 16 da jvris 

formis CarCo 14, masze damagrebuli sarkiT 27, qmnian grexiT 

qanqaras, romelic Camokidebulia sayrdeni nemsis 17 saSualebiT 

qvis CamWer berketze 19. nemsi eyrdnoba CamWer berketze 19 

damagrebul sal qvas 18. kontrbalansi 21 akompensirebs 

12,13,14,15,16,17 da 27 detalebis wonas da saWiroebis SemTxvevaSi 

nimuSze qmnis grZiv datvirTvas.  

nimuSi moTavsebulia cilindris formis RumelSi 29, 

romelic koaqsialuradaa ganlagebuli nimuSis mimarT. nimuSis 

temperatura kontrolirdeba Termowyvilis saSualebiT, romelic 

moTavsebulia naxvretSi 30. CamWeri berketi, Camokidebuli  
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nax.2.3.2 relaqsometris principuli sqema 
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qanqariT, berketis samagris 20 saSualebiT damagrebulia 

inversiuli qanqaras damWerze 7. inversiuli qanqaras damWeri 

damagrebulia zeda uZrav filaze 2. zeda da qveda filebi 

SeerTebulia oTxi cali samagris 4 saSualebiT.  

zeda moZrav filaze 3, romelic mcocavi mowyobilobisa 5 

da zeda filis sacobis 6 saSualebiT SeerTebulia zeda uZrav 

filasTan, damagrebulia rxevis aRmgznebi eleqtromagnitebi 22 

da fotoeleqrtuli maCvenebeli 8.  fotoeleqrtuli  maCvenebeli  

8 Sedgeba: gamanaTebelisagan 25, diferencialuri 

fotorezistorisagan 28 da linzisagan 26. 

rogorc gazomvis dasawyisSi, aseve nimuSis gaxurebis 

procesSi gazomvisas, qanqaris nul mdgomareobas avtomaturad 

axorcielebs sakoreqcio meqanizmi 23 da zambara 24, romelic 

dakavSirebulia drekadi gadacemis saSualebiT bijur ZravTan. 

avtomaturi ayolis eleqtronuli sistemis marTva xorcieldeba 

procesoris saSualebiT.   

Sinagani xaxunisa da Zvris modulis gazomvis sizustis 

dasadgenad Catarebuli iyo sakontrolo gazomvebi sxvadasxva 

zomis kvarcis Zafebze. rogorc Sedegebidan gamoCnda, 5.10-6 mm.vw.sv. 

vakuumSi, Sinagani xaxunis foni ar aWarbebda 2.10-6. eqsperimentis 

yvela pirobasa da mis msvlelobas programulad gansazRvravda 

procesori. 

gazomvis cdomilebis Sefasebisas dadginda, rom fonze 

saerTo cdomileba Seadgenda ~1%-s, xolo pikebze ar 

aRemateboda ~3%-s. 
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3. Sedegebi da maTi gansja 

 

3.1 Cu-47%Zn Senadnobis Sinagani xaxunis temperaturuli 

qcevis kvleva 

   

 Sinagani xaxunisa da Zvris modulis temperaturuli 

speqtris Caweras vaxdendiT Semdegi eqsperimentuli parametrebis 

farglebSi: vakuumi kameraSi 5.10-6 mm.vw.sv.; nimuSis fardobiTi 

deformacia grexviTi rxevebisas ar aRemateboda ~ 10-6; gazomva 

mimdinareobda 5-10hc sixSiris diapazonSi; gaxureba ↔ gacivebis 

siCqare temperaturis aRniSnul intervalSi 20-580°C  Seadgenda 
3°C/wT; aRniSnuli Senadnobis sawyis mdgomareobad aRebuli iyo 

810°C-dan swrafad nawrTobi nimuSebi. am nimuSebs 

gazomvebisaTvis saWiro  specialuri formebi micemuli hqondaT 

TermodamuSavebamde naWedi wnelidan. 

nax.3.1.1.-ze moyvanilia Cu-47%Zn Senadnobis Sinagani xaxunisa 

da Zvris modulis speqtris mrudebi gaxureba ↔ gacivebisas 

3°C/wT siCqariT. eqsperimentuli monacemebi Q-1(T) gamosaxulia 

samkuTxedi wertilebiT, xolo eqsponencialuri svlis Sinagani 

xaxunis fonis Teoriuli (gamoTvlili) mrudebi uwyveti mrudiT. 

eqsperimentaluri mrudi, 810°C-dan swrafad nawrTobi 

nimuSebisaTvis, 580°C temperaturamde gaxureba – gacivebis pirvel 

ciklSi (or isriani mrudi) aCens or anomalias: farTo piki  280-

400°C areSi da 455°C temperaturaze Sinagani xaxunis fonis 

eqsponencialuri svlis mkveTri avardna, romelic emTxveva β↔β′ 

gadasvlis temperaturas. miRebuli mrudebis Taviseburebebidan 

gamomdinare, SeiZleba davadginoT, rom procesebi, rogorc 

mowesrigebis β→β′, aseve  ganwesrigebis β′→β mimdinareoben 

praqtikulad erTidaigive temperaturul intervalSi 4°C-

diapazonSi 455-459°C - midamoSi, gaxureba ↔ gacivebis siCqaris 

sididisgan damoukideblad. zustad igive temperaturul  
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nax.3.1.1. Cu-47%Zn Senadnobi; a) Q–1(t) Sinagani xaxunisa (samkuTxedi 
niSnebi) da f2(t) Zvris modulis (uwyveti xazi) temperaturuli 
damokidebulebis eqsperimentuli mrudi; uwyveti mrudebiTYaRniSnulia 

fonis eqsponencialuri svlis gamoTvlili mniSvneloba β→β′ 
gardaqmnamde da gardaqmnis Semdeg; b) Sinagani xaxunis pikebi 280°C - 
400°C temperaturis midamoSi fonis gamoklebiT: 1 (334°C)  _ pirveli 
ciklis Semdeg gaxureba _ gaciveba 580°C temperaturamde 3°C/wT 
siCqariT; 2 (340°C) _   meore ciklisas gaxureba 410°C temperaturamde; 
3 (352°C) _ igive gacivebisas 410°C temperaturidan.  
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intervalSi, vlindeba Zvris modulis temperaturuli svlis 

mkveTri cvlilebac. Sinagani xaxunis piki 280-400°C-ze fonis 

gamoklebiT mocemulia (b) CanarTSi. Cans, rom 580°C –mde da ukan 

oTaxis temperaturamde 3°C/wT siCqariT gaxureba ↔ gacivebis 

pirveli ciklisas pikis maqsimumi mdebareobs 334°C–ze (1-mrudi). 

