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MeTtomamu  PEHTTEHOCTPYKTYPHOTO  aHamizy, audepeHIiiHoi CKaHyBaJIbHOI
kanmopumetpii  (JCK), snepnoro wmarHiTHOro pesonancy (SIMP), pamaHiBCbKO1
CHEKTPOCKOMIi, CKaHyBaJbHOI €J1eKTpOHHOI Mikpockorii (CEM) nociixeHo CTpyKTypy
nopomkoux kommo3utie Al-Cu i Al-Cu/C i3 Bmictom wmimi 17, 33 Ta 80 mac.% micis
BHCOKOEHEPIe€TUYHOTO MEXaHOAKTUBALIIMHOTO OOpOOJIEHHSI €l1eMEHTapHUX MOpoIKiB Al
ta Cu 6e3 1 3 7o6aBkow rpadity (5 mac.%) Ta iX TepMOMEXaHIYHUX OOpPOOOK (BIiAMAIB,
XOJIOJIHOTO TIpecyBaHHS Ta TBepnaoda3HOro cmikaHHsA), OaratomapoBux Qoasr Al/Cu
(nepioxy 60 1 30 um) 13 BMictoM CU 33 1 80 mac.%, oTpuMaHuX METOJOM €JIEKTPOHHO-
MIPOMEHEBOr0 OCAKE€HHSA, N0 Ta IMICAsA BiANANIB, a TaKOX il B3a€EMO3B’S30K 13
MEXaHIYHUMU BJIACTUBOCTSIMU Ta PEAKI[IHHOIO 3/TATHICTIO KOMIIO3UTIB.

BcranoBiieHo 0coOaMBOCTI (Pa30yTBOPEHHS y BCIX KOMIIO3UTaX MICHS BIAMOBITHUX
00po6ok. [Tokazano, o npoiec ¢azoyrBopenHs B cuctemi Al-Cu BigOyBa€OThCS MUISIXOM
dbopmyBaHHs niepecuueHoro Teepaoro poszumHy Al(Cu) i/a6o Cu(Al). ¥ kommosurtax
eBrekTuHOro ckiany ['IIK—OLIK neperBopeHHs BiaOyBaeTbesa 3a ydacTi azd HUKYOI
cumetpii OL[T 6-Al,Cu.

BusiBneHo MoxiuBicTh (opmyBaHHST MeTacTabuIbHOI HeBmopsakoBaHoi Al,Cug
(a3u micisg MEeXaHIYHOTO JISTYBaHHSI BIIPOJIOBXK 8 TOJUH MOpoIIkoBux kommno3utiB Al-Cu i
Al-Cu/C ra Bimnamis npu temnepatypi 150°C 6araromaposux ¢ossr Al/Cu y mmpokomy
KOHLIEHTpAlIMHOMY [1ala30Hi. YTOYHEHO Ii CTPYKTYpYy, a TaKOX XIMIYHMHI CKJIaj.
[Toxazano MOXIHBICTH i1i BHoOpsaKyBaHHsA mpu Temmeparypi 500°C 1 Bumie y 3paskax
KOMITO3UTIB 13 BMicToM Miai 80 mac. %. Bmeprie BuUSBIEHO MO3WTUBHHUMA BIUIMB
MmeTactabinbHOi HeBnopsakoBanoi OL[K-Al,Cug dasu, mo hopmyeThCs micis BiAMOBIIHAX

00po0OOK y BCIX KOMITIO3UTaX, HAa MiJABUIIEHHS PIBHSA MIKpoTBepaocTi (Moaymo FOura) B
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HUX 13 30€peKEeHHsIM NPUUHATHOTO KoedillieHTa IUIACTUYHOCTI. BcTaHOBIEHO, 110
HaWOIIBIINN PIBEHb PEAKIIMHOT 3/IaTHOCTI CIIOCTEPIraBCcsl y KOMIIO3UTaX 13 BMICTOM MiJi
80 mac.%.

Brnepiiie KOMITJIEKCHO Ta E€TadbHO JOCTIIKEHO BIUIMB A00aBku 5 Mac.% rpadity Ha
MIKPOCTPYKTYpY Ta (Da3oBUil CKJIaJl MOPOIMIKOBUX KOMIIO3UTIB, OTPUMAHUX MEXaHIYHUM
JIETYBaHHSAM Ta TepMoMeXaHIYHUMH 00poOkamu. IlokazaHo, 1m0 BBeaeHHs rpadity a0
enemeHTapHux mnopowkiB Al 1 Cu chopuse iX KpamioMmy MOAPIOHEHHIO Ta HACUYEHHIO
aedexrtamu B mporieci momomny. Kpucranigyauii rpadit mig yac momoiy, mepeTBOPIOIOYNCH
Ha aMopdHUM, OOBOJIKAE MeETaJeBl YACTUHKH, IIEpPEeIIKo/pKae IX arjiomepariii Ta
VIOBUIBHIOE peakuiiiHl mnpoiuecH. Oaep:kaHo HOBI pe3yJbTaTH NPO BILUIUB MOAH(IKALIi
CTPYKTYpHO-(a3zoBoro crany nopomkoBux kommno3uTiB Al-Cu i Al-Cu/C nicnst X0I0gHoro
MpECyBaHHsl Ta CIIKAHHS, a TAKOX MIJITBEP/KEHO €(PEKTUBHICTh BBEJEHHS TrpadiTOBOI
n00aBkM B MOpOmKOBI Kommo3uTd Al-Cu 1 MiABUILEHHS PIBHSA 1X MEXaHIYHUX
BJIACTUBOCTEH Ta peaKI[ifHOT 3/JaTHOCTI.

KawuoBi caoa: apmoBani rpaditom mopomkoBi  kommo3zutd  Al-Cu;
metamomarpuyHi  kommno3utu  Al-Cu/C;  BHCOKOEHEpreTHYHe MeXaHOAKTHBAIliHE
0oOpoOJIeHHs; MEXaHIUHE JIETYBaHHS; TBepAo(das3He CIIKaHHS; MOPOIIKOBAa METaIypris;
OaratomapoBi ¢onberu  Al/CU; eIIeKTpOHHO-TIPOMEHEBE OCAPKCHHS; MeTacTallabHa
HesnopsiakoBana OLK-Al,Cug da3a.

ABSTRACT

Matvienko Y.I. « Structure, stability and properties of intermetallic compounds
of Al-Cu system and composites based on it ». — Qualifying scientific paper printed as
manuscript.

Thesis for acquiring PhD in Physics and Mathematics on speciality 01.04.13 “Metal
Physics”. — G.V. Kurdyumov Institute for Metal Physics of the N.A.S. of Ukraine, Kyiv,
2020.

The structure of Al-Cu and Al-Cu/C powder composites with 17, 33 and 80 wt.% of
copper after high-energy ball milling of Al and Cu elemental powders without and with
graphite additives (5 wt.%) and thermomechanical treatments (annealing, cold pressing

and solid-state sintering) as well as that of multilayered foils Al/Cu of the 60 and 30 nm
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period with 33 and 80 wt.% of copper, produced by electron-beam physical vapor
deposition (EBPVD), before and after annealing were studied using X-ray diffraction
analysis, differential scanning calorimetry (DSC), nuclear magnetic resonance (NMR),
Raman spectroscopy, scanning electron microscopy (SEM). The mechanical properties
and reactivity (heat released during exothermic reactions of the composites were
considered.

The peculiarities of phase formation in all synthesized composites after appropriate
treatments were established. It is shown that the phase transformation process in the Al-Cu
system occurs via the formation of a supersaturated solid solution of Al(Cu) or Cu(Al).
Furthermore, fcc—bcc transformation occurs in the eutectic composites with bct-Al,Cu
lower symmetry phase presence.

The possibility of metastable disordered Al,Cuy phase formation after high energy
ball milling during 8 hours of powder composites Al-Cu and AI-Cu/C, and annealing of
multilayered foils Al/Cu at the temperature of 150 °C is revealed in a wide composition
range. Its structure and chemical composition has been specified. The possibility of its
ordering at 500 °C and above is shown in the composite samples with 80 wt.% of copper.
The positive effect of metastable disordered bcc-Al,Cug phase formation after appropriate
treatments in all composites on the development of composites with a high level of
microhardness (Young's modulus) and an acceptable plasticity coefficient is identified and
confirmed. The highest level of reactivity was determined in the composites with a higher
copper content of 80 wt.%.

The effect of 5 wt.% graphite additives on the microstructure and phase composition
of the powder composites obtained by mechanical alloying and thermomechanical
treatments is comprehensively examined. It is established, that the addition of graphite to
the elementary powders Al and Cu mixtures promotes better grain size decreasing and
defect saturation during the milling process. The crystalline graphite is shown to transform
into an amorphous one during milling, as well as wrapping around the metal particles
preventing their agglomeration and slowing the reaction. Novel results about the effect of
the microstructure and phase composition modification of Al-Cu and AIl-Cu/C powder

composites after cold pressing and sintering are obtained, as well as the efficiency of the
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graphite addition to Al-Cu powder composites for the synthesis of bulk material with a
high level of mechanical properties and reactivity is confirmed.

Key words: graphite reinforced AI-Cu powder composites; metal matrix
composites Al-Cu/C; high energy ball milling; mechanical alloying; solid-state sintering;
powder metallurgy; multilayered foils Al/Cu; electron-beam physical vapor deposition;
metastable disordered bcc-Al,Cug phase.
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BCTVII

3aBAsKU Majiil Ba3l, BUCOKOMY DPIBHIO MIIIHOCTI Ta BIAMIHHIN 0OpOOIIOBAHOCTI,
crutaBu Al-Cu 2XXX cepii MHMPOKO 3aCTOCOBYIOTHCS B aBialliiHIA Ta aBTOMOOLIBHIN
npoMuUCIOBOCTSIX. HeoOXiqHICTh 3pocTaHHsl eHeproe(EeKTUBHOCTI TPAHCIIOPTHUX 3ac001B
BUMarae TOJAJbIIOTO TiBUIICHHS PIBHI MEXaHIYHUX BJIACTUBOCTECH MaTepiayliB Ha
OCHOBI TakMX CIUIaBIB, a TaKOXX pO3IIMPEHHS TEMIIEpAaTypHOIO Jllala3oHy ix
3acTOCYBaHHA. Bimomo, 1m0 OCHOBHHMMH (haKTOpaMH, IO BIUIMBAIOTh HA KOMIUIEKC iX
BJIACTUBOCTEH € CTPYKTYpHO-(a30BUM CTaH, CTaOILHICTh BUAUICHB 1HTEpMETalieBuX (a3,
AK1 y CBOIO 4epry, OOyMOBJIEHI XIMIYHUM CKJIaJIOM, pexuMaMu TepmidHoi 00pooku (TO)
Ta COcOOOM OTPUMAaHHS (HANMPUKIIAJ, IIBUAKICTIO KpUCTal3allii). Y CBOIO Yepry, CIUIaBU
cuctemMu Al-Cu 13 OUTBIIMM BMICTOM MiJll, MAIOYX BUIILY MIIHICTh, & TAKOXK €JIIEKTPO- Ta
TEIUIOMPOBITHOCTI, TAKOX € TMEePCIEKTUBHUMU JJIsI 3aCTOCYBaHHS B aBTOMOOUIbHIN
MIPOMUCJIOBOCTI Ta €JIEKTPOHilll. B ToM ke yac, MABUIIEHHS KOHIICHTpAIl MiJi, 3HaYHO
MoKpairyround MinHicTh criaBy Al-Cu, moripinye #oro miactuyHicTb. OKpiM TOTo, Taki
CIUIaBH, OTpHMaHl TPAAULIAHUM JIMBAapHUITBOM 3 HACTYIHOK TEepMOOOpOOKOIO, €
KPYIHO3EPHUCTUMH, 110 MOXE 3a0€3MeUYUTH OOMEXKEHE 3POCTAaHHSA MIIHOCTI, a TaKOX
HU3bKY IUIACTUYHICTh. OCKUIBKM TpaJuliiiHI cHocoOu CHHTE3y 1 OOpOOKH Takux
MaTepialiB HE 3aBXKIU 3a0e3MeUylOTh ONTUMaJIbHUNA KOMIUIEKC (PI3MKO-MEXaHIUHHUX
BJIACTUBOCTEH, HEOOXIMHMX Ui PI3HOMAHITHMX YyMOB €KCIUTyaTallii, TO BHUHHUKAa€E
HEOOXIJHICTh TMOIIYKY HOBHUX METOMIB iX OTpuMaHHS. CyTTEBUMM HEIOIIKOM TaKUX
CIUIaBIB € Jerpajallisi eJIeKTPUYHUX BIIACTUBOCTEH uepe3 3MiHY XIMIYHOTO CKJIaay ¥y
BUITAJIKy JOJATKOBOTO JIETyBaHHsS Jg00aBKaMu TeEpeXiJHUX abo/Ta piAKiCHO3EMETbHUX
METaJIIB 1 B&XKKICTh OTPUMaHHS 00’ €KTIB CKJIAJIHOI (POPMH.

I3 pyHmaMeHTanbHOT TOUKHM 30PY, HE3BAXKAIOUM HA TPUBAJI JOCIHIKEHHS Y IbOMY
HampsMi, CTPYKTypa JCSIKHX MeracTaOinpbHuX iHTepMmeraneBux (a3 y Al-Cu cruraBax i3
OUTPLIMM BMICTOM QJIOMIHIIO, @ TaKOXX IMHTAaHHA ICHYBaHHS BHCOKOTEMIIEpaTypHOI
iHTepMeTasieBoi  ¢azu [y, MNPSAMOro TMEPETBOPEHHS MIK BHUCOKOTEMIIEPATypHOIO 1
HHU3bKOTEMIIEPATYPHOIO v-Al4Cug dhazamu Ta MOKJTMBOCTI dhopmyBaHHS

nHecrexiomerpuyaux Al,Cug ¢a3z y Al-Cu crmmaBax i3 OiIbIIMM BMICTOM Mifi JI0Ci
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noTpedyloTh  YTOYHEHHS. Benuka  KUIBKICTh — aKTyaJbHUX  337ad  Cy4acHOIO
MaTepiaJio3HABCTBA 30CEpe/PKeHa Ha PO3YMIHHI CTPYKTYPHO-3aJICKHMX BJIACTHUBOCTEH 1
TEPMIYHOI CTIHKOCTI MaTepialiB, M0 MICTATh Taki METaCTaOUTbHI IHTEPMETAJIEBI CIIOIYKH.
Ix GopmyBaHHs Moxke GyTH 0OYMOBJIEHE KOMIIO3HIIHOIO (32 PaXyHOK HEOJHOPIAHOCTEN
XIMIYHOTO CKJIaJy), CTPYKTYPHOIO Ta MOP(OJIOTIHHOIO MPUPO0I0 (PO3MIpHUM (HaKTOPOM,
naedexTaMu 1 T.1). 3arajbHa IpoIeaypa OTPUMAHHS TaKUX MaTepialiB 3aKIIOYaEThCs Y
NEepPEBE/ICHH] iX y OUIbIII BUCOKOCHEPTETUYHUM CTaH 1 MOro «3aMOPOKEHH1», a METOJH 1
YMOBH iX CHHTE3y MOXYTb OyTH OXapaKTepH30BaHI SK BHCOKOCHEPreTHYHI 1
HEpIBHOBaXXH1, BIIMOBIAHO.

CmnaBu cucremu Al-Cu eBrextnaHoro ckiaay i3 BMictoM Mifi 33 Bar. % (16 ar. %)
€ «IPUPOTHUMU» KOMIO3UIIHHUMHU MaTepiaiaMu (KM) i3 XapaKTepHOIO IIACTHHYACTOIO
MIKpOCTpYKTypo. Tak, Hampukiang, MIKPOCTpYKTypa y BuUIIsal watpuil Al 1
BHCOKOUCTIepcHUX BKioYeHb Al,Cu ¢asu crpusie 301UIbIICHHIO MIKpOTBEPAOCTI 10 4,68
['Tla i3 36epexenHsaM npuiHATHOI mactuaHocTti 13,4-30,6 % micns jazepHOi 0OpoOKH
criaBy Al-Cu eBTekTHYHOTO cKiIany. ToMy 3 IPakKTHUYHOT TOYKH 30pY JUIsi CHHTE3y TaKOTO
pOly KOMIIO3UTIB MEPCHEKTUBHUMH BBAXAIOThCSI METOJAM TMOPOIIKOBOI MeTamyprii 1
BHCOKOIIIBUIKICHOTO (DI3UYHOTO OCAJKEHHS Y BaKyyMi.

AKTyaJIbHICTb TeMH. 3aBIskud 30aJaHCOBAHOMY IMO€AHAHHIO BHCOKOi MIIIHOCTI
(TBEpIOCTl) Ta MPUIHATHOI IJIACTUYHOCTI, @ TAKOXX Majllii MUTOMIM Ba3l KOMIIO3UTU Ha
ocHoBi cuctemu Al-Cu, cunHte3oBaHi MexaHiyHUM JieryBaHHsM (MJI) enemeHTapHUX
MOPOUIKIB 13 iX MOJANbIIMM TBEpAO(PA3HUM CIIIKaHHSAM, 1 OararomapoBi (oabru,
OTPUMaHI METOJIaMU BUCOKOIIBUAKICHOTO (PI3UYHOTO OCA/PKEHHS Yy BaKyyMi, BBAXKAIOTHCS
MEePCIIEKTUBHUMHU JIJISl 3aMIHM Py CIUIaBIB B 0aratbox raiy3six 3aCTOCYBaHHS. 30Kpema,
Al-Cu mopomkoBi KOMIIO3UTH €BTEKTUYHOTO CKJIAJTy MOXXYTh 3HAWTH BUKOPHUCTAHHS B
aBlaliiHii 1 aBTOMOOIIBHIM TPOMHUCIOBOCTSAX, a 13 OUIBIIMM BMICTOM MIIl — s
BUTOTOBJICHHSI CEHCOpIB, aKTyaTOpiB Ta MaTepiajiB JJIsi TEPMIYHOTO CHHTE3Y.
bararomaposi ¢ponasru (b®) Al/Cu ananoriguoro ckjiagy MOXYyTh OyTH 3aCTOCOBaHI JIsI
TBep0(ha3HOTO 3’ €JHAHHS MaTepiaiiB, a TAKOK CTBOPEHHS MIKpPOAKTyaTOPIB.
BucokoeHepreTuuHuii BIUIMB HAa TMOPOLIOK B MPOILEC MEXaHOAKTUBAI[IHHOTO

o0poOJneHHsT crpusie K HOro MmoApiOHEHHIO, TaK 1 YTBOPEHHIO TMEPECHUYCHUX TBEPIUX
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PO34YHHIB, METACTAOIBHUX 1 CTAOUIBHUX IHTEpMETAIEBUX (a3, sKi y CBOIO YEPry MOXKYTh
CyTTEBO BIUIMBAaTH Ha MEXaHIYHI BJIACTMBOCTI KOMIIO3UTIB. Bimomo, 1o MJI
eneMmeHtapuux mnopomkiB Al 1 Cu mnpuBoAMTH A0 YTBOPEHHS METacTabuIbHOI
HEBIOPSAKOBaHOT (a3u 13 00’ eMHOLIEHTPOBaHOIO KyOiuHOO Ipatkoto (OLIK) B mupoxomy
KOHIIeHTpaIifHomy miama3oni Big 21 go 82 mac.% Cu (Bim 10 mo 67 at.%), sxy B
JiTeparypi Haigacrinme moB’s3yioTh i3 Al4,Cug dazoro. Crif 3a3HAaYHMTH, IO YTBOPCHHS
aHaJIOT1YHOI (ha3u y IIMPOKOMY KOHIIEHTpALIHOMY Jiala3oHi CIOCTEPIraioch TaKOXK
micias Bianmanie b® Al/Cu. B Toil ke uac iCHyIOTH CymepewuBi JaHi CTOCOBHO il
CTPYKTYpH, CTEXIOMEeTpli, a TaKoX IOCIITOBHOCTI (Da30BUX TEPETBOPEHBb ITICIA
HAaCTyHUX TepMoMexaHlyHuX o0poOok MJI mopomkoBux kommno3utiB Al-Cu 1 Bianams
b® Al/Cu, sxi noTpedyroTh yrouHeHHs. Lle Moxke OyTH 1MoB’s3aHe 13 BILTUBOM JI€(DEKTHOI
CTPYKTYPH, BEITUKOI KOHIIEHTPAIIl1 JUCIOKAIIM 1 BUCOKOT IIIJIBHICTI TPAaHUIlh Y MOPOIIKAX
Miclisi TOMOJIy Ta BakaHCId y OararomapoBux ¢ojprax Ha 0cCOOJHUBOCTI (Da3zoBUX
nepeTBopeHb. OKpiM TOro, €IMHA MpeJCcTaBiIeHa B jiTepaTypi cxema popmysanus OLK-
Al4Cug ¢a3u 3a paxyHok 3cyBHoro neperBoperts ['TIK — OLIK B mporieci MJI nioporikis
ckimany Al-25 ar.% Cu (44 mac.%) € HEOYEeBHIHOI 1 TaKOX MOTpeOye yTOYHEHHS,
ockimeku: (1) crpykrypa OIK-Al,Cus ¢dasu mnpencraBiena nuiie y BHIIAIL
BIOpsiKOBaHOT 3x3x3 Haarpatku (mo ckiagaerses i3 miarpatok tumy CSCl i3 2-ma
BAKaHCISIMH), a IPHUCYTHICTh HEBMOPSAKOBaHOI (ha3u 30BCiM He Oyia BpaxoBaHa; (2) Ha
BIIMIHY BIJl BiJIOMOi KJIacM4HOi cxemHu beitHa, ydacTh (a3m i3 00’€MHOIICHTPOBAHOIO
TeTparoHaiabHOIO0 rpaTkoro (OLT) y mepeTBopeHH1 HE PO3IJisiaaiach.