Semdgomi gaxurebisas 410°C–mde, igive siCqariT, pikis maqsimumi 

inacvlebs 340°C–Tan misi simaRlis SemcrebasTan erTad, xolo 

gacivebisas 410°C–dan pikis simaRle kidev ufro mcirdeba misi 

mdgomareobis wanacvlebiT 352°C–Tan. ramodenime gaxureba – 

gacivebis ciklis Semdeg 50°C–dan 410°C–mde piki qreba da 

erwymis Sinagani xaxunis eqsponencialuri svlis fons (A Sto).  

nimuSis gaxurebisas 460°C–ze metad, anu β′↔β gadasvlis 

wertilze maRla, gacivebisas xdeba Sinagani xaxunis pikis 

aRdgena 334°C–ze maqsimumiT. amavdroulad, 460°C gadasvlisas 

Sinagani xaxunis foni icvleba (ganStoeba B) sxva koeficientebis 

mqone sufTa eqsponencialuri kanoniT, vidre foni 460°C –mde. 

eqsperimentaluri wertilebis  gabneva gaTvliTi eqsponentisagan 

(A Stoze) Cans 430°C–ze zeviT. aRsaniSnavia, rom Sinagani xaxunis 

fonis ori eqsponentas gadakveTis wertili araa damokidebuli 

gaxureba ↔ gacivebis siCqareze (A da B Sto), romelic emTxveva  

460°C–ze β′↔β gadasvlis temperaturebs, maSin rodesac pikebis 

maqsimumis mdgomareoba 280-400°C–ze gaxurebis siCqaris 

SemcirebiT inacvlebs dabali temperaturebis midamoSi.  

 Cu-47%Zn β-Senadnobis Sinagani xaxunisa da Zvris modulis 

speqtris aRniSnuli Taviseburebebis asaxsnelad, Catarebuli iyo 

agreTve transmisiuli eleqtronomikroskopiuli da 

mikrodifraqciuli kvlevebi. 
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3.2 Cu-47%Zn Senadnobis β_fazis gardaqmnebis 

eleqtronomikroskopiuli gamokvleva 

 

transmisiuli eleqtronomikroskopiuli da 

mikrodifraqciuli kvlevebisaTvis preparatebi damzadebuli iqna 

nimuSebisagan, romlebic miRebuli iyo 810°C–ze wyalSi 

gamowrTobiT, 3°C/wT siCqariT gaxureba ↔ gacivebis ciklis  

Semdeg 20-250°C –ze da 20-350°C–ze intervalebSi. aseve, 

gamokvleuli iyo 430°C–dan da qvemoT wyalSi gamowrTobili 

nimuSebi, romlebSic dafiqsirebuli iyo Sinagani xaxunis mrudis 

sxvadasxva wertilebis Sesabamisi struqturuli mdgomareobebi. 

 sur.3.2.1,a,b-ze moyvanilia transmisiuli eleqtrono-

mikroskopiuli gamosaxuleba da Sesabamisi mikrodifraqciuli 

suraTi. 810°C–ze gamowrTobili nimuSis gaxureba ↔ gacivebis 

ciklis Semdeg 3°C/wT siCqariT 20-250°C-mde da ukan, Cans, rom 

aseTi damuSavebis Semdeg SenadnobSi SenarCunebulia maRali 

xarisxis mowesrigeba: Cndeba oreulovani zedislokaciebi, 

Sesabamis difraqciul suraTze Cans zestruqturuli refleqsebi 

½〈200〉 poziciebze, romlebic ekuTvnian β′_fazas, romelic 

mowesrigebulia CsCl tipiT. amavdroulad, eleqtronogramaze 

aisaxeba difuzuri Wimulebi 〈110〉*β′ mimarTulebiT, rac miuTiTebs 

daSlis zonuri stadiis dawyebaze. 

     β′-fazis daSlis procesis Semdgom ganviTarebas adasturebs 

sur.3.2.1.g.d.-ze moyvanili eleqtrono-mikroskopiuli gamosaxuleba 

da Sesabamisi mikrodifraqciuli suraTebi miRebuli 350°C–mde 

gaxureba↔gacivebis ciklis Semdeg. Cans, rom daSlis procesma 

miiRo ganviTareba mTels moculobaSi (homogenurad) da 

difraqciul suraTze gamoCnda axali zestruqturuli 

refleqsebi ½〈110〉 poziciebze, romlebic ekuTvnian axal Cu-Zn3 

zestruqturebs, romlebic formirdeboda TuTiis atomebiT 

gamdidrebul, {110}β kristalografiul sibrtyeebze ganSrevebis 

Txel zonebSi.  
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sur.3.2.1. Senadnobi Cu-47%Zn; a) β′ _ fazis marcvlis tem gamosaxuleba  

da b) nimuSis Sesabamisi mikrodifraqciuli suraTi, zonis RerZi [001]β′, 
(gaxureba-gacivebis cikli 20-250°C midamoSi 3°/wT siCqariT) 

g) β′ _ fazis marcvlis tem gamosaxuleba  da d) nimuSis Sesabamisi 

mikrodifraqciuli suraTi, zonis RerZi [001]β′, (gaxureba-gacivebis 
cikli 20-350°C midamoSi 3°/wT siCqariT) 
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 sur.3.2.2.-ze magaliTisTvis moyvanilia, β′-fazis nimuSis 