[e onHi€r0 IEpEeBaror0 METO/IB MOPOIIKOBOI METATYPIii € MOXKIIMBICTH CTBOPEHHS
MetagomatpuyHux kKomno3uTiB (MMK), okpiMm iHTepMeTamifiB 1 OKCHIIB J0JIaTKOBO
apMOBaHUX TYTOIUIABKUMHU J00aBKaMM KapOidiB, HITpHUAIB, OOpPHUAIB, JOMIIIKaMU
BYIJICIICBUX MaTepiamiB. 3aBIsSKH MTOKPAIICHOMY CITIBBIIHOIICHHIO MIITHOCTI Ta MacH, TaKi
MMK BBakaroThCs MEPCIICKTUBHUMH JIJIsl BUTOTOBJICHHSI TTOPIIHIB JIBUTYHIB, TaJIbMiBHHX
KOJIOJIOK, TYpOIHHUX JIOMATOK, KapJaHHWUX BaiB TOIIO. 30KpeMa, BUTOTOBJIEHHS
KOMITO3UTIB Ha ocHOBi cuctemMu Al-Cu i3 mobaBkamu rpadity mo 9 mac.% meromamu
MOPOIIKOBOT METATYyprii € MEePCHEeKTUBHUM 4Yepe3 Mally Macy, MOXKJIUBICTH ITiJIBUIICHHS

piBHs TBepaocTi Ha 20-40 %, BiMHOCHO HU3BKY coOiBapTicTth rpadity. Taki MMK e
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130TPONTHUMHM, JCHIEBIIMMH 1 JICTIIMMH Y BUTOTOBJICHHI MOPIBHSHO 13 aHAJIOT1YHUMU
KOMITO3UTaMU, apPMOBAaHWMHU, HANPHUKIIAJ, BYTJEHEBUMH HaHOTpyOkamu. OJHAK BIUIMB
Manux 100aBokK (10 5 mac.%) rpadity Ha 3MiHY CTPYKTYPHO-()a30BOTr0O CTaHy 1 MEXaHIYH1
BJIACTUBOCTI TMOPOIIKOBUX KoMmmo3uTiB Al-Cu XIMIYHOrO CKJIaay, OJIM3BKOTO 10
eBTeKTUYHOrO (i3 BMmicToM Mini 33 wmac.% abo 16 atr.%) Ta piBHOBaXHOi 006JaCTi
icayBanHsa Al4,CuUg dasum (i3 BMicTom mifi 79-84 mac.% a6o 59,8-69 at.%), orpumanux MJI
1 HACTYITHUMHU TE€PMOMEXaHIYHUMU 00pOOKaMH, B JIiTepaTypi JOCIIPKEHO HEAOCTaTHRO, a
pe3yabTaTi NOTPeOyIOTh YTOUHEHHS.

Jnst oTpuMaHHS TaKMX KOMIIO3UTIB 13 MPOTHO30BAHMMHU BJIACTHUBOCTSIMHU BKpai
BAKJIMBUM € BHM3HAYEHHS I1X CTPYKTYpHO-(a30BOro CTaHy A0 1 MICHs BIJANOBIIHUX
TepMOMEXaHIYHUX 00poOoKk. BomHouac B HaykoBii JiTepaTypli HEMae OJHO3HAYHOTO
TJAYMauy€HHS CTOCOBHO (ha30BUX TMepeTBOpeHb Yy kommo3utax cucremu Al-Cu,
CHHTE30BAaHUX Y CYTTEBO HEPIBHOBAXHMX YMOBax. TOMYy BHUBYEHHS 1 TOPIBHSIHHS
ocobnmBocTel Ga3oBuUX nepeTBopeHsb B mopomkoBux kommnoszurax Al-Cu 1 Al-Cu/C micns
MJI, BiamaiiB, XOJOAHOTO MPECYBaHHS Ta CIIIKaHHS, a Takox micis BianaiaiB b®d Al/Cu,
OTPUMAHHUX EIIEKTPOHHO-TIPOMEHEBUM OCADKEHHSM, JacTh MOMIHUBICT PO3pPOOUTH
HAyKOBI 3acaJyl JJii BUTOTOBJCHHS KOMIIO3HUTIB 13 HEOOXIJHUM KOMIUIEKCOM (hi3UKO-
MEXaHIYHMX BJIACTUBOCTEH Ta PEaKIIHOIO 3/IaTHICTIO, 110 OOYMOBIIIOE aKTyaJIbHICTb
TEMHU JucepTallii K 3 PyHIaMEeHTAJIbHOI, TaK 1 3 MPAKTUYHOIT TOYOK 30DY.

3B’A30K po0OTH 3 HAYKOBMMM NpOorpaMaMu, IUIaHamMu, Temamu. Poborta
BUKOHaHa y B1Aa111 OyZ0BH Ta BJACTUBOCTEN TBEPAMX pPO3UMHIB [HCTUTYTY MeTanodi3uku
iMm. I'.B. KypatomoBa HAH VYkpainu. Tema aucepTtariiiiHoi poOOTH BiANOBIa€ OCHOBHHM
HAayKOBUM HaIpsiMKam poOOTH BIJUTUTY Ta 1HCTUTYTY B IiIoMy. JloCiimKeHHs, TPOBEIeHI
B JIaH1i poOOTI, BAKOHYBAJIMCS B paMKax JE€pPKOIOIKETHUX HAyKOBO-AOCIITHUX POOIT, SKi
¢dinancyrotbess HAH VYkpainu: «3akoHoMipHOCTI (DOopMyBaHHS TBEpAMX PO3YMHIB Ta
iHTepMeTamIHUX (a3 B 0araTOKOMIOHEHTHMX METaIIYHUX CHUCTEMaX B yMOBax ii
TEPMOCHJIOBUX OOpOOOK 1 B pe3yibTaTi (azoBux meperBopeHb» (2016 — 2020 pp., Ne
nepxpeectpamii 0116U003050) Tta «Mikpo- Ta HaHOKPUCTATIYHI CTaHU B HOBITHIX
Nperu3IMHNX cruiaBax eBTeKTHuuHoro tumy» (2020 — 2021 pp., Ne nepxkpeectparii

0120U0000133)».
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Mera i 3aBmaHHsi gociaigxeHb. MeToro poOOTH € BCTAHOBJIICHHS OCHOBHHUX
3aKOHOMIpHOCTEH (pazoyTrBopenHs B cucremi Al-CU 1micias BHCOKOGHEPTETHYHOI'O
MEXaHOAKTHUBAIIMHOTO 00poOJIeHHS elleMeHTapHuX nopomkiB Al Ta Cu 6e3/3 106aBKoIO
rpadiTy 1 TepMOMEXaHIYHUX 0OPOOOK MOPOIIKOBUX KOMIIO3UTIB Ta B OTPUMAHUX METOJIOM
eJIEKTPOHHO-TIPOMEHEBOTO OcCaJKeHHs OaraTomaposux ¢omabrax Al/Cu micns Bignamnis, a
TaKOXX CTPYKTYpH 1 CTaOUIBHOCTI CHHTE30BaHMX IHTEPMETAJCBUX CIOJYyK Ta iX
B32€EMO3B’SI3KY 13 MEXaHIYHUMH BJIACTUBOCTSIMH 1 PEaKI[IHHOIO 3JJaTHICTIO KOMITO3HUTIB.

JIJ1s1 JOCATHEHHSI MOCTABJIEHOI MeTH BUPIlyBAJTHCA HACTYIHI 3a1a4i:

1. BcTaHoBUTH OCHOBHI €Tanu CTPYKTYPOYTBOPEHHS MOPOIIKOBUX KOMITO3UTIB
Al-Cu i Al-Cu/C B pe3ynbrati pi3HUX €HEPro-4acoBUX BIUIUBIB B IPOIECI MEXaHIYHOTO
neryBaHHs (4ac oOpoOku 1-8 roguH, mo3a BBeaeHoi eHeprii 4-32 k/K/T) eneMeHTapHUX
nopomikiB Al 1 Cu (Bmict mimi 17, 33 1 80 mac.%) 6e3 1 3 rpaditoBoro q00aBKOIO (5
Mac.%), a TaKOXK BIUIMBY TEPMOMEXaHIYHMX OOpOOOK Ha iX CTPYKTypHO-(pa3oBuil CTaH,
MEXaHI4YH1 BJAaCTUBOCTI Ta PEaKIliiiHy 3/1aTHICTb.

2. Busnauutu ctpykrypHO-(azoBuit cran OaratomapoBux (oasr Al/Cu 13
BmictoM Cu 33 1 80 mac.%, oTpuMaHUX €JIEKTPOHHO-TIPOMEHEBUM OCAHKEHHSM, /10 Ta
TICTIS BIJIMAJIB 1 BCTAHOBUTH MOTO B3a€MO3B 130K 3 BIACTUBOCTSIMU KOMITO3HTIB.

3. BcranoButn  ymoBu  QopmyBanHs  meractabimpHOoi  OLIK-Al,Cug
1HTepMeTaieBoi (a3u y MIMPOKOMY KOHIIEHTPALUIMHOMY Jiana3oHi B MOPOUIKOBUX
kommnosutax Al-Cu ta Al-Cu/C, a Takox OararomapoBux ¢oasrax Al/Cu micns
BIIMOBITHUX TEPMOMEXAHIYHUX OOPOOOK, YTOUHHUTH 1 CTPYKTYpy 1 3amporoHyBaTu
MO>KJIUB1 CXeMH i1 OpMyBaHHS Ta BIOPSAKYBaHHS.

O0’ekT A0CHiTKEHHS — CTPYKTYpHO-(a30BUIl CTaH, MEXaHIUHI BJIACTHBOCTI Ta
peakiniiiHa 3JaTHICTh KOMITO3UTIB Ha OCHOBI cuctemu Al-Cu.

IIpeamer aocJaiI:KeHHS1 — BIUIMB BHCOKOCHEPTETUYHOIO MEXaHOAKTHUBAIIITHOTO
00poOneHHs enemenTapHux nopoikiB Al 1 Cu 6e3/3 1o6aBkoro rpadiTy Ta iX HaCTyHMHHUX
TEPMOMEXAHIYHUX 00pOOOK, a TaKoXK BiamaiiB OararormapoBux ¢oiusr Al/Cu, oTpumaHuX

MCTOJOM CJICKTPOHHO-IIPOMCHCBOI'O OCAIKCHHA, HAa CTPYKTYPOYTBOPCHHS Y KOMIIO3UTAX

Al-Cui Al-Cu/C.
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MeToau aociaixkeHHs] — PEHTICHOCTPYKTYpHUM aHami3 ((da30Buid, KiIbKICHUH,
BHUCOKOTEMIIEpaTypHU, TEKCTypHHil), nudepeniiina ckanyroda kajgopumerpis (ACK),
anepHuid  MarHiTHUN  pezoHanc (SIMP), pamaniBchbKka  CIIEKTPOCKOIMIS, METOJ
HU3BKOTEMIIEPATYpHOi  ajcopOllii, CKaHyBaJlbHa eJeKTpoHHa Mikpockoris (CEM),
TUHAMIYHE 1HIACHTYBaHHS.

HaykoBa HOBHM3HA 0OJlep:KAHUX Pe3yJIbTATiB:

1. Briepiie Bu3Ha4eHO YMOBHU (popMyBaHHs MeTacTabuIbHOI HeBnopsikoBaHoi Al4Cug
da3u y MMpOKOMY KOHIICHTPAIlIHHOMY Jiama3oHl B Pe3ylbTaTli BHCOKOCHEPTETHUYHOTO
MEXaHOAKTHBALITHOTO 00pOoOJIeHHSs y TIJIaHETapHOMY MJIMHI €JI€eMEHTapHUX MOpoIKiB Al 1
Cu 0e3 1 3 rpagitoBoro 100aBKor0 Ta BignaiiB OaraTomapoBux ¢oasr Al/Cu. YTouneHo ii
ctpykrypy y Burisiai OLIK-rpatku ctpykrypHoro tumy A2 i3 mapamerpom a = 0,2951 awm.
[TokazaHO MOXKJIHUBICTH 11 BropsakyBaHHs Yy Y»-Al,CuUg da3y (ctpykrypHoro tumy D83) B
KoMno3uTax 13 BMicToMm mial 80 mac.%.

2. Ha ocHOBI1 BCTaHOBJIEHUX 3aJIeKHOCTEN MK nmapamerpamu rpatku Al 1 Cu 13 yacom
MEXaHIYHOTO JieryBaHHs y mopoikoBux kommno3uTtax Al-Cu 1 Al-Cu/C Ta Temneparyporo
Bianany y b® Al/Cu BcranoBieHo, 1o mnpouec (HazoyTBOpeHHS y BCIX KOMIIO3UTaX
B110yBa€eThCsl NUIIXOM (GopMyBaHHsS TepecuueHoro teepaoro pozunHy Al(Cu) i1 Cu(Al).
Po3Bunyto ysBieHHs npo mexanizmu ['TIK — OLK neperBopeHb B mMaTepiajiax CUCTEMHU
Al-Cu, orpuMaHuX y HEpiBHOBOXHHMX YMOBax. [1oka3aHo, 0 y MOPOIIKOBUX KOMITO3UTAX 1
OararomrapoBux ¢oyibrax eBTEKTUYHOTO CKJIaJdy BOHO BIIOYBAa€ThCs 3a yuacTi (pa3u HUKIOI
cumetpii OL[T 0-Al,Cu.

3. Briepiie noka3zano, 1mo BBeaeHHs 5 Mac.% rpadity 10 eneMeHTapHuX NopomKiB Al
1 Cu cpusie iX KpamoMy oApiOHEHHIO Ta HACHYCHHIO JIeeKTaMH B MPOIIeCci MEXaHIYHOTO
neryBanHs. Kpucramiynuii rpadiT mig 4ac Mmomoily, MEepeTBOPIOIOYMCH Ha aMOp(HUH,
00BOJIIKa€ MeTaJieBl YaCTUHKH, TMEPEIIKO/KA€E 1X arjoMepallii Ta yHOBUIBHIOE PEaKIliiHI
MIPOIIECH.

4. Onep>kaHo HOBI pe3yJabTaTH MPO BILTUB MoAU]iKaIllii CTPYKTypHO-()a30BOTO CTaHy
nopomkoBux komMno3utiB Al-Cu 1 Al-Cu/C micnst X0nogHOro MpecyBaHHA Ta CIIKAHHS, a
TakoX BiananiB OararomapoBux ¢osbsr Al/Cu Ha iX MexaHI4HI BJIACTUBOCTI Ta PEAKIINHY

3natHicTh. [ligTBEepmKEeHO ePeKTUBHICTH BBeACHHS 5 Mac.% rpadiToBOi 100aBKH, a TAKOK
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dbopmyBanHs MetactabinbHOI HemopsakoBanoi OILK-Al,Cug ¢dasum y mopomkoBux
kommno3utax Al-Cu 1 Al-Cu/C Ta OGaratomapoBux ¢osbrax Al/Cu micias BiIIMOBIIHHUX
OoOpoOOK JJisi CTBOPEHHS METAJIOMAaTPUYHUX KOMIIO3UTIB 13 TMIABUIIEHUM pPIBHEM
MIKPOTBEPAOCTI 1 MPUHUHATHUM KOE(DIIIEHTOM IIJIACTUYHOCTI.

IIpakTHyHe 3HAYeHHS OJepP:KAHUX Pe3yJbTaTiB — po3poOKa HAYKOBHX 3acaj
dbopmyBarHs opomkoBux Kommo3uTiB Al-Cu ta Al-Cu/C, a Takoxx OaraTomapoBux (QoJsr
Al/Cu 13 miABUILIEHUM PIBHEM MEXaHIYHUX BIACTUBOCTEH Ta peaKI[iiHOI 31aTHOCTI.

Oco0ucTuii BHecOK 3100yBaya MOJIATaE y 3/A1MCHEHHI TOIIYKY, OINpAalfoBaHHI Ta
KPUTUYHOMY aHaI31 JITepaTypHHUX JKEPe, sIKI CTOCYIOThCSI TEMH JUCepTaliiftHoi poOoTH,
OTpMMaHHI 3pa3kiB nopomkoBux Komno3utiB Al-Cu 1 Al-Cu/C 3a gomomMororo
BHCOKOCHEPTCTHYHOTO TIOMOJY €JIeMEHTapHUX TIOPOIIKIB, a TaKOXX Yy IIPOBEICHHI
EKCIIEpUMEHTIB, OOpOOJICHHI 1 aHami3l pe3yibTaTiB JOCIIIKEHb 3pa3KiB MOPOIIKOBHUX
komno3uTiB Al-Cu 1 Al-Cu/C Tta OararomapoBux ¢onsr Al/Cu meromamu ¢a3oBoro ta
KUIBKICHOTO PEHTT€HOCTPYKTYPHOTO aHAJI3Y.

OOrpyHTYyBaHHSI aKTyaJbHOCTI TEMU JUCEpPTallIHOI pPOOOTH, BUOIP METOIUK
JOCIIUKEHHS! TPU BHUKOHAHHI E€KCHEPUMEHTIB 1 OOrOBOPEHHS OTPUMAHUX pe3YJIbTaTiB
MIPOBEJICHO pPa30M 3 HAYKOBHUM KepiBHUKOM Mpod., a.p.-m.H. Pymem O.J[. Tta k.¢p.-mM.H.,
c.H.c. [Tomurykom C. C.

Bci 1HIII eKCnepyuMeHTH 13 OTPUMaHHS, BUBUEHHS CTPYKTYpHO-()a30BOro CTaHy Ta
BJIACTUBOCTEHN 3pa3KiB CIUIABIB Ta KOMIIO3UTIB PI3HOTO XIMIYHOTO CKJIAJy BHUKOHYBAJIUCS
3100yBauyeM CamMOCTIMHO a00 13 THIIMMU CIIBaBTOpaMHU MyOuiKauii. 3pa3ku MOPOIIKOBUX
KOMITO3UTIB OyJIM OJIep>KaHl METOJIaMU XOJIOJHOTO MpeCcyBaHHS B IHCTUTYTI HaATBEpIUX
MmarepianiB iM. B.M. bakyns cymicho 13 k.¢.-m. H. Knenko O. FO Ta cnikanas 8 KHY im. T.
[IIeBuenka cymicHo 13 11.(p.-M. H. [TonmoBum O. FO. Otpumanus b® npoBoaunocs pasom i3
mpod., 1. ¢.-m.H. YcriHoBuM A. 1., a BUMIpIOBaHHS MEXaHIYHUX BJIACTUBOCTEH 3 K.T.H.
HemuenkoBuM C. O. (Inctutyt enexrpo3BaproBanHsi iM. €.0. Ilatona HAH VYkpaiun).
HocmimkeHHs: MeToioM audepeHiiitHoi ckanyro4doi kamopumerpii mpoeaero y LKKII
"INCK-LIEHTP" Inctutyty wmeranodizuku im. [. B. KypmomoBa HAH Vxkpainm.
PamaHIBChKY CHEKTPOCKOIMi0 MpoBeAeHO pa3oM 13 K.(.-M.H. Pecenko O. M. (Inctutyt

¢i3uku HAH Vxpainu). JlocHipKeHHS METOJOM SIEPHOTO MAarHiTHOTO PE30HAHCY
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pOBEICHO pa3oM 13 K.X.H. TpadeBcbkuM B. B. (Texuiunuii nentp HAH Ykpainu). ApTopy
HAJICXKUTh BU3HAYAJIbHA POJIb Y BUKOHAHUX Yy CIIBAaBTOPCTBI JocCiiKeHHsX. Hamucanns,
0OTOBOpPEHHS Ta MIATOTOBKY JO IPYKY HAYKOBHX CTAaTEW Ta MOMOBiJEH Ha KOH(]EpeHIIisx
IIPOBEJICHO Pa30M 13 CIiBaBTOpaMH MyOJIiKaIliif Ta HAYKOBUM KEPIBHUKOM.

Anpobanis pe3yabtatiB podorn. PesynpTatn aucepTamiiiHoi poOoTH  OyiH
npencTaBieHi Ha 6 MikHapogHux koHpepenimisx: 8th International Conference NANO-
2020 (JIeBiB, Ykpaina, 2020), 6th International Conference HighMathTech 2019 (Kuis,
VYkpaina, 2019); 7th International Conference Nanotechnologies and Nanomaterials
NANO-2019 (JIeBiB, Ykpaina, 2019); HaykoBa koHpepeniis «DyHKIIIOHAIbHI MaTepiaiu
1u1s iHHOBalHO1 eHepretukn» FMIE-2019 (Kui, Ykpaina, 2019); MixxHapoHa HayKkoBa
KoH(pepeHIis «Matepianu ajis poOOTH B E€KCTPEMalbHUX YMOBaX — &8» 3a MIATPUMKH
[MTonscbkoi akanemii Hayk B Kuesi (KuiB, Ykpaina, 2018); 6th International Conference
Nanotechnologies and Nanomaterials NANO-2018 (KuiB, Ykpaina, 2018)

Iyo6aikanii. OcHOBHI pe3yJbTaTy AUCEpTallli BUKIaJeHl y 13 ApyKoBaHUX Mparsx, 3
SKUX 2 CTaTTi omyOJiiKoBaHI B 1HO3EMHHUX BHJAHHAX, 6 cTaTel y CIemiaTi30BaHUX
HAyKOBUX BHJIAHHSX, IO BiJHOCSTHCS JO MEPEeiKy HayKoBHX (DaxOoBWUX BHUIAHb YKpaiHH,
3arBepKeHoro Hakazamu MOH VYkpainu 1 BXOASTH 10 MIKHAPOJHOI HAYKOMETPUYHOI
0a3u 1aHux Scopus, 5 — y 30ipHHUKAX Ipalk MDKHAPOIHUX KOH(PEpEeHITiH.

3mict poGorm. [Juceprariiina poOoTa CKIaAaeTbesl 13 BCTYIy, I'SITU PO3IUIIB,
BHCHOBKIB Ta CIIUCKY ITUTOBAHOI JIITEPaTypH.

Y nepmomy po3aiii npoaHagi30BaHO JITEpAaTypHI AaHl CTOCOBHO OTPHMAaHHS
nopoikoBux komno3uTiB Al-Cu metogom MJI enementapaux mopoiikie Ta b® Al/Cu
METOJaMH OCaPKEHHs, OCOOJMMBOCTEN iX CTPYKTYpHO-(a30BOTO CTaHy JO Ta MICIs
TEPMOMEXaHIYHUX 00p0o0OK, yMOB Ta cxeM (popmyBanus HernopsakoBaHoi OILIK-Al,Cug
¢$a3u y mupoKoMy KOHIIEHTpAIlIHHOMY Jl1ala30Hi, a TaKOX BIUIMBY TOOABOK BYTJICIIEBHX
MaTepialliB Ha CTPYKTypHO-(a3oBuii cTaH mnopomkoBux kommo3uTiB Al-Cu/C Tta ix
MEXaHI4H1 BJIaCTHBOCTI.

Y apyromy po3aiji HaBeIEHO BIJOMOCTI MPO METOAM OTPUMAHHS JOCIIKYyBaHUX

nopoikoBux kommo3utiB Al-Cu i Al-Cu/C ta B® AIl/Cu, crucino ommcano MeToau
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JOCIIJKEHHSI iX CTPYKTYpHO-()a30BOro CTaHy, a TaKOX METOAMKY BHMIPIOBAHHS iX
MEXaHIYHUX BJIACTUBOCTEH.

Y TperboMy po3aiii HaBEAEHO PE3yNbTATH JOCHIKEHHS CTPYKTYpHO-(Pa3oBOTO
ctany nopoikoBux komrno3uTiB Al-Cu 1 Al-Cu/C 13 Bmictom miai 17, 33 ta 80 Bar. % Cu,
MIiCJsT MEXaHIYHOTO JIETYBaHHS 3a PI3HUX PEKUMIB Ta IX TEPMOMEXaHIYHUX OOpPOOOK.
OxpiM TOro, IPUBEIECHO PE3YNbTAaTH EKCIEPUMEHTAIbHUX IOCTIIKEHb MIKPOCTPYKTYpPH
Ta (pa30BOro CKIady, a TAKOXK PEaKIIHHOI 31aTHOCTI TOpoIKOoBUX komno3uTiB Al-Cu i Al-
Cu/C micas MJI 1 MexaHIYHHUX BJIACTUBOCTEH KOMIIO3UTIB MICIS XOJIOAHOTO MpEeCyBaHHS
Ta CITIKaHHS y MOPIBHAHHI 13 CIIJIABaMHU aHAJIOTIYHOTO CKJIafdYy.

Y 4erBepTOMY PO3aiji HAaBEACHO PE3YJbTATH EKCHEPUMEHTAIbHUX JOCHIIKEHBb
CTpYKTypHO-(a3oBoro crany 6aratorraposux ¢oasr Al/Cu i3 Bmictom Cu 33 i 80 Bar. %.
y BUXigZHOMY cTaHi (TICIs OCQKEHHS) Ta Iicis BianamB. JOCTipKeHO BILIUB
MoaudiKalii MIKpPOCTPYKTYpH Ta (a3oBoro ckiagy OaratomapoBux (oibr Ha ix
MEXaHI4YH1 BJAaCTUBOCTI Ta PEaKIiiHy 3/1aTHICTb.

Y nm’aromy po3aili Ha  OCHOBI  EKCIEPUMEHTAILHUX  pPe3yJbTaTiB
PEHTTEHOCTPYKTYPHOTO  aHaji3y Ta JITEepaTypHUX MJaHUX YTOYHEHO CTPYKTYpPY
(moOymoBaHO €JIEeMEHTApHI IPaTKM Ta PEHTIEeHIBCbKI AUGPAKTOrpaMH) METacTadiIbHOL
HeBnopsakoBanoi Al;Cug dasm y Burmsaai OLIK-rparku crpyktypHoro tumy A2 i3
napametrpoMm a = 0,2951 um. [loka3aHo MOXIHBICTH ii BIOPSIIKYBaHHS y PIBHOBAXHY Yo~
Al4Cug da3sy (ctpyktypHoro tumy D83). 3pobiieHo mpumyIieHs npo Judy3idHui i 3cyBHUAN
MEXaHI3MU TEPETBOPEHb Yy TMOPOLIKOBUX KOMIO3UTax 1 OaraTomapoBux (onbrax,

BIJIITOB1{HO.
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PO3/IT 1

OCOBJIMBOCTI CTPYKTYPU, CTABUIBHICTH TA BJIACTHUBOCTI
IHTEPMETAJIEBUX CITIOJIYK CUCTEMM Al-Cu TA KOMIIO3MTIB HA 1X
OCHOBI (ormsin miteparypn)

1. 1. IaTepmeTanesi coayku cruiaBiB cuctemu Al-Cu

CmaaBu Al-CU € oCHOBOIO OUIBIIOCTI MPOMHUCIOBHMX adiOMIiHIEBUX cruiaBiB [1].
3aBasgKM Majld Ba3i, BACOKOMY PIBHIO MIIIHOCTI Ta BiJIMIHHINA OOpOOJIFOBAaHOCTI, CILIaBU
cuctemu Al-CU Ha OCHOBI aJIOMIHIIO IIMPOKO 3aCTOCOBYIOTHCS B aBTOMOOUIBHIN Ta
aBlalliiHI MPOMUCIOBOCTI [2], a CIUIaBH 13 OUIBIIMM BMICTOM MiJli, 3aBASIKM BUCOKOMY
PIBHIO MIIIHOCTI, KOpO3IHHOI CTIMKOCTI, €JIEKTpO- Ta TEIUIONPOBIIHOCTI - ¥y
MamuHOOyyBaHHI Ta enekTpoHimi [3]. I3 3pocTanHsM eHeproeeKTUBHOCTI Cy4aCHUX
TPAHCIIOPTHUX 3acO0iB BUHUKAE HEOOXIAHICTb TMIJABUINCHHS PIBHI MEXaHIYHUX
BJIACTUBOCTEH JeTasieil, BATOTOBJICHHUX 13 IUX CIUIABIB, T4 PO3MIMPEHHS TEMIIEPATypPHOIO
niama3zony ix 3acrocyBanHs [4,5]. Bimomo, 1110 MiKpOCTpYKTypa Ta MeXaHi4Hi BIIACTHBOCTI
CIIABIB 3aJICKaTh BiJI IX XIMIYHOTO CKJIa/Iy Ta IIBUIKOCTI KpUcTami3arii [6].

I3 miarpamu ctany cucremu Al-Cu (puc. 1.1.) BHAHO, 110 Y KOHIICHTpAIiiHIN
obumacti Bix 0 1o 53 Bar.% Cu (0 — 33 at.%) dopmyeThCst HACTYIIHA CTPYKTYpa: TBEPIUit
pozuun Al(Cu) (a6o o-Al) i crabinpHa iHTepmetaneBa 0-Al,Cu daza. Ilpu kimMHaTHIN
temnepaTypi Cu posumnserscs y Al B kinbkocti 0,2 Bar.% (0,1 at.%). I3 3pocTanHsAM
TEMIIepaTypH 10 eBTEKTUYHOI (eBTekTukKa npu 548,2 °C 13 BmicToM miai 33 Bar. % (16 ar.
%)) MakcumanbHa po3unHHicTs CU y Al(Cu) mMoke ctaHoBUTH 10 5,65 Bar. % (2,48 ar.
%), mnpuvomy mapamerp rpaHerieHTpoBaHoi KkyOiuHoi rpatkum (I'LIK) Al  wmoxe
smenmyBatuch Bin 00,4049 no 0,4041-0,4038 am [1-3, 7-10], a Hepo3uumHEHa MiIb
3HaxoauTbes y 0-Al,Cu dasi. 3a cepennix Temmeparyp po3mnaja MEPECHYCHO TBEPIOTO
posunny Al(Cu) mnpuBoauth 10 (GOpMyBaHHS  «IPOMDKHHMX»  METacTaOlIbHUX

iHTepmeTaneBux a3 (puc. 1.2) [7-9].
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Puc. 1.2 AmominieBuii Kyt giarpamu ctany Al-Cu (a). Enemenrapsi rpatku 3ITI | (0),
3I'TI 1l a6o 0"-da3u (B), 0'- () Ta 0-dasu (n). [c® - Cu, © - Al [17]

TO npu 90 — 190 °C cmmaBiB Al-Cu y koHIleHTpamiiiHiii 001acTi, HaBeIEHI Ha

puc. 1.2, npuBoauth A0 yrBopeHHs 30H ['iH’e - Ilpectona (3I'II I), sixi € 30aradyeHHMH

aromamu Cu HECBIIOPAAKOBAHUMHA a00 JTOKaJIbHO BIIOPAAKOBAHUMMU KJIACTCpaMH, ITIOBHICTIO

KOTEPEHTHUMH 13

matpuneo  Al,

y obmactsx QopMmyBaHHS skux rpatka Al

CIIOTBOPIOETHCS. Briepie ix O0yso BusiBieHo B 30-X pokax MUHYJIOTO CTOJITTS METOAaMu
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PEHTIEHOCTPYKTYPHOTO aHalli3y y BHIJIAMI TSKIB Ha audpakTorpamax Bij ciMedcTBa
wiomuH {100} o6epuenoi rpatku Al [10, 11]. Taki 3I'TI I dopmyroThcst y BUTISAAL
IacTuH po3MipoM Bix 2 1o 10 aM [12]. Jloci HeMae 0CTaTOYHOTO YSABJICHHS CTOCOBHO iX
TOYHOTO XIMIYHOTO ckiady. Tak, B psji poOIT iX OyJ0 BUSBICHO Y BUIJISII IIapyBaTUX
cTpykTyp 13 BMicToM Cu Big 20 no 100 at. %, npuyomy HaitOinbi ctadbinbaumu € 31T 1 13
BmicToM minai 40-50 at. % [13].

I3 miaBumenuam Temreparypu a0 100 - 120 °C na qudpakrorpamax 3’ IBISIOTHCS YITKI
audpakiiiHi MKy, M0 CBITYUTH PO yTBOpeHHs MeracTtabinbHo1 0"-Al;Cu dazu ado 3ITI
I, sxa Mae 00’emHoueHTpoBaHy TeTparoHanbHy (OLIT) rpatky, BiAMIHHHY BiJl MaTpHIli
Al. 0"-®a3a BUIIAETHCS Y BUIIISAI AUCKIB TOBIUHOIO ~10 HM 1 qiamerpoMm ~100-150 Hwm.
I ctpykTypy y 80-X pokax MHHYJIOrO CTOJITTS OYyJIO 3ampornoHOBaHO y BUrysmi OL[T-
rpatku 13 mapametpamu a = 0,404 um 1 ¢ = 0,79 um (puc.1.2), mo ckianaerses 13 2-x
mrapiB Cu, po3aiienux 2-ma abo 3-ma mapamu Al [10-13]. Okpim Toro, € podotu [13], B
skux 0"-(ha3i TakoK IPUIUCYOTh HAACTpYKTypu AlgCu, Al;Cu ta AlsCu.

[Ipu Temneparypi 250-370 °C cmoctepiraioTbesi AUPPAKIINAHI MAKCUMyMH BIJ
metactabinpHOi 0'-Al,Cu dasu (nmpocropora rpyna /47722, a = 0,404 um i ¢ = 0,58 HM),
npuaoMy  (a3oyTBOpPEHHS CYNPOBOKYETHCS BUAUICHHSIM Teria (€K30TEepMIYHUM
eekToM) Ta 3pocTtaHHsAM mapametpy rpatku Al. Bunpinenns meractabumpHOI 0'-daszu
MPEACTABISIIOTH COOO00 MPSIMOKYTHI @00 BOCBMHUKYTHI TUIACTUHU po3MipoM 10 250 HM, sIK1
€ YaCTKOBO KOTepeHTHUMH 13 Matpuiero Al 1 MawoTh HACTymHI OpieHTaIliiHi
criBBigHomeHHs: (100)4 || (100)q, [001] || [001]¢ . B pobotax [13, 14] Oyno omucaHo
MOXJIUBI CXEMH YTBOPEHHsSI MeTacTaOutbHMX 0"- Ta 0' y BUIIISAI CTPYKTYp IO THUITY
Haarpatok 0;"'-Al;3Cus, 0c'- Al,Cu, 0o'- Al,Cu, 0;-Al};Cu;, 0p'-AlsCus.

I3 migBumieHHsM Temnepatypu g0 430 - 480 °C yrtBoproethest crabimbHa 0-Al,Cu
inTepmeTtaneBa ¢asa. Bona mae OI[T-rpatky (mip. rp. 14/mcm, a = 0,6067 um i ¢ = 0,4877
HM). i BUJINEHHS MAalOTh BMIJIA] HEKOTE€PEHTHHX YACTUHOK OKpYIJIOi (hOpMH, IO
piBHOMIpHO po3nogiieHi y warpumi Al 1 MaoTh  BIAMOBIAHI  Opi€HTAIIHHI
craisBigunomenus: (100), || (100)y, [001]4 || [001] ¢ [15].

BpaxoByroun BuKIIaieHe, MOCIIA0BHICTh IepeTBOpPeHb B pe3yiabTari TO Al-Cu criiasis

i3 Bmictom Cu 10 5,65 Bar. % y3araapHeHo moxHa npeacraButu k. Al (Cu) — 3TTT1 1
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(AIQCU, A|7CU, A|5CU, A|3C1l) — 3I'TI I/ 8"—A|3Cu (Otll-A|13CU5) - O'—AIZCu (GC'—AIZCU,

00'-Al,Cu, 6¢-Al;;Cu;, 0p-AlsCuz) — 0-Al,Cu. IlpumyoMy MakcHUMallbHE 3MILHEHHS

JIOCSITAEThCS CaMe 3a paxyHOK (JOpMyBaHHS METAacTaOUTbHUX 1HTEpMeTasieBux 0" Ta 0'-(das,

CTPYKTypa SIKHX JOCi

JOCIIKEHD Y IIbOMY HampsiMi.

noTpedye yTOYHEHHS,

HE3BAKAIOYM Ha 3HA4YHY KUIBKICTh

VY koHmeHtpariiiii oomacti 18 — 20 Bar. % Al (32 — 37 ar. %) cucremu Al-Cu okpim

da3z B 1y dasu FOm-Pozepi abo natyHi, popMyroThCsS A0JATKOBI (pa3u CTPYKTypH SIKUX

noci € HeBijoMumu abo Herounumu (puc. 1.1., Tadbmums 1.1.) [18-20].

Tabmurs 1.1 Kpucranorpadiuai XxapakTepucTuke iHTepMeTaneBux cronyk Al-Cu [16, 17].

HazBa CumBon IIp. [IporoTun XiMIYHUM Temnepatrypa | [lapamerp
bazu [Tipcona | rpyma ckian, at.% Cu , °C TpaTKu , HM
Al (Cu), cl2 Fm-3m Al 0-2,48 <660,5 a=0,4049
a-Al,
'K Al
0, Al,Cu t112 14/mcm Al,Cu 31,9-33,0 <591 a = 0,6063,
c =0,4872
n, N1 oP16 Cmmm - 49,8 - 52,9 574-625 a =0,4087,
oC16 b = 1,200,
c =8,635
n', N, mC20 C2/m AlCu 49,8 - 52,3 <581 a =1,2066,
b =0,4105,
c =0,6913
f = 55,04°
(', (4 Imm2 P6/mmm | Al;Cuq 55,2 -59,8 298-561 a=0,8126,
b =1,4498,

c =0,9992
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Ha3sa CumBou IIp. [IpoToTun XiMiuyHUN Temneparypa | Ilapametp
dbazu [Tipcona | rpymna cknaj, at.% Cu , °C I'PaTKH , HM
¢, {5 Fmm?2 Imm2 Al;Cusy 55,2 -53,3 507-597 a =0,4097,
b =0,7031
c =0,9979
g, & Cubic? - - 59,4 -62,1 960-847 -
g, & hP4 P6s/mmc NiAs 55,0-61,1 847-578 a=0,4146,
¢ =0,5063
§, AlsCug | hR52 R3m Al,Cug (1) 59.3-61.9 <687 a=10,8706,
a=89,74
Y, Yo, V- cl52 [-43m CusZng 59,8 — 69 993-800 a=10,8706
CuZzn
v, vi, y-| CP52 P-43m Al,Cug 52,5 -69 <874 a=10,8706
D8;
Bo - - - 67,6 —70,2 - -
B, A2, cl2 Im-3m W 68 — 82 1052 - 567 | a=0,2950
OLIK
a', a, - - HaJICTPYK 76 -179 <360 -
Typa
Al3Ti,
CusAu
Cu (Al) cF4 Fm-3m Cu 80,3-100 <1083 a=0,3615

Tak, Mroppeit Ta iH. [20] BiaMidamu NOpo MOXIHUBICTH (OPMYBAHHS Y JTaHOMY

KOHIIEHTpaIliiHOMY 1HTepBaii OkpiM y; Ta O a3 BucokoTemmepaTypHoi dazu f,

CTPYKTypa SIKOi € joci HeBigoMoro (puc. 1.1). bpemni Ta 1H. MOBIAOMIISUIH, 1110 BCYINeped

npaBuiay (a3, B KOHIEHTpaIliiiHii obmacti 59 — 69 ar. % Al okpim cTexioMeTpu4HOI Y-
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da3u 13 KyOIYHOIO TIpaTKol, (OPMYIOTHCS CTPYKTYpU HHXKYOI cuMmeTpii — ¢da3u 13
MOHOKJIIHHOIO Ta POMOOEIPUYHOI0 KpUCTalIyHUMH TpaTkamu (puc. 1.3). Bectman [21]
orucye CTpykTypy HectexiomerpuuHoi Y-Al,Cuy dhasm i3 BMicToM amomiHito Big 31,3 mo
36 at. % Cu, mo mae OLIK-rpatky (mp. rpyna P-43m, ctpykrypuuii Tun D83, a = 0,8685 +
0,8703 uMm, 52 atomu). [i MoKHa peaCTaBUTH y BUIIIAI ABOX KiacTepis Tumy A i B i3 26
atomamu. Kmacrep A i3 neatpom (0,0,0), a kmacrep B i3 nentpom (Y2, 72, ¥2). 3okpema
BIIMIYAETHCA MOXIIMBOCTICTh crnoTBopeHHss OIIK rpatku 1 ¢dopMyBaHHS 1HIIMX
HU3BKOCUMETPUYHHUX CTPYKTYp, HANPHKIAA, CTPYKTYpH 13 TIPATKOI POMOOEAPUIHOT
cumetpii (a = 89,8°) mp. rpynu R3m (N160), miarpynu P-43m. 3okpema Kimi Ta iH. [22]
PO3TIISIIAIOTH BIUIMB CTPYKTYPHUX BakaHCiid Ha popMmyBaHHs HecTexiomeTpruaHoi y-Al,Cug
($a3u 1 MOKIMBICTh (POPMYBaHHS CTPYKTYp 1HIIOI cuMeTpii (puc. 1.4).