marcvlis eleqtrono-mikroskopiuli gamosaxuleba da Sesabamisi 

mikrodifraqciuli suraTebi, romelic nawrTobi iyo 430°C–dan 

wyalSi. difraqciuli suraTi (sur.3.2.2.b) aCvenebs, rom 410°C–ze 

zeviT gaxurebisas moxda im zonebis ganSreveba, romlebic 

mdidari iyo TuTiis atomebiT (axlo zestruqturiT     Cu-Zn3), 

gaqra difuzuri Wimulebi Sebrunebuli mesris 〈110〉*β′ 

mimarTulebebiT da zestruqturuli refleqsebi ½〈110〉*β′ 

poziciebze, samagierod gaCnda zestruqturuli refleqsebi 

½〈200〉*β′ poziciebze, romlebic CsCl tipis mowesrigebis β′-fazas 

miekuTvnebian. 455°C–ze miRwevisas praqtikulad swrafad xdeba 

ganwesrigeba da 460°C–ze zeviT struqtura gadadis β-fazaSi mck 

mesriT spilenZisa da TuTiis atomebis statistikuri 

ganawilebiT mesris kvanZebSi. 460-600°C–ze gaxureba ↔ gacivebis 

ciklis procesSi (B Sto sur.3.1.1) Sinagani xaxunis foni emTxveva 

gamoTvliT (Teoriul) mruds da mimdinareobs sxva 

eqsponencialuri kanoniT vidre mrudi (A). aRniSnul monakveTSi 

β-faza mck mesriT ar ganicdis aranair gardaqmnebs.  

 Tu nimuSs gavaxurebT 430°C–ze da Semdeg gavacivebT 350°C–

mde 3°C/wT siCqariT da gamovawrTobT wyalSi, masSi fiqsirdeba 

zonuri daSlis-ganSrevebis sawyisi stadia (sur.3.2.2.g), TiTqmis im 

struqturuli mdgomareobis Sesabamisi, romelic miiReba 810°C–

dan nawrTobi nimuSis 250°C–mde 3°C/wT siCqariT gaxureba ↔ 

gacivebis ciklisas. (Seadare sur.3.2.1.a.) 

 imave nimuSis mikrodifraqciuli suraTi [111]β′ –

eleqtronuli konis gaswvriv (sur.3.2.2.d.) gviCvenebs, rom 

difuzuri Wimulebi arseboben Sebrunebul meserSi eqvsive 

mimarTulebiT 〈110〉*β′ poziciebze. garda sami Wimulisa, romelic 

mdebareobs (111)*β′ sibrtyeSi, eleqtronogramaze gamokveTilad 

Cans kidev sami Wimulis kvali danarCen 〈110〉*β′ tipis 
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sur.3.2.2. Senadnobi Cu-47%Zn; a) β′ _ fazis marcvlis tem gamosaxuleba  

da b) nimuSis Sesabamisi mikrodifraqciuli suraTi, zonis RerZi [001]β′, 
(wyalSi gamowrTobili gaxurebisas 430°C-mde 3°/wT siCqariT), g) igive 
gacivebisas 430°C-dan 350°C-mde da d) nimuSis Sesabamisi 

mikrodifraqciuli suraTi, zonis RerZi [111]β′, e) igive gacivebisas 
430°C-dan 250°C -mde da v) nimuSis Sesabamisi mikrodifraqciuli 

suraTi, zonis RerZi [001]β′. 
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mimarTulebaze. es ukanasknelebi, arseboben ~samfoTliani~ 

difuzuri laqis saxiT centraluri kvanZidan sakmao manZilze, 

Sebrunebuli mesris (111)*β′ sibrtyidan arekvlis sferos 

umniSvnelo gadaxrisa da misi erTdroulad sami difuzuri 

Wimulis (romlebic miemarTebian 〈110〉*β′  tipis sami danarCeni 

mimarTulebiT matriculi kvanZidan eleqtronogramis 

sibrtyesTan kuTxiT) gadakveTis Sedegad. aseTi difuzuri 

Wimulebis arseboba aCvenebs imas, rom 410°C–ze dabal 

temperaturaze β′-fazis mTels moculobaSi iwyeba daSlis 

zonuri stadia, romelic vrceldeba {110}β′ kristalografiul 

sibrtyeebSi da myar narevSi iqmneba TuTiis atomebiT mdidari 

Txeli zonebi, romelTa sisqe Sefasebulia difuzuri Wimulebis 

sigrZiT da Seadgens ~10Å. 410°C–ze dabal temperaturaze nimuSis 

Semdgomi dayovneba warmoqmnis aRniSnuli zonebis sisqis 

gazrdas maTSi erTdoulad axali mowesrigebuli CuZn3 fazis 

CamoyalibebiT. aRniSnuli ilustrirebulia nela 430°C–dan 

250°C–mde gacivebuli nimuSis transmisiuli eleqtronuli 

mikroskopul gamosaxulebaze  da Sesabamis mikrodifraqciul 

suraTze (sur.3.2.2.e.v.). 

 β′-fazis Sebrunebuli meseris modeli, Seqmnili 

eqsperimentalurad miRebuli eleqtronogramiT, warmodgenilia 

sur. 3.2.3-ze.  

 Sebrunebuli meseris modeli sur.3.2.3.(a) Seesabameba β′-fazis 

kristals zonuri daSlis stadiaze, xolo modeli sur.3.2.3.(b)-ze 

warmoadgens β′-fazis daSlis gvian stadias. 
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(a) 

(b) 

 

 

sur.3.2.3. β′ _ fazis Sebrunebuli meseri: a) zonuri daSlis stadiaze;  

b) axali zestruqturis CuZn3 formirebis stadiaze. 
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3.3. Cu-40at.%Pd Senadnobis mck da wck fazebis gardaqmnebi 

 

Cu-40at.%Pd  Senadnobi sainteresoa or SemTxvevaSi, Sori da 

axlo mowesrigebis procesebisas da Txeli fenis formaciisas 

[101], romelTa meqanizmebi ar aris kompleqsurad gamokvleuli. 

amitom, Sinagani xaxunisa Q–1(t) da Zvris modulis f2(t) 

temperaturuli damokidebulebis daxasiaTeba, im temperaturul 

intervalSi, romelSic arsebobs α  da β - fazebi da romelic 

moicavs α↔β  transformacias, iwvevs praqtikul interess. 

nax.3.3.1.-ze warmodgenilia 850°C-ze nawrTobi wck 

struqturis α - fazis  Cu-40at.%Pd  Senadnobis nimuSis Q–1(t) da f2(t) 

temperaturuli damokidebulebis mrudebi. 80°C-dan 700°C 

temperaturis intervalSi gaxureba↔gacivebis ciklis siCqariT 

3°C/wT.   

aRniSnul samuSaoSi Cvens mier Catarebuli iqna Cu-40at.%Pd  

Senadnobis mck da wck fazebis daSlisa da atomuri 

mowesrigebis procesebis kvleva transmisiuli eleqtronuli 

mikroskopiisa da Sinagani xaxunis meTodebiT. 