OxpiM 1pOro y JiTepaTypl HEMa€e KOHCEHCYCY CTOCOBHO IIPETBOPEHHS
BHCOKOTEMIIEPATYPHOI Yo Y HHU3BKOTEMIIEpATYpHY 7Yi (B Jeskux podorax y' 1 vy), 1O
ckIagaeThes 13 26 kiacrepi Tuny C, Ha BiAMIHY Bij BIOPsAKOBaHO1 yi-¢pasu. Tak, Jliy Ta
iH [23] He cmocTepiranu ¢opMmyBaHHs 3 da3u Ta €BTEKTOINHOI peakiii Yo — B + vyi, a
NOBLAOMISUTA  TIpo  (OpMyBaHHS HEBIOPSAKOBAHOI Yo (mpocTropoBa rpyma [-43m,
CTpyKTypHU# Tl D8;) da3u 1 MOXKIUBICTG 1i BHOPAJIKYBaHHS y Y1 (MpocTopoBa rpymna P-
43m, cTpykTypHuil TUn D83) MIITXOM IPSIMOTO MEPETBOPEHHS Y1 — Yo MPU TeMIepaTypi
Big 700 o 900 °C (puc. 1.4). Ilouseiicep 1H. [17] TakoX MIATBEPKYIOThH 111 pe3yJIbTaTH
po BIJCYTHICTH ABOX(}a3HOi 00JacTi y MEPEeTBOPEHHI MK Y1 1 Yo Ta BIAMIYAIOTH PO
BIICYTHICTb [y azu.

TakuM unHOM, He3Bakaroud Ha Te, 0 cucTtema Al-Cu 13 OUIBIIMM BMICTOM Mifl
JOCITIDKyBaJIacsl BIIPOJIOBXK TpuBajioro vacy [3, 18-23], icHye 6araTo mpoTupid CTOCOBHO
peakiiii B KOHUEHTpamiHii obnacti 18 — 20% Bar. (32 — 37% ar.) Al, oGnacreit
ICHYBaHHSI Ta THUIY iX KPUCTAJIIYHOI CTPYKTYpH Yy 1 B-da3, popMyBaHHS SIKUX CYTTEBO

BIIMBA€E HAa KOMILJIEKC (PI3UKO-MEXaHIYHUX BJIACTUBOCTEN CILJIABIB.
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Puc. 1.3 KonnenrpariitHa o0iacte icHyBaHHS ¥ - ®, y; - © Ta v, - m Al,Cuy da3

BIZNOBITHO 10 poOit: Bimey (a), bpemni (0), Bectmana (B) Ta Kimii (1) [21].

D8, (Al; Cug D8, (Z1g Cug)
: Y lepeTaopenns ni.tl_f' v L
T HEBIOPAAKOBAROK 1 | teey
| BIOPRAKOBAHOK

Knacrep tamy A Knacrep tany B ~ Kanacrep rany
® 00 . 120w ® CO oA @ CO: 1MNCwAl)
® UH [x T & 0OH '@ &Cu l‘ OH ; $Cu
G ar . 4 2 OT ;. 4Cu oy OT ¢ #u
o1 oc dal 2 1T : 4Cu @ OIT ¢ AiCual

Puc. 1.4 CtpykTypa HeBmopsaakoBaHoi yo (I1-43m, D8;) i Bnopsakysanoi y; (P-43m, D83)
Al,Cug da3. [Ie CO - xyb6o-okraeapu, OH - okraeapu, OT - 30BHimHI Ta | T - BHYTpimHI

TeTpaeapu [22, 23].



28

1.2. BrniauB BHCOKOCHEPreTUYHMX YMOB OTPUMAaHHS Ha CTPYKTYpHO-(ha30BHii

CTaH 1 MEXaHi14YHi BJIacTUBOCTI cruiaBiB cuctemu Al-Cu

BimoMo, 1o MINHICTh CIIaBIB BH3HAYAETHCH €0 KOMIUIEKCY MEXaHI3MiB
3MII[HEHHS, $IKI B 3aJIeKHATh BiJl OCOOMUBOCTEH iX CTPYKTYypH. 3arajioM 3MIIHEHHS
AIIOMIHIEBUX CIUIAaBIB MOXJIMBE IIJISXOM peali3alii YOTUPhOX OCHOBHHUX MEXaHi3MiB: 1)
TBEpAOpPO3unMHHE, 2) jgedopmariiine abo guciokamiiHe, 3) 3epHOrpaHuuHe, 4)
aucnepciiine. Takum uymHoMm s ciutaBiB Al-CuU  BiAmoBigHI BKIAAM KOXKHOIO 13
MeXaHi3MiB 3MIIIHEHHs CyMYIOThCH [6, 24]:

0= 0yg+ 055+ 04+ 0gg + 0p (1.1)
ne o- 3aranpHa MinHicTe Al-CU crmaBy, 0, — yMOBHA TpaHHMI MIITHOCTI YHCTOTO
ANIOMIHIIO, Ogg — TBEPAOPO3YMHHE 3MIIHEHHS, Oy — JUCJIOKAIliiHE 3MIIHEHHS, Ogp —
3epHOTpaHUYHE 3MIIHEHHS, Op — JUCIIEPCIMHE 3MIITHEHHS.

Teeproposunnne 3mirHeHHs Al-CU crutaBiB moB’si3aHe i3 po3unHeHHSAM atoMmiB Cu
B Al a6o Al B Cu i3 yrBopennsMm tBepaux po3unHiB Al(Cu) ta Cu(Al), B pe3ynbTati 4oro
BUHHUKAIOTh CIHOTBOPEHHS KPUCTANIYHOI TapTKU, a IMOJs HAmpy>KEeHb HABKOJO TaKUX
ne(dEeKTIB MEePelIKOKAIOThL PyXy AUCIOKalii. BennurHa 3MIIHEHHS 32 PaXyHOK TaKoro
MEXaHI3MY:

oss = X Hssi G (1.2)
ne Hgg; — KOHCTaHTa i-ro eJIeMeHTy, po3paxoBaHa Ha OCHOBI MILHOCTI cruiaBiB, C' —
KOHIICHTpAILlis I-r0 €JEeMEHTY y TBEpPAOMY pO3YMHI, N — KOHCTaHTa, IO BPaXxOBYE
HEOJHOPIAHUI pO3MOALT PO3YMHEHUX KOMIIOHEHTIB Y CIUIaBI.

Hucnoxkariitne abo nedopmariiiitne 3MIIIHEHHS MMOB’SI3aHE 13 THUM, IO IICIS 3HATTS
HAaBAHTA)KEHHS Ha MaTeplaj YacTUHA AUCIOKAlld 3aJIMIIAEThCS Y CTPYKTYpl, a HOBI
JUCTIOKALlll B MPOIECT PyXy B3a€EMOJIIOTH 13 yKe€ MPUCYTHIMHU. 3a3BHYAM, JUCIOKalliiiHEe
3MIITHEHHS OMUCYIOTh opmyroro Teitnopa (beitmi-Xipma):

04 = MaGb,/py + pa (1.3.)
ne M — ¢akrop Teinopa, @ — emmipuyHuil KoedimieHT, G — MOAYNb 3CyBY, b — MOIyJb
BeTopa broprepca, p, — TyCTHHa IHWCIOKAIlii Ha TpaHUISX 3€peH, pP; — TyCTHUHA

JMCIIOKAIIM Ha MaJIOKyTOBUX TPAHMIISIX 3€PEH.
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3epHOrpaHUYHEe 3MIIHEHHS TOB’sI3aHE 13 PO3MIPOM 3€pHA, OCKIJILKU TPAHMIN 3epeH
ABJISIIOTHCSA €EKTUBHUM Oap’epoM IS pyXy auciokamii. [[ns BpaxyBaHHS IIbOTO BKIJIAy
BUKOPHUCTOBYIOTH 3aJI€KHICTh Xoia-Ilerya:

Ocp = kyd_l/2 (14))
ne k, — KOe(DImIEHT 3€pHOrPaHUYHOrO 3MIIHEHHS, IO € CTagOK JUIA BIANOBIIHOTO
MaTepially 3a MeBHOT MBHUAKOCTI nedopmarii 1 Temnepatypu (s ciasiB Al-Cu Bix 0,08
10 0,28 MITaxm” %), d — cepexHiii po3Mip 3epHa.

B ocHOBI AMCHepCiiHOTO 3MIIIHEHHS JIEKUTh TalbMyBaHHS pPyXy IUCIOKAIii
JaCTUHKAMH BHWIUICHb 1HTepMeTaleBUX (a3, SKi YTBOPIOIOTHCS B Pe3yJbTaTi PO3Maiy
TBEPJIOTO PO3UMHY 3 OOKY atoMiHii0 ud Mijl. [IpudoMy Xapaktep B3aeMO/Ili AUCIOKAIIIH
3JIEKUTh B1J] TUILY, CTPYKTYpPHU, KOT€PEHTHOCTI, pO3MIpiB, (POPMHU, TYCTUHU Ta XapaKTEPy

PO3MOLTY BUAUICHB. BiMOBIAHE 3MIIIHEHHS OMTUCYEThCS 3ajexHICTIO OpoBaHa:

or = 2182 10 1)
ne M — dakrop Teinopa, G — Momaynb 3cyBy, b — momynb Beropa broprepca, L —
e(deKTUBHA BiJICTaHb MK YaCTUHKAMH BUIUICHb, U — KoedimieHT Ilyaccona, D —miametp
YaCTHHOK.

3 ornsigy Ha HaBeneHi MipkyBanHs, crutaBu Al-Cu 13 BmictoM wmigi menme 10 ar. %
BBAXKAIOThCS MEPCHEKTUBHUMM 3Ba)KAIOUM HA MPUHHSATHE CIIBBIIHOIIEHHS MILHICTh -
macTuuHicTh [25]. [ligBuIIeHHS KOHIIEHTpAIlll MiJl MOXE 3HAYHO IMOKPAIIUTH MIIHICTh
(TBepaicth) craBy Al-Cu B nutoMy ctaHi Ta micis TO 3a paxyHOK i1 TBEpJOPO3UMHHOTO
1 JUCHEpPCIHHOrO MEXaHI3MiB 3MiI[HEHHs. AJie 3a3BMYail Takl CIUJIaBH, OTpHUMaHI
TPaIUIIMHUMH METOAaMH JIMBAPHUIITBA, € KPYITHO3EPHUCTUMH, 1 TOMY 1X IUIACTHYHICTD €
HU3BKOIO [26]. B 3B’s13Ky 13 1IUM BIPOJOBXK OCTAHHIX JBOX ACCATUJITH 3'SIBUTIACS HU3KA
METOJMK 0OpOOKM METaJleBUX MAaTepiajiB Ta CIUJIaBIB 13 MOMJIMBICTIO 3MEHIIIEHHS PO3MIPY
ix 3epHa. OxHiero 13 HUX € goxaTkoBe jeryBanHs Al-Cu craBiB qo0aBKamu MepexigHUX
a00/1 pinko3zemenbHUX MeTaniB (Hanpukian, Cr, Fe, Mn, Zr, Sc, Y Ta iH.) Ta HaCTyIHOIO
TO [27]. Onnak, Ha TPaAKTHII TaKUH IMAXIT MOXKE 3a0€3MCYUTH OOMEKEHE 3MEHIIICHHS

pO3Mipy 3epHa 1, BIJAMOBIIHO, OOMEXeHe 3pocTaHHs MinHocTi (no ~2 I'Tla), a #oro
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CYTTEBUMHM HEOJIIKOM € JEerpajiailisl eJeKTPUUYHUX BJIIACTUBOCTEN uepe3 3MIHY XIMIYHOTO
CKJIaJly Ta Ba)KKICTh OTPUMaHHsI 00’ €KTIB CKJIaIHOI (POPMH.

Bimomo, mo crmiaBu cuctemu Al-Cu erektmunoro ckimany (33 Bar. % Cu) e
«mpupoaaumu» KM 13 XapakTepHOIO TUIACTUHYACTOIO (JIaMENSIPHOIO0) MIKPOCTPYKTYPOIO,
0 cKiagaeTbes i3 Matpuili Al 1 Bkmodenb Al,Cu dasu,[28-30]. IToBigoMisuiocs, mo TaKi
KM AI-Cu eBTeKTHYHOTO CKJIamy, OTPUMAaHi METOJaMH i3 BHUCOKHUMH IIBUIAKOCTSIMH
kpucramizauii 10°-10° K/c), matots npibHO3epHuCTI BKIoYeHHs (Bix 0,08 10 5 MKM) Ta
XapaKTEPU3yIOTHCS BUCOKOIO MIITHICTIO 13 MPUUHATHOIO miacTudHicTiO [31]. Oxpim TOTO,
4yepe3 HU3bKY TeMIleparypy IiaBiieHHs 548,2 °C BOHU € NEPCHEKTUBHUM ISl aIUTUBHUX
TexHoJIoTiH [32]. 3Baxkarouu Ha 11e, 1711 oTpuMaHHs Takux KM cuctemu Al-Cu e 1ikaBumu
METO/IM13 BHUCOKMMH MIBUJKOCTSIMU KpHUCTali3allii, 30KpeMa, BUCOKOIIBUJIKICHI METOIU
OCaJIPKEHHS, a TAKOXK METOJIM MOPOIIKOBOi MeTanyprii [33, 34]. OxpiMm Toro, 110 I1i METOIN
JI03BOJISIIOTH ICTOTHO 3MEHIIIATH PO3MIpP 3€PEeH, BHCOKOCHEPTCTUYHHUIA BIUIMB Ha TTOPOIIOK
B TIpolieci TOMOJy, a TaKoX peakiiiHa audysis B b®D, oTpumMaHuUX OCaIKEHHSIM,
CIPUSIOTh YTBOPEHHIO TEPECUYEHUX TBEPAMX PO3UYMHIB, (QopMyBaHHIO Ta (ikcarii
MeTacTablIbHUX (a3, 110 y CBOIO 4Yepry, NPHUBOJAUTH 10 (POPMYBaHHS KOMIIO3MIIHHOI
CTPYKTYpH CIUIaBY 1 MOX€ CYTT€BO BIUIMHYTH Ha #oro BiacTtuBocTi [35]. 3okpema,
TopuOyn [36] BBOAMUTH BIAMOBIAHY y3arajbHEHY KiIacH(iKaIlifo MaTepiaiB 3a MPUPOIOI0

MeTacTabibHOCTI (Tabmurs 1.2).

Tabmuis 1.2 [Tapamerpu, 110 BU3HAYAOTH MPUPOAY MeTacTabiabHOCTI [36].

[Tpupoma meTacTab1ILHOCTI ITpuknan maTepianis Al V, em” RT,
Komrmo3zuiiitna [lepecuueni TBepi POIUUHH Jlo 10° <1

CrpykTypHa InTepmeraniau, amopdHi MaTepiaau Jlo 10 [ <05

Mopdosnoriuna Jlucrepcoinu, moaympoBani mriska | 10*— 10" | <0.1

Je Ai/V - rycTHa Mik(a3HUX TpaHuUIlb (CHIBBIIHOMIECHHS IO MiK(a3HUX TPAHHUIIb JI0
3aragpbHOTO 00°eMy Matepiany), RT, — BenuuMHa HAUIMIIKOBOI €HEpTii, BBEACHOI y

Marepian, Ty, —TeMmrneparypa IiaBJIeHHsS KOMIIOHEHTIB.
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1. 3. CtpykTypa Ta BIaCTUBOCTI MOPOIIKOBUX KOMMNO3UTIB Al-Cu, oTpuMaHux

MEXaHIYHHUM JIETYBaHHSIM Ta TEPMOMEXaHIYHOI 00pOOKOIO.

AKTyaJbHUM 3aBJIaHHSM CY4YaCHOTO Marepiajo3HaBCTBA SIBIsEThCs cTBOpeHHs MMK,
[0 MAarOTh HU3BKY TYCTHHY, BHCOKY IHTOMY MIIHICTh, NPUHHSATHY TUIACTUYHICTb,
KOPO3iiHy CTIWKICTh 1 HEOOXiJHI TEXHOJOTIYHI XapakTepucTuku [37]. 3Baxarounm Ha
MOXJIMBICTh SIK TBEPJIOPO3UYMHHOTO, TaK 1 JAUCIEPCIMHOrO 3MIIHEHHSIM, IIMPOKE
3actocyBanHs MaioTh MMK Ha ocHoBi marpuiti Al-CU, BUTOTOBIICHI pi3HUMU METO/IaMH,
30KpeMa MEeXaHIYHMM JieryBaHHsIM [37, 38].

Ictopuuno meron MJI HaOyB CTPIMKOTO PO3BUTKY Ta 3aCTOCYBAaHHS, NTOYMHAIOUU 13
pooit JI. benmxamiHa 13 OTpUMaHHS Ta JOCHIJPKEHHS JUCHEPCIHHO-3MIIHEHUX
yacTuHKaMu okcuaiB KM Ha ocHoBi Ni juis razoTypOinHux aBuryHiB [39]. B mepion 13
1985 poky mo 2005 pik Oinblia yacTMHA POOIT CTOCyBajlach MOCTIKEHHS (Da30BUX
nepeToBepHb B mpoueci MJI 1t po3yMiHHS MOKIMBOCTI CHUHTE3Y Ta (ikcamii 3a
KIMHATHOI TeMIepaTypu MeTacTabuIbHUX (a3, a 13 cepeaArHu 90-X poKiB 1 10 HUHIIIHBOTO
yacy OCHOBHOKO TEHJEHIIEI0 € OTpPUMaHHS HAHOCTPYKTYpOBAaHUX MareplaiiB 13
KOMILJIEKCOM  TOKpamieHHuX (i3uko-mexaHiyHux BiactuBocteir [40]. Mexaniune
JIETyBaHHs — 1€ Mpoiiec 0OpoOKH MOPOUIKOBUX CyMIIIEH y MJIMHAX, B PE3YJbTATI SIKOTO
B1I0YBaIOTbCSI CTPYKTYpHI TEPETBOPEHHS, 10 MPUBOIAATH 10 (OpMyBaHHS B 00’€Mi
MOPOIIKY TpaHya kKommo3uiliiiHoro marepiany (KM) (puc. 1.5). OkpiM MOMKJIHMBOCTI
OTPUMAaHHS JIUCIEPCIHHO-3MIIIHEHUX HAaHOCTpYKTypoBaHux KM, BHCOKOEHEpPreTHYHUN
BIUTMB Ha MOpomiok B mporeci MJI cnpusie mpoxompkeHH0 TBepAo(da3zHuX peakiiil 13
YTBOPEHHSIM TEPECUYEHUX TBEPAUX PO3YMHIB, (OPMYBAHHIO METACTAaOUILHUX Ta
cTabipHUX 1HTepMeTaneBux a3z [40, 41]. Bimomo, 1o 301IbIIEHHS pEaKIIHHOT 3aTHOCTI
MO3K€e BIJIOYBAaTHCH 32 PaXyHOK 3MEHIIICHHS PO3MIPY CTPYKTYPHHUX €JI€MEHTIB, 301JIbIIIEHHS
nedeKTiB KpUCTANIUYHOI IpaTku Ta Moaudikaiii noBepxHi. Tak, Oyio nmokazano, mo MJI
nopoiiky Al cripusie Horo noapioHeHHIO, MOAM(IKaIlil TOBEPXHI Ta pyHHYBaHHIO TOBCTOT
TUTIBKM OKCHUY, 30UIBIIEHHIO MIUIBHOCTI MEe(EKTIB KPHUCTAIIYHOI TIPaTKM 3a PaxyHOK
nedopmMaliii 3cyBy y MICISIX KOHTAKTy HOPOIIKY 13 PO3MEIOBAILHUMHU TiJ1aMU, 1110 CIIPHUSE

30UTBIIEHHIO PEaKIIHHOI 3MaTHOCTI (XIMIYHOI aKTUBHOCTI), Iu(]y3ii Ta MOXKIMBOCTI
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MOJAJIBIIIOrO CITIKAHHS MOPOIIKY y TBepaid ¢dazi. BenuuumHy HaIIUIIKOBOI MEXaHIYHOI
eHeprii, BBeJeHOi y Mmarepianm B mporeci MJI, MokHa oxapakTepu3yBaTu
CHEPTrOHANPYXKEHICTIO MJMHA. Tak, 3a OIiHKaMH, HaBeAeHWMH B poboTax byrsarina Ta
Crpinernpkoro [42], cepenns no3a MexaHigHoi eHeprii (D), BBeJICHOT y TOPOIIOK B MPOIIECi

moMoJTy, MoXe BapitoBaTuch Big 4 mo 700 kJ[k/T 3anexHO Bim pexkumiB mporecy MJI,

XapaKTEPUCTHK MIIMHIB Ta MaTepialliB.