Cu-40at.%Pd  Senadnobis struqtura mowesrigebul 

mdgomareobaSi xasiaTdeba defeqtebis ganawilebis 

TaviseburebebiT. garda dislokaciebisa, aRiniSneba brtyeli 

(gamokveTili gabitusiT {110}) warmonaqmnebi (ix.sur.3.3.1,a), 

romlebzec kontrasti gviCvenebs drekadi daZabulobebis velebis 

arsebobas axlomdebare moculobebSi. im nimuSebSi, romlebSic 

miRweuli iyo Sori mowesrigebis maqsimaluri mniSvneloba, 

aRniSnuli tipis warmonaqmnebi SeimCneoda iSviaTad da Sesabamis 

difraqciul suraTebze (ix.sur.3.3.1.b,g) ar SeimCneva difuzuri 

gabnevis efeqtebi. maTze damatebiTad daimzirebian {100} tipis 

zestruqturuli refleqsebi, romlebic miuTiTeben imaze, rom 

Senadnobs aRniSnul mdgomareobaSi gaaCnia cezium-qloris tipis 

struqtura. 
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Cu-40at.%Pd 

nax.3.3.1 Cu-40at.%Pd Senadnobis Sinagani xaxunisa Q-1(t) da Zvris 
modulis f2(t) temperaturuli damokidebuleba 
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b 

g 

0.5 mkm 

 

sur.3.3.1. Cu-40at.%Pd Senadnobi:   
a) nimuSis mowesrigebuli struqturis eleqtronuli mikrofotografia;  
b) mocemuli aris mikrodifraqciuli suraTi  [001] β′ zonis RerZiT;  
g) igive [011] β′ zonis RerZis gamoyvanisas. 
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nawrTobi nimuSis xangrZlivi mowvis Sedegad (454°C – 100sT) 

Cu-40at.%Pd  Senadnobis mowesrigebul fazebSi warmoiqmneba 

paladiumis atomebis brtyeli dagrovebebi, Zalian Txeli 

nanofirfitebis saxiT {110} habitusiT, romlebic vlindeboda 

rogorc maRali garCevis eleqtronul mikrofotoebze (sur.3.3.2,a), 

aseve eleqtronebis difuzuri gabnevis Sesabamis efeqtebze 

(sur.3.3.2,b). aseTi areebis eleqtrono-mikroskopiuli 

gamosaxulebisa da Sesabamisi mikrodifraqciuli suraTebis 

Sedareba gvarwmunebs imaSi, rom  〈110〉*^mimarTulebis difuzuri 

Wimulebi dakavSirebulia swored am brtyel defeqtebTan. garda 

sami difuzuri Wimulisa, romlebic ganlagebulia (111)* 

sibrtyeSi, eleqtronogramaze (sur.3.3.2,b) garkveviT ikveTeba kidev 

sami Wimulis arseboba sami danarCeni 〈110〉* tipis mimarTulebiT. 

es ukanasknelebi arseboben “samfoTliani” difuzuri laqis 

saxiT centraluri kvanZidan sakmao manZilze, Sebrunebuli 

mesris (111)* sibrtyidan arekvlis sferos umniSvnelo gadaxrisa 

da misi erTdroulad sami difuzuri Wimulis (romlebic 

miemarTebian 〈110〉* tipis sami danarCeni mimarTulebiT matriculi 

kvanZidan eleqtronogramis sibrtyesTan kuTxiT) gadakveTis 

Sedegad.  am  sami ukanaskneli Wimulis Sesabamisi  brtyeli 

defeqtebi ar Cans sur.3.3.2,a-ze mocemuli orientaciisas 

kontrastis arasasurveli pirobebis gamo.  

 cezium-qloris tipis mowesrigebiT Cu-40at.%Pd  Senadnobis 

difuzuri Wimulebis arseboba Sebrunebuli meseris 〈110〉* yvela 

eqvsive mimarTulebiT xdeba erTdroulad da gamowvis ufro 

dabal temperaturebzedac. ase magaliTad, sur.3.3.3,a,b-ze 

warmodgenilia 300°C-25sT gamomwvari nimuSis eleqtronuli 

mikrofotografia da Sesabamisi mikrodifraqciuli suraTi. 

mikrodifraqciuli suraTi (sur.3.3.3,b) miRebulia nimuSis [001] 

zonis RerZiT orientaciisas eleqtronuli konis gaswvriv. masze 

mkafiod ikveTeba aRniSnuli Senadnobis Sebrunebul meserSi 
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a b

0.5 mkm 

 

sur.3.3.2. Cu-40at.%Pd Senadnobi, mowesrigebuli Senadnobis izoTermuli 
mowva 450°C – 100sT:  
a) struqturis eleqtronuli mikrofotografia;  

b) aRniSnuli aris mikrodifraqcia [111] β′ zonis RerZiT.   
 

 

 

 

 

a b

 0.5 mkm 

 

sur.3.3.3. Cu-40at.%Pd Senadnobi, mowesrigebuli Senadnobis mowva 300°C – 
25sT:  
a) struqturis eleqtronuli mikrofotografia;  

b) aRniSnuli aris mikrodifraqcia, [001] β′ zonis RerZiT. 
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difuzuri Wimulebis arseboba 〈110〉* tipis yvela eqvsive 

mimarTulebiT. ori Wimuli [110]* da [1_10]* uSualod mdebareobs 

(001)* sibrtyeSi, xolo danarCeni oTxi isaxeba oTxi difuzuri 

wertilis saxiT matriculi kvanZis siaxloves, rogorc arekvlis 

sferos gadakveTis Sedegi aRniSnul oTx WimulTan.  

 mowesrigebis gumbaTze ufro dabal temperaturaze 

xangrZlivi mowvis Sedegad miRebuli Cu-40at.%Pd Senadnobis 

nimuSebis eleqtrono-mikroskopiulma kvlevebma aCvena, rom 

aRniSnuli nimuSis cezium-qloris tipiT mowesrigebuli faza 

ganSrevdeba kristalografiul sibrtyeebSi {110} maTSi 

paladiumis atomebiT mdidari Txeli zonebis warmoqmniT. 

amasTanave, 100-sT-iani gamowvisas SemCneuli Sesabamisi difuzuri 

Wimulebi eleqtronogramaze 〈110〉* mimarTulebiT ar icvlidnen 

Tavis sigrZes, rac adasturebs am zonebis maRal mdgradobas 

spilenZ-TuTiis Senadnobis β′-fazaSi analogiur zonebTan 

SedarebiT. 

Cu-40at.%Pd  Senadnobis wck myari xsnaris ganwesrigebuli 

mdgomareoba fiqsirdeboda 900°C temperaturidan swrafi 

wrTobiT. 

aRniSnul mdgomareobaSi, Senadnobs gaaCnia Canacvlebis wck 

SenadnobisaTvis damaxasiaTebeli struqtura. eleqtronul 

mikrofotografiaze aRiniSneba gamowvis oreulebi da 

marcvlebis oreulovani sazRvrebi (ix.sur.3.3.4,a). Tumca, Sesabamis 

mikrodifraqciul suraTebze, struqturuli refleqsebis 

garSemo,  (sur.3.3.4,b) mainc Cans eleqtronebis difuzuri gabnevis 

efeqtebi (zestruqturuli refleqsebis ararsebobisas). 

araxangrZlivi gamowvisas (anu CsCl tipis mowesrigebul mck 

mesris formirebamde) 200-450°C  areSi aRniSnuli Senadnobis wck 

myari xsnari ganicdis naz struqturul cvlilebebs. kerZod, 

eleqtronuli-difraqciuli suraTebi, romlebic miRebulia 

aRniSnuli TermodamuSavebis Sedegad, identuri iyo imaTi, 

romlebic miRebuli iyo spilenZ-TuTiis Senadnobis “pirveladi”   
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sur.3.3.4. Cu-40at.%Pd Senadnobi nawrTobi nimuSi 900°C –dan:  
a) struqturis eleqtronuli mikrofotografia;  

b) aRniSnuli aris mikrodifraqcia, [110]α zonis RerZiT. 
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αп – fazidan, mxolod spilenZ-paladiumis SemTxvevaSi matricul 

kvanZebze difuzuri efeqtebis damatebaSi, warmoiqmneba 

zestruqturuli refleqsebi ½〈220〉* poziciebze – gaxleCili 

oTxad, da ½〈200〉* poziciebze – gaxleCili orad (sur.3.3.5,a,b). 

sainteresoa aRiniSnos, rom wck myari xsnaris matricul 

kvanZebze difuzuri efeqtebi, Canda jerkidev aRniSnuli 

zestruqturuli refleqsebis warmoqmnamde da iyo sustad 

gamovlenili eleqtronogramebze nimuSebis uSualod 900°C 

wrTobis Semdeg (ix.sur3.3..4,b da sur.3.3.5,a). es efeqtebi Zlierdeba 

zestruqturuli refleqsebis gamoCenisTanave (sur.3.3.6,b) da ufro 

didi gadidebisas eleqtronul – mikroskopiul gamosaxulebebze 

Cndeba myari xsnaris ganSrevebis kvalebi (ix.sur.3.3.6,a). 

amgvarad, aRmoCenili eleqtronebis difuzuri gabnevis 

efeqtebi Cu-40at.%Pd  Senadnobis wck myar xsnarSi 

dakavSirebulia umciresi (~20-50Å) areebis warmoqmnasTan, 

romlebsac aqvT Semadgenloba, gansxvavebuli matricis 

Semadgenlobisgan, romlebic, rogorc Cans, warmoiSoba mxolod 

im SemTxvevebSi, rodesac SenadnobSi aris sakmaod didi 

raodenobis Warbi vakansiebi, romlebic myari xsnaris ganSrevebas 

uwyoben xels. 

Sori mowesrigebis mikrodomenebis arsebobis 

TvalsazrisiT, saintereso iyo gaxleCili difuzuri maqsimumebis 

intensiobis damokidebulebis gamokvleva mowesrigebis (TK) 

temperaturaze  ufro dabali gamowvis temperaturebze. amisaTvis, 

gamowrTobili nimuSebi iwveboda 200, 250 da 300°C temperaturaze 

30 wuTis ganmavlobaSi. aqve aucilebelia aRiniSnos, rom 

difragirebuli eleqtronebis konebis intensioba gansxavdeba 

Sebrunebul sivrceSi intensiobis ganawilebis realuri 

suraTisgan mravali faqtoris gamo. imisaTvis, rom SesaZlebeli 

yofiliyo TermodamuSavebasTan damokidebulebaSi, arekvlis 

intensiobis Sedareba, eleqrtonogramebis gadaRebebi  
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sur.3.3.5. Cu-40at.%Pd Senadnobi:  
a) nawrTobi nimuSis mikrodifraqciuli suraTi  [010]α zonis RerZiT;  
b) igive nimuSis 300°C – 30wT gamowvis Semdeg; 
g) (b) eleqtronogramis gaSifvris sqema. 
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sur.3.3.6. Cu-40at.%Pd Senadnobi, nawrTobi nimuSis 900°C –dan mowva 250°C 
– 30wT.  
a) struqturis eleqtronuli mikrofotografia;  

b) aRniSnuli aris mikrodifraqcia, [001]α zonis RerZiT. 
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xorcieldeboda maqsimalurad erTnair pirobebSi (amaCqarebeli 

Zabva, linzebis muSaobis reJimi, kaTodis varvarebis deni, 

eqspoziciis dro da eleqtronogramis gamJRavnebis reJimi).  

aseTi saxis eqsperimentebma aCvena, rom difuzuri 

zestruqturuli gaxleCili difraqciuli laqebis intensioba 

izrdeba gamowvis temperaturis zrdasTan erTad TK-mde. axlo 

mowesrigebis mikrodomenuri koncefciis TvalsazrisiT, es 

mianiSnebs mikrodomenebSi Sori mowesrigebis parametrebis 

zrdaze. rac xdeba aSkarad difuzuri gziT, radganac aRniSnuli 

zestruqturuli refleqsebis intensiobis gaZliereba Cans erT 

temperaturazec, mxolod gamowvis xangrZliobis gazrdisas. 
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3.4. Cu – Si α-myari Senadnobebis daSlis kanonzomierebebis 

aRwera 

 

teqnikurad mniSvnelovani TiTberisa da brinjaos 

nivTierebebis gamoyeneba, agreTve maTi gamoyenebis sferos 

gafarToveba mniSvnelovnadaa damokidebuli fazuri gardaqmnebis 

marTvis SesaZleblobaze da codnaze im SenadnobebSi, romlebic 

Zireulia am nivTierebebisaTvis. am Senadnobebs Soris garkveul 

interess warmoadgens Cu – Si Senadnobi.  