Puc. 1.5 CEM 300paxenHs mnopoiikoBoro kommno3uty Al — 25 ar. % Cu micas MJI

BIIPOJIOBX 5,5 (a), 15 (0), 45 (B) 1 90 romauw (r) [40].

VY poGortax [43-46] BiaMivaeTbcsa NOpo (POpMyBaHHSA MEPECUYEHOTO TBEPIOrO
po3unny Al(Cu) micis MJI mopomikiB Al — Cu OIU3BKOr0 70 €BTEKTUYHOTO CKIAAy i3
PO3YMHEHHSAM Mifi B amomiHil 10 2,7 % art., mo 3HauHo Buie po3unHHocTi migi (0,1 %
ar), BIAMOBIAHO 10 PIBHOBKHOI JiarpaMu CTaHy NMpH KiMHATHIN Temreparypi. [Ipu mpomy
napameTp rpatku Al Mmoxke 3mentryBaTuch Big 0,4049 o 0,4036 um (puc. 1.6a). B Toii xe
yac, micias MJI mopomkis Al-Cu i3 OiLIbIIMM BMICTOM Mii BiAMIYajaoCh, IO MapameTp
rpatku Cu moxe 3poctatu Big 0,361 g0 0,366 HM 1 popMyBaTHCh IEPECUUCHHUI TBEPIAUI
po3zuud Cu(Al) i3 BMicToM amtomiHito 10 ~12 % at. (puc. 1.60) [47-49]. ¥V pobGorax [43-
49] BigMivaeThcs po (GOpMYBaHHS BHOPSAIKOBAHOI (Y1) a0o HeBnopsankoBaHoi (Yo) OLIK-
Al4Cug dasu micis nomoiry mopomikiB Al-CU y mHUpoKoMy KOHIIEHTpAIIHHOMY Jiarma3oHi
(puc. 1.68). JIi, Katomani Ta in. [43, 48] moka3anu, 1mo meTacTabiibHa HEBMOPSIKOBAHOT
OLK-daza hpopmyeThes B pesynbTaTi MJI Bipogosxk 800 roiuH MOPOIIKOBUX cyMitien Al
- Cu 13 BmicTom Miai Big 10 go 67 ar. % 1 mae ctpyktypHuit Tun A2, a crabinbaa OL[T-
Al,Cu da3a He Oyna BusiBjeHa 30BciM. B Toii ke yac, Maknoyd ta bauara Texx BiaMidamu

npo nosBy noAiouoi OLIK-da3u 13 mapamerpom rpatku 0,2897 um nicas MJI Bopogosx 4
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TOJIMH, aje i3 npubim3Hoio crexiomerpiero 50 Ha 50 aT.% Ta OL[T-Al,Cu da3u micins MJI
BIPOJOBXK 6 roamH mopomkiB ckiaaxy Al — 20 ar. % Cu [45]. PentreniBchbki
mudpakrorpamu mopomkiB Al — 25 ar. % Cu micns MJI Boponosxk 5,5, 15, 45 1 90 roaun
npezacrasicHi Ha puc. 1.8 [40]. OueBuano, mo niku Big OLK-Al,Cug da3u npucyTHi Bxke
micis 5,5 rogud oMoy, a mku Big OLT 0-Al,Cu das3u 3’sBustorbes e miciass MJT
BIpoioBk 90 romuu (puc. 1.7). Ilpu mpomy, mpuCyTHICTh HaacTpykTypHOTo miky (300)

cBiguuTh 1po npucytHicth OLIK-Al4Cug da3u y BUTIIsIII Y1 BIOPSAIKOBAHOT (as3u.
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Puc. 1.6 ITapamerp rpatku Al (a) i Cu (0) Bim wacy MJI mopomkiB Al-Cu pizHoro
ximiuHoro ckiany. Oonacts icHyBanHs (a3: OLIK - e, OIIK + Al(Cu) — o, OLIK + Al,Cu
— v, Cu(Al) — o ta OLIK + AI(Cu) + Cu(Al) — @ Big yacy MJI ta XiMi4HOTO CKIIaay
nopoikiB Al-Cu () [43]
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Puc. 1.7 PentreniBcrka mudpakrtorpama nopomkiB Al - 25 ar. % Cu micias MJI (a) 1
TeopeTHyHa iHTeHCUBHICTH a3 Al (JCPDS-PDF 04-0787), Cu (JCPDS-PDF 04-0836), 0-
Al,Cu (JCPDS-PDF 25-0012) 1 y1-Al4Cug (JCPDS-PDF 24- 00023) (b) [40]

Harpis MJI nopomukiB ckiany Al - 25 % ar. Cu go temneparypu 500 °C npuBouTh
710 3HUKHEHHS MiKiB Bix MeTacTabimpHOi Al,CUg dasu [40]. ABTopu pobotn [50] Takox
MOBIJOMJISIFOTh TIPO MOKJIUBICTH nepexoay Bia MmetactabuibHoi OLIK mo crabdinenoi OLT-
Al,Cu miciis MJI mopomikiB i ix HarpiBy mo 400 °C. B Toli ke 4ac, JaHi CTOCOBHO
¢dazoBoro ckiany MJI mopomkiB Al - 67 % ar. Cu micna Harpisy npu 500 °C €
cynepewinBuMu. Tak, aBTopu podotu [47] noBinomisitots npo popmyBanus OLIK y-dazu
mp. p. 1-43m micns MJI Bmpomosx 100 roguH, a HarpiB mpu Temrepatypi 500 °C
BNpoaoBK 70 roauH npuBoAuThH 10 ii BnopsakyBanus y OLIK y-dasy mp. rp. P-43m.
Harpis MJI nopomikiB Al — 65 at. % Cu npu temneparypi 650 °C BOpoIoBx 2 roauH
Takox crpuse popmyBanHio BriopsakoBanoi OLIK Al,Cug-dasu, ane Ha mpoMixHi# cTafil
npu Temrepatypi 190 °C Takox crnocrepiraetbesi popmyBanHs metactaOuibHoi OLT
Al,Cu-dasu [49]. Taki pi3HOpiaHI JaHI PO MOCIITOBHICTh (pa30BUX MEPETBOPEHD IMICISA
BignoBigaux TO MJI nopomkiB eBrekTruHoro ckiamxy Al — 33 Bar. % Cu i ckian,
Onmu3pKoro 10 piBHOBaXkHOI oOacti icHyBanHs OLIK-Al4Cug dasu (Al — 80 Bar. % Cu),
MOXYTh OyTH MOBSI3aH1 13 BIUIMBOM JI€(PEKTHOI CTPYKTYpH (BHCOKOIO KOHIIEHTPAIIEIO
aMciaokamii) Ha  MoxiauBicTh  crabimizamii  OIIK-dasu  AlCuy y  mmpoxomy

KOHIIEHTpaIlifHOMY Jiama3oHi [51]. 3Baxkarouu Ha 1€, BAXJIMBUM € JOCIIKEHHS (pa3oBHUX
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HIEPETBOPCHD 1 3aKOHOMIPHOCTEH 1X MPOTIKAHHS y TIOPOIIKOBUX KOMIO3uTax cuctemu Al-
Cu ckiamy, OIM3bKOI0 0 €BTEKTUYHOIO, @ TAKOXK PIBHOBaXKHOT o0acti icuyBaHHs Al,Cug
dazu B pe3ynpTaTi MJI Ta HacTymHUX TepMOMEXaHIYHIX 0OPOOOK.

VY psai pobit [52-54] nokaszaHo, 110 BiAMOBIAHA MOAU(IKAIIS CTPYKTYPHO-(Ha30BOT0O
crany mopommkoBux komro3uTiB Al-Cu B pesymbrati MJI Moke CyTTEBO BIUIMBATH Ha
MEXaH14H1 BIACTUBOCTI KOMITO3UTIB MICHs CIiKaHHSA. 30Kpema y poOoTi [52] BigMmidaeThes,
mo MJI nopomikiB ckiaamxy Al — 22 at. % Cu mae MOXKIHMBICTh 3HH3UTH TEMIICpaTypH
crnikadgasg 1 tuck g0 400-525 °C 1 30 MIla, BigmoBigHo. B Toit ke wac jisi cUHTE3Y
KOMITO3UTIB 3 MOpHUCTiCTIO 10 ~8% 13 mopomkoBux cymimieir Al-Cu pi3Horo ckianmy
METOJIOM aToMmizallii HeoOX1/1H1 OyJIM 3HAYHO BUIIl TEMIIEpATypH 1 TUCKHU crikaHHs (450 -
1000 °C ta 350 - 400 MIla) [56, 57]. B 3Bs3Kky i3 THM, [0 BEIMYNHU HABAHTA)KCHHS B
Mpolleci BUMIPIOBAHHA MEXaHIYHUX BJIACTHUBOCTEH CYTTEBO BIJIPI3HIIOTHCA, HAIpPIMY
3HAYEHHS MIKpPOTBepAoCTi moporikoBux kommo3utie Al-Cu, HaBeneHi B poborax [52-57],
MOPIBHIOBAaTH HE KOpeKTHO. OJIHAK, 3arajbHy TEHJCHIIIO BIUIMBY PO3MIPY CTPYKTYPHHX
€JIEMEHTIB, a TaKOoX XIMIYHOro Ta (a3oBOro CkJagy Ha MEXaHIYHI BIIACTUBOCTI
nopomrkoBux kommo3utiB Al-CU pi3HEX KOMITO3UINH Moka3aHo Ha puc. 1.8. OueBumHO,
o Haiouemy mikporsepaicts 10 200HV (Hy = 1.961 I'Tla, Hy = 2.158 I'Tla) manu
komno3utu Al-22 at. % Cu i3 po3MipoM CTpyKTypHHX eneMeHTiB ~ 200 uMm, otpumani MJI
eJeMEeHTapHUX NOpoIIKiB BIpooBxk 20-40 roaun 1 crikanHsaM mipu 500 °C 1 30 MlIla (puc.
1.8a) [52]. I3 puc. 1.80 BumHO, 1m0 MakcuMmanbHy TBepAicTh mo 151, 3HV (Hy = 1.484
I'TIa, Hy = 1.63 I'Tla) manu komnosutu Al- 50 06. % Cu. 3Baxarouu Ha Te, IO MEPIIOI0
¢dazor cucremu Al-Cu 3a piBHeM TBepAocTi 1 BennunHO Moayis FOnra € daza AlCu
(abo daza 13 crexiomerpiero, Ommu3pkor a0 Al;Cu,), apyroro - Al,Cuy, a TpeThoro,
HalimeHin MminHolo, - AlLCu daza [58], To Takuit piBerbp TBepaocti Al - 50 00. % Cu
KOMIIO3UTIB MOKe OyTH 0O0yMoBieHHI HaiOimbiuM BMicTtoM AlyCuy (o 22,6 06. %) Ta
ALCu (10 16,3 00. %) da3 y aux. Chig BIAMITUTH, 1110 Y poboTax [52, 53] 3 mOpOImIKOBUX
komno3uTiB Al-Cu ckiamy, O1m3bpKOro 10 eBeTekTnuHoro, meracradimbHa OL[K-Al,Cug
¢daza 3HMKana MICisl CHIKaHHsS, TOMY ii BIUIMB Ha MEXaHIYHI BJIACTUBOCTI 3aJIMIIMBCS
HEBMBYEHHM. B Toil xe wac y Bumagxky nopomkoBux kommno3uTiB Al-Cu 13 BmicTOM

amoMinito 15 Bar. % [55] Oyno nokakasuo, mo OIIK-Al,Cug ¢a3a 36epiraerses mics
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crikanHs pu 500 °C 1 500 MIla, a piBens ix mikpoTBepaocTi (H,) mocsrae 3uaueHp 6,2 -

7,88 I'la (E = 177,4 I'Ta).
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nopoinkoBux kommo3uTiB Al — 22 ar. % Cu [52] (a), a Takoxx XimiuHOro (¢pazoBoro)

CKJIay MOPOIIKOBUX KOMITO3UTIB [53] (0)

3 MpaKTHYHOI TOYKH 30pYy MOpOmIKOBI KOMmo3uTH Al-Cu i3 OiIbIIUM BMICTOM
AIOMIHIIO XapaKTePHU3yIOThCS MEHIIOK TycTHHOo (~2,68 — 3,3 r/ecm®), HHU3BKOIO
temnepatyporo tiaBineHHs (T, = 548,2 °C), XopomuM CITiBBiIHOIICHHSIM BHCOKa
MIKpOTBepAICTh (MOAyb FOHTA) Ta MPUIHATHOIO MJIACTUYHICTIO 1 € IEPCIEKTUBHUMHU JIJISI
BUKOPUCTAHHS B aBlalliiiHiA, aBTOMOOUIbHIN MPOMUCIOBOCTSAX Ta A aJAUTUBHUX
texnouoriii [32, 59, 60]. ¥V cBoro uepry, mnopoiukoBi kommo3utd Al - Cu i3 OubIIEM
BMICTOM Mizi MafoTh Gimbmiy ryctuny (~6,6 r/cM®), ate 3aBIsSKH BHCOKIiil MIKpOTBEPAOCT
TaKOK MOXYTh 3aCTOCOBYBAaTHCh B MAIIMHOOYTyBaHHI (B SIKOCTI MACIISIHUX I1IIIUITHUKIB,
KJIallaHiB, BTYJIOK, HAMNPSIMHUX TUIACTUHU Ta TalbMIBHUX KOJIOJIOK), a TaKOX JUIs

BUTOTOBJICHHSI CEHCOPIB, aKTyaTOPIB Ta MaTepiajiB JJIsl TEPMiUuHOTO CUHTE3Y [55-57, 61].
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1. 4. BB JoMIIIOK BYTJIENEBUX MarepiajgiB Ha CTPYKTypHO-(ha30BUH CTaH 1

BJIACTHBOCTI HopomkoBux kommo3utiB Al-Cu/C

Oxpim psifly BUIlI€3a3HAYCHUX 1HTEPMETAIIEBHUX CIONYK Ta okcuaiB, MMK cucremu
Al-Cu moxyTth OyTHM apMOBaHI TYroIUIaBKUMHU J00aBKaMH BYTJICIICBUX MaTepiaiiB
(rpadit, HaHoTpyOKH, dyneperu), kapoiaiB (Al4Cs, SIC, TiC, B4C), mitpunis (TiN, AIN,
BN) ta 6opunis (TiB, TiB;) [62]. 3aBasgku MOKpameHOMY CITiBBITHOIICHHIO MIITHOCTI Ta
Baru, Taki MMK BBaxarOThCsl TEPCIEKTUBHUMHM [JIsl 3aMIHM 3BUYAMHHUX aATIOMIHIEBHX
CIUIaBIB y 0aratbox ramy3sx 3acTocyBaHHs [63]. B 3aiexxHOCTI BiJl reoMeTpii apMyrOUnx
n00aBOK (TOpoIIKM abo TpaHynH, BOJIOKHA, TuactuHn) MMK knacu@ikyroTecs Ha:
JTUCIIEPCHO-3MIITHEH], apMOBaHl  Oe3MepepBHUMH 1 JIUCKPETHUMH  BOJIOKHAMH,
IJIACTUHYACTI a00 IMIapyBaTl. 3a CTPYKTYpPOIO 1 pO3TallyBaHHSAM KOMIIOHEHTIB iX MO’KHa
KJacu(ikyBaTH Ha Tpynu 13 MATPUYHOIO, IIapyBaTO0, KapKacHOK 1 KOMOIHOBaHOIO
CTpyKTypoto. BianosinHo 1o cxemu apmyBanHs MMK MoxkHa po3aiauTH Ha AB1 TPYIH -
130TPOIHI 1 aHI30TPOIHI. 332 PO3MIPOM apMYyIOUUX TO00ABOK iX TakK0X PO3PI3HAIOTH Ha
Makpo - (> 100 M) Ta Hanokommno3uTu (< 100 HM). 3a MeTOIaMu OTPUMAHHS TakKi
KOMIIO3UTH MOXHa Kilacu(IiKyBaTH Ha: OTpUMaHi piakodazHuM 1 TBepAoPazHUMU
METOJIlaMH, a TaKOXX MeToAamMu (I3UYHOTO OCAJKEHHSI - HAMWICHHSM, KOMOIHOBaHUMU
MeToaamu. Apmyrodi 100aBKM MOXKYTh OyTu BBeneHi B Al-Cu MaTpuilto 3a J0MOMOTOIO
pI3HMX  MeTOHIB:  piako(da3zHux  (IPOCOYEHHS  PIAKMM  METajiOM, CHpsIMOBaHa
Kpuctamizaiisi) abo TtBepaodasHux (mpokaTKa, eKCTpy3is, KyBaHHS, IIITaMITyBaHHS,
nudys3iiiHe 3BaplOBaHHs, BOJIOYIHHS, a TAKOK METOJaMHU MOpoIIKoBoi metanyprii (MJI a6o
MepeMIlTyBaHHsl €JIEMEHTAPHUX MOPOUIKIB 13 1X HACTYNHHUM CIIKaHHSAM Yy TBEpAld abo
pinkiit ¢aszax). Uepes HEpO3UMHHICTD BYTJICIIO YV piakoMy Al, OCHOBHUMHU TPYAHOIIAMH Y
BurotoBiieHl Takux MMK e: kyt 3mouyBanHs Biag 120 mo 160° npu 700 °C Ha mexi
po3ainy Al/ Byrienesuit matepiai, arjaoMepariisi 100aBOK y piakii MerajieBiit matpuiii Al;
npoxomkenHs peakiii 4Al + 3C — Al,C; ta dopmyBanus Buniiens kapoiny AlyCs mpu
temmeparypi Big 660 mo 1500 °C [64]. B poGoti [65] BigmidaeTbes, 10 HA TPaHMILI

T iT 3MEHIIIEHHSA KyTa 3MOYYBAHHS ]I MOYJIMBO JIOCATTU IICJIA BUTPUMKHU
Al/rpadit 3MeHIe KyTa 3MO4YyBa 0 62° MOXKJIMBO I0C 1c ku 209



38

xBuwinH nipu temmeparypi 1100 °C 1 cynmpoBomkyeTbest GhopMyBaHHSIM Iapy KapOiay
Al4Cs. B Toii e vac BiioMo, 110 MosiBa BKIOYeHb Kapoiny Al,Cs cipuynHsie BUHUKHEHIO
TPIIIIMH 1 MTOBHOMY OKPHUXYEHHIO. TOMY OCHOBHOIO TIEPEBAror0 TBEpAO(a3HUX METO/IIB
MOPOIITKOBOI MeTanyprii € MOKJIHUBICTh oTpuMaHHs AMK cknagaux ¢hopm 13 130TPOITHUMHU
BJIACTHBOCTSIMHU 32 PaxyHOK OJIHOPOJAIHOTO PO3IMOALTY apMylouux M00aBOK y MeTaleBiid
Matpuiii [66].

Buroronennss MMK Ha ocHoBl cuctemu Al-Cu 13 jgo0aBKkamMH BYIJICIICBUX
MaTepianiB 10 9 Bar. % MeToJaMH MOPOIIKOBOI METaIyprii € MEepPCIeKTUBHUM uepe3 ix
maiy Bary [67-71]. 3okpema, Taki MoHO- Ta Ti0puaHi MMK i3 rpadiToBOIO 100aBKOIO J10
5 Bar. % BUKOPUCTOBYIOTHCS /I BATOTOBJICHHS MOPILHIB ABUTYHIB, FaJIbMIBHUX KOJOJIOK,
TypOIHHUX JIONATOK, KapJaHHUX BaiiB, Towo [72]. IIpo mepeBaru MMK 13 nobGaBkamu
ByraeneBux warepiamie Haxg Al, Cu ta Al-Cu kommo3utaMu 1 MOMKIHUBICTH iX
3aCTOCYBaHHA JUIsl aJAUTUBHUX TEXHOJIOTIM Ta €IEKTPOHIKU BIIMIYAETHCSA B poboTax [66,
73, 74]. [lokazano, mo BBeAeHHS n100aBKu rpadity B Al-Cu MaTpuito i3 BMICTOM Mifi BiJl
10 Bar.% MJI i3 HacTymHuUM TBep/0ha3HUM CIIKaHHSM MNPUBOJUIIO A0 30UIBIICHHS ii
tBepaocti Ta moayns FOura na 40 % [75-78]. HoxatkoBoro mepeBaroto takux Al-Cu/C
MOPOIIKOBUX KOMIIO3UTIB € 130TPOIHICTh, JCHIEBU3HA 1 JIETKICTh y BHUTOTOBJICHHI
MOPIBHSAHO 13 AHAJOTIYHUMH KOMITO3UTAMH, apPMOBAaHUMH, HAMPUKIAN, BYTJICIICBUMHU
HaHOTpyOKamu [68, 79-81]. Caix BigmiTuTH, 10 y Jiteparypi [79-81] y Oimbrmocti
BUITAJIKIB Yepe3 PO3OKHICTh Y BUKOPUCTAHUX HABAHTAXKEHHSIX B MPOLIECI BUMIPIOBAHHS
MexaHlyHuX  BiactuBocte  Al-Cu/C  NOpOMIKOBMX ~ KOMIIO3UTIB,  BEIMYHMHH
MIKPOTBEPAOCTI, OACp)KaHI OJHUM METOJOM I1HJCHTYBAaHHS, CITIBCTABJIATH HANpPsAMYy —
HEKOPEKTHO. AJie 1100 MPOCIiIKyBaTH 3arajibHy TEHCHIIIO BIUIMBY pi3HOTO ckiany Al-
Cu matpwuiii, KITbKOCTI 1 TUIY 100aBOK BYTJICLIEBUX MaTepialliB HA MEXaHI4HI BIaCTUBOCTI
MOHO- Ta riopunaux MMK, pe3ynbTaTu pi3HUX aBTOPIB 3BENEHI JO MIKPOTBEPIOCTI MO

Meiiepy (Hy) ta moayimio FOnra (E) 1 npencrasneni B Taduiti 1.3.
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Ta6muus 1.3 Mexaniuni Biiractusocti MMK Ha ocHoBi cuctemu Al-Cu.

3pa3zku AMK MexaHi14H1 B1aCTHUBOCTI [Tocunanns
Al-BHT-SiC Hv = 3.3 I'lla, Hy=3.64 I'lla, E=180- [68]
201I'TIa, o = 225 MIla
Al-5Cu/ 2-4 06.% BHT o =214-261MlIla, E=80-93I'TIa [63]

Al6061-4 Bar.% Cu /4 00. % BHT | Hv = 2.4I'Tla, Hy=2.64I'Tla ¢ = 230- [76]

240 MIla
Al-1 006. % SiC-1 06. % BHT E =213-215TTla, 6 = 291-250 MIla [89]
AI7075 - 8 Bar. % rpadity c =114-147 MIla, Hg250 =85-87, Hv =| [65, 66]

3.37I'Tla, Hy =3.71 I'Tla

3minaeHHss Al-Cu/C mopomkoBHX KOMIO3UTIB, oTpuManux MJI i cHikaHHsM,
MOB'A3aHE 13 JI€EI0 KOMIUIEKCY MEXaHI3MIB 3MIITHEHHS: 3€PHOTPAHUYHOIO - 32 PaxXyHOK
Kpaloro JIUCIEepPryBaHHS YaCTHHOK B Tmpolieci mnomony y mnopiBasHai i3 Al-Cu
KOMITO3UTAMH, TUCIIEPCIHHOTO - 32 paXyHOK (POpMyBaHHS BHCOKOJMCIIEPCHUX BKIIOUYCHD
y wmatpuii  Al-Cu (iHTepMeramiaiB, OKCHJIB, PIBHOMIPHO PO3MOAUICHHX 100aBOK
BYIJICIIEBUX MaTtepiaiiB abo kapoiny) [41]

Y nmiTeparypi mpeACTaBlIeHO JAeKUIbka poOiT [82-84], ne nHa mnpukmami MJI
nopoikoBux kommo3utiB Al-Cu cucremaTruHo po3risiHyTo BILiMB g00aBok TIC ta SiC
Ha 3MiHy napametpy rpatku Al. Tak, miciast MJI mopomkis Al — 3 Bar. % Cu i3 no6akoro
15 06 % TiC TBepmoda3Ha peakilisi He CIOCTEPIraeThCs, a 3aICKHICTh 3MIHU TapaMeTpy
rpatku Al i3 wacom MJI (puc. 1.9) cyrreBo BinpizHseThes Bin Bunanky MJI mopomkis Al
— 3 Bar. % Cu [82, 83]. ¥ pobori [84] Takok BigMI4a€ThCs aHAIOTTYHUH BIUIMB J00aBKU

SiC na moau@ikariro MiKpOCTPYKTYpH 1 MexaHiuHi BiacTuBocTi kommo3utie Al-Cu-SiC.
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Puc. 1.9 3anexnicts mapamerpy rpatku Al Bix wacy MJI mopomkiB Al — 3 Bar. % Cu (a)

ta Al — 3 Bar. % Cu i3 go6axoro 15 06 % TiC [82]

Bimomo, mo BucokoeHepreTmuHUi BMB B mporieci MJI mopomkie Al i rpadiry
crpusie 30UIBIICHHIO KIJTBKOCTI JA€(EKTIB, CTYNEHIO pO3YMOPSAAKYBaHHS Ta 3MiHI
CTpykTypu rpaditoBux n006aBok (amopdizaiis, qudy3is aTOMIB BYIJICIIO Y aJTIOMiHIEBY
MaTpHII0, PO3IIapyBaHHSA TpadiTy 1 PO3MOALT HABKOJO METaJIeBHX 4YacTHHOK) [85].
3okpema B pobotax [86, 87] Ha mpuxiaai MJI nmopomkoBux cywimeit cucrem Cu-C Ta
Mg-C Takox IeTanbHO AOCTIIKEHO 3MiHY KPHCTAIIYHOI CTPYKTYpY TpadiToBoi 100aBKH 1
BCTAHOBJIEHO, 1110: B mporeci MJI rpadiT nepemkomkae OKHUCICHHIO Ta arjomeparii
YaCTHUHOK, a TTOMOJI BIIPOJOBXK | TOAWHHM NMPHBOAWUTH JO 3MIHM KPUCTATIYHOI CTPYKTYpH
rpadiToBUX 100aBOK HA aMOP(PHY, OCKUIbKH XapaKTEPHUM MIK B1Jl KPUCTAIIYHOTO Tpadity
pu 20 = 31° (dgoz = 0.3347 umM) — 3HMKaE.

Oxkpim TOrO, 13 30UIBIIEHHAM TpuBanocti nomouy (D = 35 xJIx/r) [88] abo micis
Binnany MJI Al-C nmopomkiB mipu Temneparypi Big 300 go 600 °C moxe BinOyBaTHCh
bopmyBanusam kapoiny Al4Cs [68, 81, 85]. B podoTi [89] Oyio mokaszaHo, 1110 BBEJICHUN B
nporieci momomy rpadit y matpuiro Al mpuBoauts hopmyBanHs 3-5 00. % Al,Cs kapOixy
y BUIJISII BUCOKOJMCIIEPCHUX BKIIIOUEHb NMOBXKUHOKO 80 HM 1 mmpHOr 20 HM micis
cinikauds npu Temnepatypi 500°C 1 tuckoBi 350 Mlla, mo y cBow uyepry crpuse
36inpmenHro MiHocTi Al-AlyCs xommosuTtie 1o 215 Hv (Hv = 2.1 I'Tla, Hy=2.32 I'Tla).
Cu1ijx BiAMITHTH, 1110 BILUTUB 00’ €MHOT YacTKH 1 po3mipiB BkiodeHb Al4Cz y marpuii Al-Cu

Ha MEXaHI4YH1 BJIACTUBOCTI MOPOIIKOBUX KOMITO3UTIB OYJI0 JOCIIIXKEHO JIUIIE Ha TPUKJIIAII
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KOMITO3UTIB Ha ocHOBI cmaBy Al7075 i3 moGaBkoro rpadity 0-1,5 Bar. %, oTpumanHux
criikaHHsIM abo ekctpysieto [90, 91]. Tomy, HEBUCBITIEHUM Yy JIiTEpaTypl 3aJUIINAIOCH
MUTaHHSA BIDTUBY pexuMiB MJI Ta Bignmamy Ha 3MiHY CTPYKTypu TpadiToBHX T00aBOK
(3okpema dopmyBaHHs kapOiny AlsCs, oro o0’e€MHOI 4acTKu 1 PO3MIpPiB BKJIIOUEHb) Y

BUITAJIKy TTOPOITKOBUX KOMITO3UTIB 13 Al-Cu JOEBTEKTUYHOTO Ta €BTEKTUYHOTO CKJIAIY.

1.5. CtpykTypa Ta BJIaCTUBOCTI OaratomiapoBUX KOMIIO3UTIB Yy BUIJISIAL (POJBT

Al/Cu, otpumaHux (Qi3UIHAM OCAKEHHIM

3aBIsSKH  37aTHOCTI KOMIIOHEHTIB JI0 peakiiiHoi audy3ii Ta yTBOPEHHIO
IHTEpMETAJIEBUX CHOJNYK MeTayneBl bd 3acTOCOBYIOTH B SIKOCTI MaTepialliB 13 BHUCOKOIO
pPEakIiifHO0 3MIaTHICTIO - IS TBEpAO(A3HOTO 3BaprOBaHHS, a TaKOX CTBOPEHHS
MmikpoaktyartopiB [92 - 94]. Jlns omrtumizamii crpykrypu Ta pexumiB TO, taki b
MOTPEOYIOTh JIETAIbHUX JOCIIKEHb MOCIII0BHOCTI (Da30BUX MEepeTBOpPeHb. Bimomo, 110
st nudysiitaux map 1 b® Al/Cu, oTpuMaHuX pi3HUMH METOJAMH, MICHS BiANAILY MpH
temrnepatypl Big 110 mo 163 °C nmounmHaroTbes peakiiiiHi mpouecH 13 1 (ha30yTBOPEHHSM,
npu4oMy Tmepiio Gopmyerbes (¢aza Oulbil 30araveHa Ha amroMidid - 0-AlLCu, a 13
30UTBIIIEHHSIM ~ TemmiepaTypu a0o uyacy Bignamxy BigOyBaeTbest QopmyBaHHsA (a3,
30arauenux wmimmo, - N-AlCu, {-AlCus, &-AlLCus, v-AlyCuy, ap-AlCus (puc. 1.10,
tabmuist 1.4) [95-99].

Ha Bimminy 3paskiB b® Al/Cu ToBuuHo 0,1 - 40 MM, OTpUMaHUX BaJIbIIFOBAHHSIM
a0o 3BaproBanusM TepTsam  [100, 101], Meroau BHCOKOMIBHUAKICHOTO (Di3HUHOTO
OCQKCHHS Y BaKyyMi JIO3BOJISIIOTh 3MEHIIIMTH TOBITMHU IIAPiB BiJl COTEHB J0 JICCITKIB HM
[95-98, 102]. Po3mip CTpyKTYpHHX, BHCOKa TyCTHMHAa MDK(pa3HHUX T'PaHHIb, a TaKOXK
HasBHICTH Je(PeKTiB — BakaHCii y Takux b®d MOXyTh CyTT€BO BIUIMBATH Ha AUQPY3iHHY
KIHETHKY 1, BIAMOBIIHO, nponecu (azoBux neperBopenb [103, 104]. Tak, y poboti [95]
cnoctepirainoch (opmyBaHHs meTtacTabuibHOi (a3u Al,Cug micns Bignamis b® Al/Cu y
KOHIICHTpaIiiHomy niama3oni Big 29 go 77 ar. % Cu, oTpumMaHuX pi3HUMH METOJIAMH
(b13u4HOrO Ooca/KeHHs y BakyyMi. OkpiM Toro, mpu Bianani HaHowmapyBatux b® Al-33%

Bar. CuU takox croctepiranu ¢popmyBanHs meractadinbHOi AlCu dasu [93, 95].
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Tabnuys 1.4 Peaxuii B micas BignamiB b® Al/Cu mepiony (A474¢y) 120 HM pi3HOTrO

XiMigHOTO cKjIany, orpuManux MO Ha SiO; miakiIaguHKy TpH T gy [96]

Peakriis T, °C | Ximiunawmii ckiran 3paskiB b® Al/Cu, at. % Cu
29 44 1 50 | 55 | 60 | 64 | 69 | 77
2A1 + Cu — Al,Cu 120 X XX | X | X | X|X]|X
2Al,Cu + 7Cu — Al4Cug 150 X X[ X | X | X | X|X]|X
Al,Cugy + 14Al — 9A1,Cu 170 X
Al,Cu + Cu — 2AI1Cu 180 X
5Al,Cu + Al,Cug — 14AlICu 190 X | X ]| X ]| X
4AlICu + 5Cu — Al,Cug 200 X
6AICu + Al,Cug — 5AI,Cus 230 X
11AICu + Al,Cug — 5A15Cu, 300 X
XAl,Cug + (4-13x)Cu — 4Cu,Al, | 325 X
ca _ rpnm:;ﬂ 3 Z cu | arfe e .
i e 'C j [* 23 ey
Al(Cu)

.o T T

Al A Cu Co

r N
(]
(-

Cu I Angysis CuA) Cull,

Al

(2] [

Cu - TPeEERE- ALCH,
— ALCu,

— .

Cuf Cugdl,

ALCu AlCu
rpasHng

Puc. 1.10 Cxema ¢a3oyTBOpeHHS Ha Tpanulli y 6iMeraneBux ¢oabrax Al/Cu i3 TOBIIMHOO
mrapiB Al -270 um ta Cu — 500 uMm micns Bignany Brupoaorxk 5, 10, 30 ta 120 XBUIMH MIPH
temnepatypi 300 °C (a) [100], a Takox OimetaneBux ¢oabrax Al/CuU i3 TOBIIMHOO IIapiB
Al - 0,84 MM Ta Cu — 0,36 MM nipu Temrieparypi 200 °C Brpoaosxk 60, 600, 1800 Ta 9360
xBuinH (0) [101].
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Bimomo, 1o po3mip crpykrypaux enementiB b® Al/Cu [105 - 106] Ta 3miHa
¢da3zoBoro ckjaaay 3a paxyHokK (opMyBaHHS MeTacTaOLIbHHMX Ta cTabimpHuX Al-Cu da3
micns Biamanmis [98, 107] Moke CyTTE€BO BIUIMBATH Ha iX MEXaHiuHI BIACTHBOCTI. Tak, B
po6ori [105] nanotBepaicts b® Al/Cu, oTpuMaHUX METOAOM MarHETPOHHOI'O OCAKCHHS,
3poctana Bim ~2 mo 6 I'lla i3 3menmendsM ToBmmHH mapy Bix 200 mo 50 HM, 110
MOB’SI3aHO 13 3€PHOTPAHUYHUM 3MILIHEHHSAM (3ajexHicTh Xoiuta-Ilerua). Ilomanbine
3MeHIIeHHs ToBIIMHY 11apy b® Al/Cu 1o 1 HM npUBOAMIIO 10 3pOCTaHHS HAHOTBEPIOCTI
no 7,7 T'Tla 3a paxyHOK AuCIIEpCIHHOTO 3MiITHEHHS (3aymexHicTh OpoBaHa) BUITICHHIMUA
iHTepMeTtaneBux (da3. Bix’emua terora dopmyBaHHs 1HTepMeTalieBuX (a3 B cuctemi Al-
CU MoXe chpuATH 3MINIYBAaHHIO MDK aTOMaMH CYCIHIX MIapiB Ha Mexi po3aury. Sk
BuAHO 13 puc. 1. 11a, y b® Cu /Al 3 nepiogom 5 HM 00'eMHa yacTKa TaKOro Iiapy
HEBEJIMKa, ajie 13 3MEHIIEHHAM TOBIIMHM 10 1 HM 111 0061acTh 30uUIblTyeThes. OKpiM TOTO,
yepe3 cnopigHeHicTh MK 'K rpatkamu Cu ta Al Ha rpaHunsx mapiB KOHIIEHTpALis
nedekiB makyBaHHS 30UTBIIYETHCS Ta YTBOPIOIOTHCA NBiMHUKK (puc. 1.110), siki, y CBOIO
4epry, MOXKYTh CIYTyBaTH PYIIIMHOIO CHJIOK peakiiiHux mporeciB [106]. Bigmanu bd
Al/Cu pizHoro ckiaay NpuBOIATH A0 aKTHBi3allii peakmiiHoi audy3ii Ha rpaHuUIll mapis i
Moau(dikaiii CTPyKTypHO-(a30BOTO CTaHy TaKUM YHHOM, II[0 3PO3TaHHIO pPIBHSA
MikpoTBepaocTi 110 5,12 I'Tla 1 enektpoonopy 10 53-57 MkOM*cM clipusie yTBOPEHHS caMme
Al4Cuy (ab0 omnouacue popmyBanus AICU i Al,Cuy da3) [96, 99 108, 109]. 3okpema B
poboti [110] Bigmivaerscs, mo Al,Cus daza e anpokCMMaHTOM KBa3iKpUCTATIB 1
MPEACTABIISIE COO0K0 MPOMIXKHY CTPYKTYPY MIXK KBa31KpUCTAJIIYHOK 1 KPUCTAJIIYHOWO, a
TaKOX MOXE BHUKOPHUCTOBYBATHCH SK NMPOMDKHUIN IIap, HAHECEHUH METOJOM XIMIYHOTO
OCQKCHHSIM MK METaJICBUMHU II1IKJIaIKAMU Ta KBa31KPUCTATIYHUMHU TTOKPUTTIMH.

Metoau dizuuHoro ocamxeHHsi b®D BiIPIBHAIOTHCA MIK COOOH BEJIUMYMHAMH
EHEepPreTUYHUX BIUIMBIB Ha Marepiaj B MPOIECi OCaHKEHHI 1 KOHJeHcallli mapoBoi (a3u
[111, 112]. TlopiBHIOKOUYM EHEPTiI0 EJICKTPOHHOTO IOTOKY B MPOLECI EIECKTPOHHO-
npomeneBoro ocajpkeHHs (EITO), mo moxxe BapitoBatuch Bim 5 10 20 keB (imoai mo 40
keB), sika ime Ha HarpiB 1 BuUmapoByBaHHS Marepiany [113] i3 eHepreTmuHUMHU
XapaKTePUCTUKAMM 1HIIMX TMPOIECIB MOXKHA 3pOOUTH BUCHOBOK IMPO Habarato OiIbIIWN

BucokoeHepreTnuHuii BB EIIO Ha wmatepian. OCKUIBKM IIBUIKICT OCQIKCHHS
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YaCTMHOK Ha MIJKJIAJMHKY Moxe ckianatu 10+60 HM/c, TO IOAATKOBUMHU IepeBaraMu
EIO € Haii6inpmi mBuakocti kpucramsamii 102-10" K/c. (puc.1.13), Hapamerpu, 3a
JIOTIOMOTOI0 SIKUX MOKHA KEPYBAaTH 1 BIUIMBATH HA XapaKTEPUCTUKH KIHIIEBUX IMOKPUTTIB
a6o b® wHacrymHi: (1) temneparypa migkmaaku (Ts), (2) tuck B kamepi, (3) dopwma,
CTPYKTypa, XIMIYHUH CKJIaJ Ta YACTOTA MIllIeHi, (4) pI3HUII €IEeKTPUYHUX TMOTEHITIATIIB
MDK MINICHHIO Ta MAKIaAUHKOK [8]. 3a yMOBH, SKIO TeMmIeparypa IiIKIaTuHKHA
T<2/3T, (T, — TemmepaTypa ILIaBJCHHS MaTepially MillleHi), aTOMH KOHICHCYIOThCS
Oes3rmocepenHbo 13 mapu y TBepay (aszy — «3amopoxyrotbes» (puc. 1.12) [111]. Takum
gyuHoM, otpuMaHi EIIO mnokputrts a6o b® wmoxyts Oyt MopdosoriyuHo ado
"TOMOJOTIYHO" METACTAOLIbHUMHU CTPYKTypaMu. Y HUX (OpMyBaHHS MOP(OIOriyHOI
METacTablIbHOCTI OOYMOBJIEHE pO3MIPHUM (DaKTOPOM — TOBIIMHOK IIApiB  Ta
HAaHOPO3MIPHUM MAacIITaOOM 3€pEeH, 3HAYHOK MHIUTHHICTIO MIK3EPEHHUX Ta MiK(pa3zHHUX
IPaHHUlLIb, a "TOMOJIOTIYHOI" — 32 paXyHOK HEOJHOPITHOCTEN XIMIYHOIO CKJIaJy Ha TPaHULl
MDK IIapaMu 4epe3 BEJIUKY KUIbKICTh JAe(EeKTiB BaKaHCIMHOTO THITY 1, BIJMOBIIHO,
MOJIUBOTO (POPMYBaHHS MEPECUUCHUX TBEPAMX PO3UMHIB Ta MeTacTablIpbHUX (a3 ime y
nporeci ocamkeHus. Cmig Biamituth, mo nociimkens b® Al/Cu, orpumanux EIIO,
npejacTaBieHo Hebarato [93, 97], Tomy JOCHIIKEHHS 3MIHU iX CTPYKTYpHO-()a30BOro Bij

XIMIYHOTO CKJIaJy Ta TOBIIMHM IIAPIB € AKTyaJIbHUM.