Cu–Si Senadnobis fazuri wonasworobis diagramidan 

gamomdinare [50], mouwesrigebeli wck myari Canacvlebis xsnari 

gavrcelebulia meore komponentis koncentraciis metad viwro 

intervalSi. preciziuli rentgenografiuli gazomvebis 

monacemebiT, kaჟbadi gacilebiT ufro dabali xarisxiT zrdis 

spilenZis mesris parametrebs vidre TuTia [102][103][104][105]. am 

monacemebisa da agreTve Cu–Si Senadnobis defeqtebis warmoSobis 

midrekilebis gaTvaliswinebiT, isini warmodgenilni arian 

rogorc meTodurad xelsayreli obieqtebi defeqtebis warmoqmnis 

meqanizmis kvlevebisaTvis da maTi roli rogorc struqturul 

gardaqmnebSi, aseve am SenadnobebSi fiziko-meqanikuri Tvisebebis 

cvlilebaSi. 

meores mxriv, mxolod im mosazrebis safuZvelze, rom Cu–Si 

Senadnobis meqanikuri Tvisebebis formirebaSi defeqtebs gaaCniaT 

ganmsazRvreli roli, SeuZlebelia aixsnas norbiuris [102] 

Sromebis metad mniSvnelovani Sedegebi.   

aranaklebad sainteresoa struqturuli defeqtebis 

gavlenis sakiTxi spilenZiT mdidar Cu–Si erTfaziani Senadnobis 

daSlis procesebze. Tumca, dRemde arsebuli monacemebi, Cu–Si α-

Senadnobis daSlis procesebis Sesaxeb, metad SezRudulia. 

defeqtebis warmoSobis procesebis Sesaxeb pirveli 

sistemuri rentgenostruqturuli kvlevebi ekuTvnis barets [103]. 

mxolod α-fazis Semcvel Senadnobebis rentgenogramebze, 

difuzuri zolebi interpretirebuli iyo, rogorc wck meserSi 
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wyobis defeqtebTan dakavSirebuli Wimulebi. amasTanave, avtori 

[103] ar gamoricxavs koncentraciuli araerTgvarovnebis 

warmoqmnis Sedegad raime axali fazis warmoSobas. Tumca, 

rentgenis es monacemebi ar iZlevian saSualebas moxdes Cu–Si 

Senadnobis mowesrigebis unaris Sefaseba, radgan es monacemebi 

ar iZlevian saSualebas sakmarisad mkafiod warmoadginon 

struqturuli gardaqmnebis xasiaTi, romelic mimdinareobs α-myar 

SenadnobebSi da dadgindes TermodamuSavebisas maTi sazRvrebi. 

amasTan dakavSirebiT, transmisiuli eleqtronuli 

mikroskopis saSualebiT iyo gamokvleuli Senadnobebi, 

romlebSic kaJbadis Semcveloba icvleboda 1,9-dan 11at.%-mde. 

kvlevebi Catarebuli iyo rogorc Coxralskis [104] meTodiT 

miRebul monokristalur nimuSebze, aseve argonis atmosferoSi 

gamomdnar polikristalur nimuSebze. maRal temperaturebze 

swrafad gamowrTobili nimuSebi Semdgom sxvadasxva 

xangrZlivobiT, izoTermulad, iwvebodnen 150-500°C 

temperaturebis midamoebSi. naCvenebia, rom izoTermuli 

gamowvisas, Cu–Si Senadnobis α-myar narevSi struqturuli 

gardaqmnebi, romlebic eleqtronul mikroskopSi imzireboda, 

atareben igive Tvisebebs rogorc polikristalur nimuSebSi, 

aseve erTidaigive kaJbadis Semcvelobis monokristalebSi. 

nax.3.4.1,a-ze warmodgenilia Cu –2at.% Si Senadnobis nimuSis 

eleqtrono-mikroskopiuli suraTi. Senadnobis nimuSi 850°C 

temperaturaze wrTobis Semdeg izoTermulad gamomwvari iyo 

150°C temperaturaze 10sT-is ganmavlobaSi. Cans, rom amgvari 

TermodamuSaveba iwvevs modulirebuli struqturis warmoSobas 

modulaciis didi periodiT 1000Å, kristalografiuli 

mimarTulebiT 〈110〉. modulirebuli struqtura formirdeba 

kaJbadis α-myari xsnaris spilenZis meserSi daSlisas, 

gaRaribebul α-myari xsnaris matricaSi kaJbadiT gamdidrebul α’-

fazis nawilakebis kanonzomierad dawyobis Sedegad. 
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nax.3.4.1. Cu–2at.%Si Senadnobi; struqturis eleqtrono-mikroskopiuli 
suraTi: a) izoTermulad gamomwvari 150°C-10 sT-is Semdeg; b) 
izoTermulad gamomwvari 300°C-10 sT-is Semdeg. 
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aseTi struqtura damaxasiaTebelia im SenadnobebisaTvis, 

romlebic Seicaven 1,9-3,5 at.% Si. mowva, 150°C temperaturaze 16sT-

isa da ufro didi xnis ganmavlobaSi, koncentraciis aRniSnul 

intervalSi, ar icvlis SesamCnevad formirebul modulirebul 

struqturas. isini gamoirCevian maRali stabilurobiTa da ar 

ganicdian Semdgom cvlilebebs aRniSnul temperaturebze. 

struqturis cvlileba SeimCneva SenadnobebSi kaJbadis 

SemcvelobiT 1,9-3,5at.% temperaturis gazrdisas 300°C-mde. 

nax.3.4.1,b-ze warmodgenilia Cu –2at.% Si Senadnobis nimuSis 

eleqtrono-mikroskopiuli suraTi, romelic izoTermulad 

gamomwvari iyo 300°C temperaturaze 10sT-is ganmavlobaSi. Cans, 

rom 150°C gamomwvar formirebul struqturasTan SedarebiT, 

warmoiSva α-fazis nawilakebis damwkrivebis mkacri 

periodulobis darRveva, Tumca jer kidev SenarCunebulia 

nawilakebis kanonzomierad damwkrivebis saerTo tendencia. 

aRsaniSnavia, rom 150-300°C temperaturis intervalSi sakvlev 

SenadnobebSi ar SeimCneoda α’-fazis gansakuTrebulad gamovlena 

arc polikristaluri nimuSis marcvlebis sazRvrebze da arc 

sawyisi marcvlis moculobaSi arsebul submarcvlebis 

sazRvrebze. 