80
o | =i
- o CuAl
(b) y(11)
S 4ot
I—;x[n.n b
e Cu 2 20}
o Al ot
1 10 100
o CuandAl h(nm)

Puc. 1.11 3moaenboBaHi METOAOM MOJIEKYJISIPHOI JUHAMIKM aTOMHI CTPYKTYpU TpaHUIb
b® Al/Cu toBmuHow 5 1 1 HM (a) Ta cHiBBiAHOIICHHS KijdbkocTi 3epeH CU, 10 MICTAThH
neekT TaKyBaHHsS Ta JBiMHWUKH, 10 ToBmMHHM Tmapy bd Al/Cu, orpumanux

MarHeTpoHHUM ocakeHHsIM Ha SiO, (0) [105].
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Puc. 1.12 Cxema mpomecy KoHaeHcamii i3 mapoBoi ¢asm (a) [111]. IlopiBHsuTBEHA
ricrorpaMMa BeJIMYMH €HEPreTUYHUX BIUIMBIB Ha MaTepiai B MPOIIEC OCAIKEHHS PI3HUMU
MeToaaMu: TutazMoBi Meroau ocapkeHHs ([IMO); ioHHI Ta 10HHO-TUTA3MOBI METOJM
ocamkeHHss (I[IM); mazepuuit merox (JIM); BakyymHo-tepmiunuii meton (BTM);

MarHetpoHHe ocampkeHus (MO) [112].

1.6. Cxema popmyBanHs MetacTabinpHOT HeBopsakoBanoi OLIK-Al,Cug

¢da3u Ta ii HeIoTIKH.

€auHoto pobororo, y sAKid Oyna 3ampormoHoBaHa cxema  (GOpMyBaHHS
metactabinmpHoi OLIK-Al,Cug y MJI mopomkoBuxX KOMIIO3UTaX CKJIaay OJIM3BKOTO [0
esrektuaHoro Al — 25 at. % Cu, € po6ora beccona ta iH. [40]. ABTOpamu OyJ10 IMOKa3aHo,
o neperBopeHHs B npoieci MJI BimOyBanock y nBi cTaaii: GopMyBaHHS MEPECUUYCHOTO
tBepaoro po3unHy Al(Cu), meperBopenns 3a 3cyBHUM MexaHi3MoM ['TIK—OILIK no tumy
nepeTrBopeHs belHa y cranax [114].

Cainx BiaMituTH, 1mo y podoti [40] crpykrypa Mertactabinbaoi OLIK-Al,Cuy dazu
OyJia pejCTaBJICHa JIUIIE Y BUTJISAI BOOPSAKOBAHOI 3%X3X3 HaATpaTKH , IO CKIAJAAEThCS
i3 aekinbkox rpatok CSCl tuny i3 qBoMa Bakancismu (puc. 1. 13). B Toii yac sik y poGorax
[46, 51] wiel x poOOYOi rpyHu 3 MOJICIIIOBAHHS PEaKIITHUX MPOIIECIB MOIOHUX CUCTeMax
13 Je(eKTHOI CTPYKTYporo Ha ocHoBI cruitaBiB Al-CuU i3 BMmicTOoM amromiHito Big 50 110
80 % ar. BimMivanoch MpoO MOXKIUBICTH ()OPMYBaHHS TIEBHOT HECTEX1IOMETPUYHOI y'-(a3u
(i3 BmictoM 62,5 at. % Cu) y Bumsiai npekypcopy 1o Yi-Al,Cug (69 ar. % Cu)

[TopiBHSHHS CTPYKTYpP 3MOJEIHOBAHOI HECTEX1IOMETPUYHOI Y'-dhasu 1 y; (Ha3u BHUIBIIE 1X



46

neBHy cxoxicth (puc. 1.14). EKcriepMMEHTAlbHO MOXKJIHMBICTH (hOPMYBAHHS TMOTIOHHX
HECTEXIOMETPUYHHX (a3 SK HpeKypcopiB y; (a3u MmiATBEpKeHO Jwmiie B podoti [115].
ABtopamu [115] Oyiio moka3aHo, IO MIKPOCTPYKTypa Ha T'paHHIN KBa31KPHCTAIIYHOTO
nokputtsa Al-Pd-Mn i3 MeTaneBoro miaKIaguHKOO Oyia JOCHTh CKiIagHowo (puc. 1.15) 1
CKJIafanacs i3: HeBMOPSAIKOBaHOI  — ¢aswm, y;-ha3u, a TaKoK HEBIIOMOI METacTaOIBHOT
dasu By i3 mapamerpamu rpatku : a (B) = 0,287 um, a (B1) = 0,572 um (~ 2a (B) = 0,574
HM,), a (y1) = 0,860 um (~ 3a (B) = 0,861 uMm), ki Oyiu MoB’s13aHi criBBigHOIIEHHAM a ([B;)
= 2a (B) = (2/3) a (y1). BusBnena ¢aza B; i3 16-ma aromamu B enemenTapuit OLK rpatii
MO3KE BIJIMOBIAATH 3MOJIeNIbOBaHIN y'-(a3i y podotax [46, 51], OCKIJILKM BOHHU OJTHAKOBI 3a
kuibkicTio aroMiB y OLIK rpatii. B Toii e yac mopiBHATH 11 (pa3u 32 XIMIYHUM CKIIAJ[OM -

HEMOIXKIIMBO, OCKUJIBKH JKOJHUX CKCIICPUMCHTAJIBHUX JaHNX CTOCOBHO LILOI'O HEMAE.

3x3x3 a-Al TTIK v: — CuAl, OIIK
OIT (Fm-3m, a = 0,4049 am) (P-43m, a = 0,8706 aM)

Puc. 1.13 3B's130k mik enmementapuumu rpatkamu ['LIK Al(Cu) i OLIK-Al,Cuy ¢a3m,

BIJIMOBIJIHO /10 3cyBHOTO nepeTBopenHs ['TIK — OLIK [40].

(a) Predicted ground state
y' for x¢, = 0.625

O 00 00 00 0 O 0
o o - © 0 0 0 0 ©°
© 0/j]O0 0|0 ©O © O © ©
o 0 ¢ O © © 0 0 © ©°
© ©0/O0 0|0 O 0 O O © Cu
- - © 0 0 0 0 o
©O 0 0000 0 0 ©0 0O layer
e ©¢ ¢ © © © 0 0 ©0 © ©
O 0 000 00 0 0 /
-==-@-0--0-0--0-0-0-0--0--0- il _h.od_- - .h_od__ — _.h.a.d.. —
o o o o0 o o \ ‘-ee s%'e'& %oa'e& %oo

Al+Cn
Puc. 1.14 Ctpykrypa 3Moenb0BaHNX HecTexiomeTpuuHoi y'- (0) 1 y1 (B) da3 y Hampsimi

[001] [51]
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Puc. 1. 15 Csitie mose 30HH i3 3epHOM Y y Hanpsami [111] (a) Ta mudpaxiiis eneKTpoHIB
OoTpUMaHa MOBOPOTOM 3pa3kiB Ha KyT 14,8° Takum ymHOM, 100 crmoctepiraté Y — ¢asy

B310BK HanpsaMky [110] [100]

Bripoiosxk ocTaHHBOrO JeCTHIIITTSA BILIMB d00aBok 3d-metainiB (Fe, Ni, Co Ta iH.)
Ha KPUCTAIYHY CTPYKTypY, TEPMOAMHAMIUHY CTaOlIbHICTH Ta (pa30Bl MEPETBOPECHHS
IHTCHCHBHO JoCIipKyBaBcs Juist BropsakoBanux [ (CsCl tumy) ¢az Al-Cu (n-AlCu, -
Al;Cuy, ¢p-AlpCusgFe;) [116-118]. 3aBusku HopMyBaHHIO MMEHTArOHAIBHHMX 3B’SI3KIB 3a
CTPYKTYyporo 11 (a3u € CHOpITHEHUMH 10 KBa3lKpUCTANYHUX 1 BBAKAKOTHCS
HEKAaHOHIYHMMH allPOKCUMaHTaMU (J€KaroHaJIbHUMH a00 1KOCACIPUYHUMHU CTPYKTYpaMHU,
K1 onmucyroThbes sk (azu FOm-Po3zepi 13 «I1aBarouoro» €JIeKTPOHHOIO KOHIICHTPAIIIEIO
(e/a). 3okpema B pobOoti [116] Bimmivyamock, mo mpu Temnepatypi 1173K obnacts
icnyBanHs B2 ¢aszu (CsCl tumy) 3cyBaeTbcs B KOHIICHTpAIiliHy 00JAcTh i3 OUIBIIMM
BMICTOM Miji, a TeIIOTH (HOpMYyBaHHS ii 3MEHIIYIOTHCS 13 3POCTaHHSIM X, IO Y CBOIO
yepry nociabmoe Al-Cu 38’5130k, a B2 kpucramiyHa CTpykTypa CTae€ HECTaOlIbHOIO Y
ckiaami AICu. Ha mpukmani cucremu Al-Cu-Fe i3 Bmictom wmimi go 1.5 ar.% Oyio
mokasaHo, 1o BropsakoBana 1n-AlCu (mip. tp. 112/ml) hopmyeThest Ha ocHOBI [-da3u i3
nepecudeHoro TBepaoro po3unHy [-AlCu(Fe) (AlseCusoxFex i3 X ~ 4 ar.%) B
TeMriepaTypaomy intepaii Big 620 mo 590 °C, sxa mae opi€HTalliiHI CITIBBIJHOIIEHHS 13
p OlIK-da3zoro (CsCl tumy) Ta Mmoxke 0yt nodyaoBaHa Ha ocHOBI miarpatok CsCl-tumy
[117, 118]. Ilpuuomy BnopsakyBanHsS Mp- AlCu ¢asu BinOyBaeThcs 13 BHYTPIIIHIM
BropsiikyBanHsM miarparok CsCl-Tumy, konu BiiOyBaeThCs 3aMillICHHST aTOMIB aJTFOMiHiO

1 MiJl y KJlacTepax Mo TUIy nojieApiB (KyOlyHuX Ta oktaeapuunux) [117]. B Toil xe yac
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13 JTiTepaTypH BiIOMO, 1110 y cruiaBax cuctem Cu-Zn [119] ta Al-Cu [120] BriopsiakyBaHHS
y piBHOBaXHY (cTpykTypHui Tun D83) BinmOyBaeTbcsi 13 BHCOKOTEMIEpaTypHOI
HeBIopsAakoBaHoi B-ha3u (crpykrypuuii Tun A2) (puc. 1.16). 3o0kpema, MOBITOMIISAIOCH,
110 JOCUTh CKJIaaHa 3a cTpykTyporo y-Al,Cug daza € noxingnoro Big OLIK-¢a3u y Burmsamai
HAACTPYKTYpH 3x3X3, Ky MOXxHa mpeactaBuTH y Burisai miarpatok CsCl i3 gBoxma
BaKaHCSIMH B IeHTpi 1 BepmmHax [41, 119, 120]. 3okpema y poboti [120] 3a3Hauaerscs
PO MOKJIMBICTH IBOX CXEM IEPETBOPEHHS B KOHIIEHTpallliHii o6iacti 68 1 82 at. % Cu'y

crumaBax Al-Cu i3 nedextHoro cTpykTyporo: A2 — D83 ta A2 + B2 — D8;.

e—¢ 4 o . T 7] 8
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Puc. 1.16 EnemenTtapHni rpatku - ¢ha3u, BopsakoBaHa 3 X 3 X 3 Hajg rpaTka [- ¢as3u ta y
— ¢asu cuctemu Cu—Zn (a) [99], WTpux-miarpamu AUGPaAKIIHHUX MMIKIB PI3HUX

inTepmeraniniB cuctemu Al-Cu (6) [43]

Sx Biamivanocs y mnomepeaHix posainax, Jli ta Karomami Tta iH. [44, 49],
MeractabuibHa ($aza Moxe GopmyBaTUCh Y BUIJIsAAI HeBnopsakoBaHoi OLIK-cTpykrypu 1
CTpyKTypHOTO TUTy A2, a cTpykTypa (a3 np, € Ta y; $a3 € CnopiHEeHOIO 13 Heto (pHuc.

1.168). Oxpim Toro, BiamoBiaHo A0 (azoBoi giarpamu Al-Cu ta pobiT [23, 47] BizoMo mpo
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MoxHBICTh GopmyBaHHs OLIK yo-dazu (mp. rp. 1-43m, crpykrypHoro tumy D8,) Ta ii
BIIOPSIIKYBaHHS MMiciig HarpiBy npu temmnepatypax Bia 500 go 900 °C y OLK vy;-da3y (mp.
rp. P-43m, ctpykrypHoro tumy D83), 13 mosiBoro HaaACTpYKTYpHHUX peduekcis (210), (300)
1 (522) T ocHOBHUX TIiKiB BiJ piBHOBakHOI Al4CUg dazu. Cain BigmiTuTH, 1110 KBOH Ta iH.
[51] mopiBHIOIOTH MTEpeXia MiXK 9aCTKOBO BITOPSIKOBAHOIO Yo 1 BIIOPSIKOBAHOIO Y1-(hazaMu
13 mepexomom A2 — B2. BiamoBigHO 10 IIbOTO MOKHA CTBEP/KYBATH, 11O CTPYKTypa
metactabimpHOi OLK-Al,Cuy dasu mpencraBieHa y BUTISAI BHOPSAKOBaHOT 3X3x3
Hagrpatku B Mozen beccona I'IIK — OLIK meperBopeHHS y TOPOIMIKOBUX KOMIIO3UTaX
Al-Cu € HemocTaTHbO KOPEKTHOIO, OCKUIbKM Ma€ OyTH BpaxoBaHa 1 IPUCYTHICTb
«ITPOMDKHOT» HEBIOPSAIKOBAHOI (ha3u.

Takoro pomy meperBopeHHsa [1IK — OLIK neransHO BUBYalIMCh HE JIMIIE Ha
npuknaai craned [114, 121, 122], ane y pizuux metaneBux matepianax i3 I'LIK-rpaTkoro
[123]. Cmix BigmituTh, mo y poOortax Kaiipona Tta in. [103, 104] BimidaeTscs mpo
MOJIUBICTh TIpsIMOTO oaHocTajiiHoro neperBoperHs ['TIK — OILIK. B Toit xe vac y
poborax Komatoca Ta I'pimBana [122, 123] Bigmiuaetscst mpo 'K — OLIK/ OIIT, To6TO
nepetBopeHHs 3a yvacti OLT-¢asu. Okpim Toro y podorax [12, 124, 125] Oyno
MOKa3aHo, 10 y KiacuyHuxX ctapitounx cruiaBax Al-Cu crabinbHa iHTepMertaneBa OLIT-
daza 0-Al,Cu moxe popmyBaruch yepe3 npomixkui 3ITI, 0'- Ta 0"- (a3u TakoK MHIITXOM
3cyBHOTO nepeTBopeHHsi ['TIK — OILT mepetBopenHs (puc. 1.17). BpaxoByrouu 11e, 1e
OJTHUM HeIoJIiKOM Mozeni beccona € Te, 1m0 MOXIUBICTH yTBOpeHHs 1 ydacth 0-Al,Cu
¢dazu 13 OLT rparkoro y 3cyBHomy mneperBopeHHi ['IIK — OIK 3o0BciM He Oyna
BpaxoBaHa.

OcHoBHUMH (hakTOpamu, 1110 BU3HAYAIOTH MOCTIAOBHICTh (pa30BUX MEPETBOPEHD HA
IPaHUIIl METaJI-MeTal € KIHETUYHI 1 TepMoArHaMivH1 (akTopu. BaxiMBUMU KIHETUYHUM
dakTopoM pocTy inTepmeTaneBux (a3 cucremu Al-Cu e koedimieHT audy3ii KOMIIOHEHTIB

Ta aKTHBAIIiHA €HEePris, sika (Irypye y piBHIHHI ApeHiyca:
_Ea
D? = Dge( RT>, (1.6)
Jle D§ — daxrop nosroproBaHocTi, E, — akrtuBauiiina enepris, R — rasosa crana (8,314

JIx/ mosib - K), T — abcoutoTHa TeMIieparypa.
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Puc. 1. 17 Enementpani 1patku nepecudeHoro tBepaoro posunny Al (Cu) (a), 0'-das3u

(0), 3B"s130k Mixk rpatkamu Al (Cu) i 0'-dazm [12].

Tak, y po6oti [57] B nporieci cmikanns mopomkis Al — 91 wt. % Cu mpu 480°C
6y10 Bu3HAYCHO, 1m0 Koedimient audysii Cu B Al mpuémmsHo B 10° pasis 6insiue, Hix Al
B Cu (puc.1.18a). Ockinpku BignmoBigHO a0 ¢azoBoi miarpamu Al-Cu [16] mpu 480 °C
MakcuMaibHa po3unHHIcTE CU B Al e 2.48 at. %, a Al B Cu moxe csaratu o 19,7 ar.
%, To nmepecuueHuit TBepauit po3unH Al(Cu) mosxe yrBoproBatuch msuie, a Al,Cu dasa
dbopmyBaTuMeThcs Tepiio. OKpiM TOro, BiamoBigHO 10 poOit [126], mepmoro Ha
rpanumi  Al/Cu  dopmyBatumerscst AlL,Cu  (dasza, ockiibkdn BOHA Mae HaWMEHIIY
aKTMBALIHY eHePTito (Eyy, ¢y = 71,7+2,6 KJDK/MOIIB).

HaiieexTuBHIIIOW BIJOMOIO Ha CHOTOJHI TEPMOJAMHAMIYHOIO MOJEIUIIIO € MOJIETh
edexktuBHOT Termmotn (opmyBaHHs Ilperopiyca Ta in. [127]. EdextuBHa Temiora
dopmyBanns (AG,;) meBHOi (a3u, YTBOPEHOI B pe3yibTaTi TBepaoQa3HOi peakiii Ha
TPaHUII CHCTEMH METaJI-METaJjl, BA3HAYAETHCS SK:

Ce
AGei = AGL C_1 y (17)

ne AG; — 3MiHa BuUIbHOI eHeprii ['iGca B pesynbTaTi dopmyBanHs i-o0i ¢aszm, C, —
e(eKTUBHA KOHLIEHTpAllid JIIMITYIOUOTO €JIEMEHTY Ha IpaHuill (eJIeMeHTy, SIKUil Oyne

BUKOpUCTaHUU 111 GopMyBaHHS AaHoi (a3u y mepiry uepry), C; — KOHIIEHTpaLis
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JIMITYIOYOTO €JIEeMEHTY y crioiylii. Po3paxoBaHi BiiMoBiAHO 10 piBHSAHHA (1.7) 3HAYCHHS
ebexTuBHOI TeruioTH yTBOpeHHs s cuctemu Al-Cu mpencraBimeni na puc. 1.180.
OueBunHO, IO B KOHIIEHTpaIliitHiil obnacti 0-34,8 at. % Cu mepioro GopMyBaTUMETHCS
Al,Cu da3za, 34,8-59,2 at. % - AICu ¢a3a, a npu 59,2-100 ar. % % - Al,Cug daza [57,
126]. Jpyroro, nHampukiam, y cuctemi Al-Cu i3 OiapmmM BMicroM CU Ha TpaHUIl

nepecnueHui TBepaui po3unH CU(Al)/ Al,Cu daza hpopmyBatumerscst Al,Cug daza [126].