α’-fazis gamoyofili nawilakebis modulacia aSkarad 

arsebobs periodulad Camwkrivebul jaWvSi 〈110〉-is gaswvriv. 

nawilakebis jaWvi, 〈110〉-is gaswvriv, Sedgenilia α’-fazis Zalian 

Txeli firfitebisgan, romlebic Seicaven mikrooreulebs. 

aRniSnuli ilustrirebulia eleqrtonuli mikrofotografiiTa 

da Sesabamisi mikrodifraqciuli suraTiT sur.3.4.2,a,b-ze. 

mikrooreulebis arseboba mkafiod ikveTeba difuzuri WimulebiT 

〈111〉* α’-fazis myari xsnaris Sebrunebul wck meserSi da Sesabamis 

oreulovani refleqsebiT (ix.sur.3.4.2,b). garda amisa, aseTi 

struqturiT nimuSis garkveuli gadaxriT, eleqtronogramaze 

SesaZlebelia gamovlindes refleqsebis 
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nax.3.4.2. Cu–2at.% Si Senadnobi; izoTermulad gamomwvari 150°C-12sT-is 
Semdeg; a) struqturis eleqtrono-mikroskopiuli suraTi; b) mocemuli 
ares mikrodifraqciuli suraTi  [110] α. zonis RerZiT. 
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gaxleCva, romelic Seesabameba tetragonaluri fazis SeuRlebul 

fazas. analogiuri . 

aRmoCenilia Cvens mier spilenZ-marganecis SenadnobebisTvis 

(ix.sur.3.4.3,a,b). 

kaJbadis Semcvelobis gazrda 3,6 dan 6,5at.%-mde iwvevs α-

fazis daSlis procesebis bunebis cvlilebebs. am SenadnobebSi 

modelirebuli struqtura ar formirdeba mowvisas 150-300°C 

temperaturaze intervalSi. aRniSnul SenadnobebSi daSla iwyeba 

α’-fazis CamoyalibebiT. igi uwesrigod, magram Tanabrad, 

nawildeba sferuli gamonayofebis mTels moculobaze. 150°C 

temperaturaze 10sT-iani mowvis Semdeg 5at.%Si–is SenadnobSi, 

gamonayofis zoma udris ~250Å da ar izrdebian igive 

temperaturaze, mowvis drois xangrZlivobis gazrdiT. α’-fazis 

gamoyofili nawilakebis gamsxvilebebi, koagulaciuri 

procesebis Sedegad, iwyeba 4sT-iani mowvis Semdeg (ix. 

sur.3.4.3,a,b).  

kaJbadis Semdgomi zrda 7-9at.% Si koncentraciamde, rogorc 

Cvenma kvlevebma aCvena, ar iwvevs α-fazis daSlis maxasiaTeblis 

cvlilebas. Tumca, α’-fazis sferuli gamonayofis warmoqmnasTan 

erTad, 7-9at.% Si SenadnobSi SeimCneva wyobis defeqtebis 

intensiuri warmoqmna α-fazis yvela {111} kristalografiul 

sibrtyeebSi [102][103][104]. 

aSkaraa, rom kaJbadis Semcvelobis momateba, 7%-mde da 

zeviT, SenadnobebSi iwvevs wyobis defeqtebis energiis swraf 

Semcirebas Cu-Si-is SenadnobSi. Semcireba imdenad mniSvnelovania 

am SenadnobebisTvis, rom maRali temperaturebidan swrafi 

gacivebisas warmoqmnili Zabvac ki, sakmarisia erTdroulad 

ramodenime sistemis wyobis defeqtebis Sesaqmnelad. meores mxriv, 

eleqrtono-mikroskopiuli kvleva mravalfeniani wyobis 

defeqtebze areebi gamqrali kontrastiT, gvarwmunebs imaSi, rom 

mowvisas ar xdeba α’-fazis upiratesad gamoyofa wyobis 

defeqtebze. 
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nax.3.4.3. Cu–2at.% Si Senadnobi; izoTermulad gamomwvari 150°C-8sT-is 
Semdeg; a) modulirebuli struqturis eleqtronuli mikrofotografia 
nimuSis daxrisas perpendikularulad modulaciis mimarTulebis 
RerZis garSemo; b) mocemuli aris mikrodifraqciuli suraTi  [110] α. 
zonis RerZiT. 
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nax.3.4.4. Cu–5at.% Si Senadnobi; struqturis eleqtrono-mikroskopiuli 
suraTi: a) izoTermulad gamomwvari 1 C

C  
50° -8sT-is Semdeg; b) 

zoTermulad gamomwvari 300° -8sT-is Semdeg.i
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mowvis temperaturis gazrdiT 300°C-mde koagulaciis procesi 

SenadnobebSi kaJbadis SemcvelobiT 8at.%, viTardeba. iseve, 

rogorc wina SenadnobebSi. SesamCnevia, rom 9at.% Si-is Semcvel 

SenadnobSi α-fazis daSlisas warmoiqmneba heqsagonaluri ϰ–

fazis garkveuli raodenoba im adgilebSi, sadac arsebulia 

mravalfeniani wyobis defeqtebi matriculi fazis moculobaSi. 

mikrodifraqciuli analizis safuZvelze dadgenilia 

(sur.3.4.5.a,b,g), rom saorientacio Sefardeba α-fazis kristalur 

mesrebsa da misgan gamoyofil ϰ–fazas Soris Semdegi tipisaa 

(111)α||(0001)ϰ;  [1¯10]||[11¯20]ϰ. amiT, damtkicebulia wyobis 

defeqtebis garkveuli roli ϰ–fazis warmoqmnaSi wck meseridan 

α-fazis kaJbadis maRal Semcvel SenadnobSi, romelTaTvisac 

orfaziani fardoba α+ϰ gansazRvrulia fazuri wonasworobis 

diagramiT. 

zemoaRniSnuli daSlis Sedegebi, erTfaziani Cu-Si α-

SenadnobisaTvis, ekuTvnis daSlis SedarebiT ufro gviandel 

stadiebs. 

sakvlevi Senadnobebis mikrostruqturisa da meqanikuri 

Tvisebebis  eleqtrono-mikroskopiuli kvlevebis Sedegebis 

[102][105] Sedarebam, mogvca saSualeba davaskvnaT, rom arsebobs 

pirdapiri kavSiri  meqanikuri Tvisebebis cvlilebebsa da 

spilenZ-kaJbadis Senadnobis daSlisas formirebuli α-fazis 

mikrostruqturas Soris. aRniSnulis analogiuri Cvenis mier 

danaxuli iyo spilenZ–TuTiis [106] da spilenZ-paladiumis [107] 

SenadnobebSi. amitom, am naSromSi dadgenili Cu-Si α-myari 

Senadnobebis daSlis kanonzomierebebis aRwera [108], warmoadgens 

aucilebels kaJbadis optimaluri Semcvelobis kaJbaduri 

brinjaos miRebis SesaZleblobis gamosavlenad, romelic 

Sesabamisi TermodamuSavebisas, uzrunvelyofs modulirebul 

struqturas gaumjobesebuli fiziko-meqanikuri Tvisebebis mqone 

antifriqciuli detalebis  dasamzadeblad. 
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nax.3.4.5. Cu–8at.% Si Senadnobi; izoTermulad gamomwvari 150°C-13sT-is 

Semdeg; a) mravalSriani wd da ϰ-fazis gamonayofis eleqtrono-
mikroskopiuli suraTi; b) mocemuli aris mikrodifraqciuli suraTi 
[112]α zonis RerZiT; g) ϰ-fazis refleqsSi bneli adgili. 
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Cu-Si sistemis Senadnobebis kvlevebis Sedegebidan gakeTebulia 

erTi daskvna, rom kaJbaduri brinjaos fuZisaTvis, rogorc 

TuTiis brinjaos iafi SemcvlelisaTvis da antifriqciuli 

masalebisaTvis, saWiroa kaJbadis Semcveloba gaizardos 2-3at.%-

iT standartulTan SedarebiT da Semdgom aseTi brinjaosagan 

detalebi Termulad damuSavdes 150-250°C-ze 4-2sT-is 

gamnavlobaSi Sesabamisad. 
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    daskvna 
 

1. Sinagani xaxunisa da transmisiuli eleqtronuli 

mikroskopiis  meTodebis kompleqsuri gamoyenebiT 

Seswavlilia spilenZis fuZis, spilenZiT mdidari Cu-Zn, Cu-

Pd da Cu-Si sistemis SenadnobebSi wck da mck fazebis 

daSlisa da atomuri mowesrigebis procesebis ZiriTadi 

kanonzomierebani Sualedur temperaturaTa diapazonSi; 

2. dadgenilia, rom izoTermuli dayovnebisas β′ ↔ β  

gardaqmnaze ufro dabal temperaturaze cezium-qloris 

tipis mowesrigebiT β′-fazis spilenZ-TuTiis SenadnobebSi 

xdeba orsafexuriani daSla, romelic gardaqmnis sawyis 

etapze moicavs TuTiis atomebiT mdidari brtyeli zonebis, 

habitusiT {110}β′ warmoqmnas da meore etapze, maTSi axali 

Cu-Zn3 tipis zestruqturis Camoyalibebas; Camoyalibebuli 

struqturuli mdgomareoba Semdgomi gacivebisas ar 

ganicdis gardaqmnas. dadgenili gardaqmnis Tavisebureba 

warmoadgens β′ tipis fazebisTvis saerTos spilenZis fuZis 

SenadnobebSi, rac damtkicebuli iyo spilenZ-paladiumis 

sistemaSi analogiuri gardaqmnebis arsebobiT; 

3. dadgenilia, rom izoTermuli dayovnebisas Sualedur 

temperaturaTa diapazonSi Cu-Zn, Cu-Pd da Cu-Si sistemis 

Senadnebis mck fazis myari xsnarebi ganicdian ganSrevebas, 

xolo Cu-Pd sistemis wck fazaSi warmoiSoba 

grZelperiodiani zestruqturis warmonaqmni axlo 

ganSrevebis areebSi; 

4. dadgenilia, rom Cu-2a.t.%Si maRali temperaturidan 

nawrTob SenadnSi izoTermuli mowva 150°C  temperaturaze 

iwvevs modulirebuli struqturis warmoqmnas, modulaciis 

didi periodiT ~1000Å kristalografiuli mimarTulebiT 

〈110〉. aRniSnuli modulirebuli struqtura formirdeba 

kaJbadis  α-myari xsnaris spilenZis meserSi daSlisas, 

gaRaribebuli  α-myari xsnaris matricaSi kaJbadiT 
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gamdidrebuli α′-fazis nawilakebis kanonzomierad 

dawyobis Sedegad da es struqtura gamoirCeva maRali 

stabilurobiT aRniSnul temperaturaze; 

5. Cu-Si sistemis Senadnobebis kvlevis miRebul Sedegebze 

dayrdnobiT gakeTebulia praqtikuli rekomendacia, rom 

kaJbaduri brinjaos fuZisaTvis, rogorc TuTiiani 

brinjaos iafi SemcvlelisaTvis da perspeqtiuli 

antifriqciuli masalebisaTvis, saWiroa kaJbadis 

Semcvelobis gazrda 2-3 a.t.%-iT standartulTan 

SedarebiT da maTgan damzadebuli detalebis Termulad 

damuSaveba 150-250°C  intervalSi 4-2 sT-is ganmavlobaSi 

Sesabamisad; 

6. damuSavebulia rTuli heterogenuli struqturis mqone 

liTonuri masalebisagan metalografiuli da 

eleqtronul-mikroskopiuli kvlevebisaTvis nimuSebis 

momzadebis uzrunvelsayofi mowyobilobebi da Sesabamisi 

meTodikebi. 
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