10-8 Cu/ (w1%)
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Puc. 1.18 Koedimientn audysii atomiB Al i Cu, orineHi B mporieci crikanHs moporkis Al
— 91 wt. % Cu (a) [57]. EdextusHi Temnotu GopmyBanHs inetMetatiniB cucremu Al-Cu

(6) [126]

OOrpyHTYBaHHS MOXJIMBOCTI QopmyBanHs MertactabinbHOi OIIK-dazu Al,Cug y
HIMPOKOMY KOHLEHTpALIHHOMY Jl1ara30Hi OyJio MiATBEPKEHO €KCIEPUMEHTAIBHO — JUIs
MJI nopomiku Al - 25 ar. % Cu, a TakoX MOJEIIOBAHHS CILIaBiB 13 Je()EeKTHOO
CTpykTyporo i3 BMictoM wmiai Big 50 mo 80 ar. %, 3a paxyHOK BIUIUBY Ae(eKTHOL
CTPYKTYPH 1 PO3TJIIHYTO B HEBEIUKIN KiTbKOCTI poOiT [40, 46, 51]. OkpiMm TOoro y poOoTi
[51] Oyno moka3zano MOXIUBICTE (popmyBaHHs HecTexioMeTpudHOi AlyCUg y mmpokomy
KOHLIEHTpaIIHHOMY J1ara30Hl, 3HaY€HHsI BUIbHOI eHeprii (puc. 1.19a) sikoi 3011bI1yeThCs
13 HajuIMKoM Al, Tomy ii yTBopeHHs! Moke KOHKypyBaTH 13 popmyBanusam 3 T1 11, 0' ta 6
dazamu, TBepAMMH po3unHamHu y martepiamax micas ITTJ] wa ochosi cruaiBs Al-Cu i3

OinbmM BMicTOM Al. [TopiBHSUTBHI 3aJI€XKHOCTI XIMIYHOI pymIiiHoi cwin (puc. 1.196) y
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I K€ KOHILEHTpAIHIA 00JacTi TaKoX CB1IYaTh MPO €HEPTETHUYHO OUIbII «BUT1IHY»
MOXJHBICTh (popmyBanHs Y1-Al,Cug hasu mopisusHo i3 3[TI 11, 6, 0' dhazamu.

3Ba)karouu Ha I1e, BaXKJIMBO BCTAHOBUTH 3aKOHOMIPHOCTI MIPOTIKaHHA (ha30BUX
HICPETBOPCHD, & TaKOXK BU3HAYUTH yMoBH (popmyBaHHS Al,CUy da3u B HAaHOKOMIIO3HMTAX
cucremu Al- Cu y mmpokoMy KOHIIEHTpAIIITHOMY JIiana3oHi i3 pi3HAM THIIOM JIePEKTHOI
CTPYKTYpH: BHCOKOIO KOHIEHTpauieo nauciokamiii (MJI mopomiku) Ta BHCOKOIO

IITBHICTIO TpaHuIlb 1 BakaHcii (bD).
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Puc. 1.19 Enepris dopmysanns 3111 11, 6, 0', y; dha3 Ta nepecuyeHux TBEpAUX PO3YHHIB

cuctemu Al-Cu (a). ITopiBHsuTbHA 3ayexHICTh XimMiuHOT pymiiHol cumu 311 11, 0, 0', v,

a3 (6) [51]

1.7. ITocTtaHoBKa 3aga4i

AHani3 mitepatypu nokasye, mo MJI 1 cmikanns, a takox EIIO e edexTuBHUMU
meTofamu otpuManHs HaHokommo3uTiB Al-Cu ta Al-Cu/C y Burnsazai mopomkis Ta b®D. 11i
METOJM MOXYTh 3a0e3nednTH (OpMYBaHHS BUCOKOIUCIIEPCHOI CTPYKTYPU KOMIIO3UTIB,
pPO3LIMPEHHST 00JIacTI PO3YMHHOCTI B TBEPAOMY CTaHl, (popmMyBaHHS CTaOUIBHHX Ta
MeractabimbHuX (a3. [lpomecu cTpykTypHHX Ta (a30BUX MEPETBOPEHb MiA €O
BHCOKOCHEPIeTHYHUX BIUTMBIB (TEPMIUHI Ta MEXaHIUHI HABAHTAXXCHb) y TAKUX CUCTEMax

Ha HAaHOMAcCIITaOHOMY PIBHI € Ha0araTo CKJIAIHIIIMMU, HDK B KJIACUYHUX PIBHOBAKHUX
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MOJIEJISIX Yepe3 HasABHICTh MeTacTabUIbHUX (Pa3 Ta BIUIMB CTPYKTYpHHUX (DAKTOPIB (po3Mip

3epeH, T'YCTHHAa MDK(a3HUX TpaHUllb, AePEKTH, HANPYKEHHs, TEKCTYpOBaHICTh). OKpiM

TOTO, B JIITEpaTypi JaHi Tpo mepedir TBepaoda3sHUX peakilid Ta MOCTiTOBHICTh (Pa3oBUX

HePETBOPCHD y MOMIOHNX KoMmo3uTax cucteMu Al-Cu € mocuth cynepedwinBiuMH. Takox

IIe CTOCYETbCA CTEXIOMETpii, CTPYKTYypH Ta cxemu ¢opmyBaHHS MeTacTabuipHOI OLIK

¢da3u 1 moTpeOyIOTh YTOYHEHHS K JIsl TOPOITKOBUX KOMITO3HTIB, Tak 1 b® eBTeKTHYHOTO

ckimany Al-33% Bac. Cu i ckiaxy Al- 80 Bar. %. [1o3a yBaroro B jiTeparypi 3aJHIIHIOCH

NUTaHHS 11010 BIUTUBY rpadiToBOi JOOABKH HA CTPYKTYPHO-()a30BHii CTaH MOPOIIKOBHUX

xoMmo3uTiB Al-Cu eBTeKTHYHOTO CKJIaay, OTPUMAaHHX MJI Ta CHiKaHHHM, 10 € BAXXJIMBUM

st po3pooku HanokoMo3utiB Al-Cu/C stk matepialiiB i3 KepOBaHUMU BIACTHBOCTSIMH.

Tomy y naHiif poOOTi OyJ10 MOCTAaBIEHO HACTYIIHI 3a/1ayi:

BcTraHoBHUTH OCHOBHI €Tanu CTPYKTYPOYTBOPEHHS TOPOIIKOBUX KOMIO3UTIB Al-
Cu 1 Al-Cu/C B pe3ynbTaTi pI3HUX EHEPro-4acoOBUX BIUIMBIB B MPOLEC]
MEXaHIYHOro JieryBaHHs (4ac oOpoOku 1-8 romuH, 103a BBeAeHOI eHeprii 4-32
k/[x/r) enementapuux nopomikiB Al 1 Cu (BmicT mimi 17, 33 1 80 mac.%) 6e3 13
rpa¢iToBoO 100aBKOKO (5 Mac.%), a TAaKOX BIUIMBY TEPMOMEXaHIYHUX 00pOOOK
Ha iX CTPYKTypHO-(pa30BUM CTaH, MeEXaHIYHI BIACTUBOCTI Ta pEaKUiiHY
3IATHICTb.

Busnauutu ctpyktypHO-(hazoBuii ctan 6aratomapoBux ¢oisr Al/Cu 13 BMicTOM
Cu 33 1 80 mac.%, oTpUMaHUX E€IEKTPOHHO-TIPOMEHEBUM OCAKEHHSIM, JI0 Ta
IT1CJIs BIJAMAIIB 1 BCTAHOBUTH MOT0 B3a€EMO3B’SI30K 3 BJIACTUBOCTSIMU KOMIIO3UTIB.
BcranoButi ymoBu GopmyBanHs metactadbinbHoi OLIK-Al,Cuy iHTepMeTaneBoi
dha3u y MIMpOKOMY KOHIICHTPAILIMHOMY Jiarma3oHl B MOPOIIKOBUX KOMITO3HTaX
Al-Cu Tta Al-Cu/C, a takox O6araromapoBux (osbrax Al/Cu micis BiAOBIIHAX
TEPMOMEXaHIYHUX O0OPOOOK, YTOUHUTH 11 CTPYKTYPY 1 3aIPONOHYBATH MOKJIUBI

cXeMH i1 (pOpMyBaHHSI Ta BIOPSAIKYBAHHS.
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PO3/ILI 2

METOAN OTPUMAHHS KOMITIO3UTIB HA OCHOBI CUCTEMMU Al-Cu,
JIOCJIJKEHHS IX CTPYKTYPHO-®A30BOI'O CTAHY TA BJIACTUBOCTEN

2.1. Martepianu Ta METOJIMKAa OTPUMAaHHS TOPOIIKOBUX KOMITO3UTIB

B sikOCTI BUX1THUX MaTepialiB Ui MIATOTOBKH CyMIIIeH €JIeMEHTapHUX MOPOIIKIB
pi3HOro ckiaay (tabmuis 2.1.) BukopucTtoByBanu nopomok Al (uucrora 99,5%, cepenniit
po3Mip gactTuHOK < 150 Mkm), Cu (uuctora 99,95%, cepemniii po3mip gactuHOoK < 90
MKM) 1 rTpadity (cepenHid po3mip yacTuHOK < 50 mMkM). MJI roMoreHizoBaHUX
MOPOILKOBUX CyMilllel 3/1iCHIOBAIM B aTMoc(epl aproHy y BUCOKOECHEPIETUYHOMY
miaHetapaoMy MiuHI Fritsch "Pulverisette-6" 13 mBuukictio oOepranns 400 o00/xB
BNpoBNOBXK 1, 2, 4, 6 Ta 8 roauH. Taka TpuBamicte MJI BifmoBiaia BeJieH1 MeXaHIUHIN
eHeprii y mopomok y 4, 8, 16, 24 1 32 xJ[x/r, sika Oyna oIliHeHa 3a MeToauKor byTsrina 1
Crpenenpkoro [128, 42]. Bmeaena MexaHIYHA €HEpris y TOPOMIOK  abo
eHeproHanpyxeHictb (D) — € yHiBepcalbHOIO XapaKTePUCTUKOK IHTEHCHMBHOCTI TPOIIECIB
MJI, ockinbKM 1€ KUIBKICTh €HEeprii, 10 NEepelaeTbCcs PEYOBUHI MiJ 4ac OoOpoOKH B
OJIMHULIIO Yacy. MeToa TecT-00’€KTy 3aCHOBAaHUM Ha TOMy, IIO poOOTa Ha YTBOPEHHS
“CBIXKOT” TOBEPXHI MOPOIIKY TpadiTy BU3HAYAETHCS 703010 JAehOpMaIliifHOrO BILTUBY Ha
HBOIO, a 13 3aJie’KHOCTI 3MIHM TIMTOMOI IOBEPXHI MaTepiady BIJ dYacy IOMOIY
CKCIICPUMEHTAJIBHO OIIHIOEThCS J103a KiHeTHUHOI eHeprii D, BBenena y matepian [129]:

D =J, x(t/my), (2.1)
ae Jy = Agx(dS/dt)xm, — eHeproHanpyskeHui cTaH MiIHHA, As — poO0Ta YTBOPEHHS CBIXKOT
noBepxHi, dS/dt —mBHIKICT POCTY MUTOMOT MOBEPXHI MOPOIIKY, M, Ta M, —Bara rpadity
Ta 3pasKy, T — TPUBAIICTH 0OPOOKH.

[Tomon mpoBOAMIIM Y CTaJIeBOMY CTakaHi, KMl MICTUB pO3MEJIOBajbHI Tia - 24
CTaJICBUX KYJbKHM 13 JiaMeTpoM 16 MM KOXKHa, 13 BaroBUM CITIBBIIHOIIEHHSM Macu
PO3MEIOBAIBHUX TLT O MOPOIIKOBOi cymimni 8:1. OOpanuit pexxum podoTtH - 10 xBUIMH

nmoMoJry/ 5 XBWJIMH 3YNMUHKH (OXOJODKEHHS) 13 3MIHOIO HampsMKy OOepTaHHs Ha
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npoTwiexkHui.  Jlns  3amoOiraHHsS  OKMCJEHHIO  3aBaHTQKEHHA  MOPOILIKY 10
PO3MENTIOBAILHOTO CTaKkaHy Ta BUBaHTaxkeHHs micisgs MJI 3nificHioBamoch B atMocdepi

aproHy y creriaJbHOMYy FrepMeTHYHOMY OOKCi, OCHALLIEHOMY IIII030BOI0 KaMEpOIO.

Tabmuis 2.1 XapakTepuCTUKH BUXIIHUX CyMilllel mOopomkoBux kommno3uTiB Al-Cu i Al-

Cu/C

KoHnuentpariiina [loznauenns | Bmict rpadity, | YcepenHeHuii XIMIYHUN CKIIa],
001acTh 3pa3KiB mac.% (at.%) mac.% (at.%)
JI0€BTEKTUYHHI Al-17Cu - Al-17Cu
CKJan (AlngUg)
Al-17Cu/5C 5 Al-16Cu/5C
(12) (Alg;Cu;Cyy)
EBTekTHUHMIA Al-33Cu - Al-33Cu
Cxuang (AlgsCus)
Al-33Cu/5C 5 Al-31Cu/5C
(12) (A|74CU14C12)
O6aacte Al,Cug Al-80Cu/5C 5 Al-78Cu/5C
hazu (12) (Al32CuseCyo)

[Ticnst MJI nopomuikiB BIPOJOBXK 8 TOJUH METOJAMU XOJIOAHOTO MpECcyBaHHS Ta
crikanus Oyino orpumano kommo3utu Al-Cu i Al-Cu/C y BUTIISAII KOMIAKTIB 13 CKIAIOM
HaBeZeHUM Yy Tabn. 2.1. XojoJHe MpecyBaHHS TMOPOMIKIB €BTEKTHMYHOTO CKJIaxy
3MIIHCHIOBAJIOCH 3a JOMOMOror0 amapary Bucokoro THcKy (ABT) tumy «ropoin» [130].
[Topomok y xkowmipui ABT, BuTpuMyBaBcs BOPOJOBXK 3 XBWJIMH NpH KIMHATHIA
temriepatypi 1 Tuckosi 8 ['Tla. CrikanHst mopomikiB 3/1kcHIOBaIM 1pu THckoBi 30 MIla i3
MakcuManbHOI Temneparypoto 480-510°C - mist mopomikiB 13 BMicToMm Mifi 17 ta 33 Bar.
% Oymna, a Takox 850 °C — nmns 3paskiB i3 80 Bar. % Cu. BiamoBigHl pekUMU CITIKaHHS
JO3BOJIMJIA OTPUMATH 3pa3Kh KOMIIO3MTIB 13 HaOuipmior ryctuHow (puc. 2.1. Ta
Ta6s.2.1). CrikaHHS MOPOIIKIB 3/IHCHIOBAIN i3 BUKOPUCTAHHSIM YCTaHOBKHU (puc.2.2.),
crBoperoi B KHY im. T. I'. IlleBuenka [131]. HarpiB mopoIiikoBoi MIMXTH B MpPOIEC
rapsyoro MpecyBaHHS MPOBOAMBCS IIJITXOM MPOMYCKAHHS €JICKTPUYHOTO CTPYMY uepe3
rpadiToBy MaTpuIllO, SKa B pasi MPUKIANAaHHA THUCKY BifirpaBajia poiib mpec-(hopmu.
CrikaHHs KOMIO3UTIB MPOBOAWIN Y BiIKpuUTiit atmocdepi. [Tapamerpu mporiecy criikaHHs

HaBejieH1 y Tabmuil 3. 3pa3ku manu Gopmy AUCKIB giameTpoM 10 MM 1 BUCOTOIO 5 MM, sIKi
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HaJaal MIaBajJkuCh MeEXaHIyHIA o0poOii 3a J0moMorow HutihyBalbHUX KpYTiB 1
MOJTIPYBaHHIO IMOBEPXHI 3pa3KiB 13 BUKOPUCTAHHSM aJIMa3HHX I1acT.

ExcniepuMmeHTanbHa TyCTHHAa KOMIIO3UTIB TIICAS CHIKaHHS BH3HAyalach 3a
JIOTIOMOTOI0 METOAy ApxiMena (T1IpOCTaTUYHOIO 3BaKYBaHHS), B OCHOBI SIKOTO JIC)KHUTh
MOPIBHSHHSA Bard 3pa3Ky y MOBITP1 13 Baror 3pa3Ky y piauHi (BOZI) BIATNOBITHO A0
3aJIeKHOCTI:

_ Mox (2.2)

Pexcn = Ppi
P I oy =iy
JI€ Ppig — TYCTUHA PIJIUHH, My, — MACa 3pasKy IICIA 3BKYBAHHS y MOBITPI, My, — Maca
3pa3Ky picis 3Ba)KyBaHHS y PIJIUHI.

TeopeTnyHa rycTuHa KONO3UTIB PO3pax0oByBajiach 3a HACTYITHOIO (POPMYIIOKO:

p1p2p3 (2 3 )
N1P2P3+N2P1P3+M3P1P2 A

pTeop =
1€ P1P2P3 — TYCTUHH AIIOMIHIIO, M1 1 TpadiTy Ta 117,13 — MacOBI YaCTKHU.

3akpuTa MOPUCTICTh 3pa3KiB KOMITO3UTIB OI[IHIOBAJIACh 33 HACTYMTHOIO (hOPMYJIIOIO:

= (1 — p—) -100% (2.4)

Preop

Ta6nuis 2.2 [lapameTpu npoliecy CikaHHS Ta XapaKTePUCTUKU MOPOIIKOBUX KOMIIO3UTIB

Al-Cu i Al-Cu/C micns criikanHs

Yac
Konnentpariiina | [Toznauenus Temneparypa | P, | preops | Pexens | 11,
_ BUTPUMKH, 2 2
OO0iacThb 3pa3KiB Tmax, °C MIla | r/em” | r/em” | £1%
XB
JloeBTeKTHUHUI Al-17Cu 5 480 30 3,10 | 2,93 5
Cxmang Al-17Cu/5C 5 510 30 |3,00|278 | 7
EBTekTHUHUNI Al-33Cu 5 480 30 3,50 3,30 6
Cknan Al-33Cu/5C 5 510 30 340|311 8
O6macts Al,Cug
Al-80Cu/5C 5 850 30 [ 6,99 | 6,01 | 14
dazu
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= AI-80Cu/5C
— AI-33Cu/5C
" Al-33Cu

Temnepatypa, c
[u)
o
o
| Y
Veanka, %

Yac, XBWIHHH

Yac, XBUJIHHH

Puc. 2.1 Pexxumu mipotiecy (a) Ta ycaaka mij yac crikaHHs (0) mOpOIIKOBUX KOMIIO3UTIB

MexaHiyHe
l HaBaHTaMeHHsa

—] —

oxXonoaXxeHHA

- HarpieHuii

& e/NeMeHT
3pasoK ——
OXONOAXEHHA
4| |:4-——.-

Puc. 2.2. Biiok-cxema yCTaHOBKH JIJIsl CITIKAHHS TIOPOIIIKOBUX KOMITO3UTIB [132]
2.2. EnextpoHHO-TIpOMEHEBe ocapkeHHs Oararomaposux ¢ousr Al/Cu

bararomaposi goasru Al/Cu O0yno oTpuMaHO METOIOM €JIEKTPOHHO-IPOMEHEBOTO
ocapkenHs (EIIO) 3a 1momoMoror ycCTaHOBKHM, IO JO3BOJsUIa O0epTaTH IUIOCKY
MK IUHKY, BUTOTOBJIEHY 13 HepkaBitouoi crami (Ct3cm) miamerpom 450 MM, Ha

BifcTani 350 MM Bix BunapoByBauiB (puc. 2.3). Iy BUIIapOBYyBaHHS BUKOPUCTOBYBAIUCH
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BiayuBku Al (99,95 %) ta Cu (99,98 %), sxi po3MilyBajIrch B OKPEMHUX BHITAPOBYBAYAX.
Jlns 3amo0iraHHs MepeMillyBaHHIO MTApOBUX MOTOKIB BaKyyMHa Kamepa po3jiiach Ha JBI
YACTUHU 3a JIONOMOTOI0 Hempo3oporo ekpany. 1100 BimokpeMuTn oTpumani GoOJIbIH Bif
OiIKIaAKK, Ha ii MOBEpXHIO TomepeaHbo HaHocuBcs map coii NaCl. Temmepatypa
MiAKIaIUHKA B TIporieci ocamxeHHs ckianaita 90 - 110 °C, a mBuakicts ocaxaeHus ~ 30-
40 am/c. Bubip BIANOBIAHOTO CIIBBIAHOIICHHS TYCTHHHU MapOBOT0O MOTOKY 1 IMIBUIKOCTI
oOepTaHHS MIIKIAIUHKY 103BoJIIB oTpuMaTu b® nepioxy 30 1 60 aM (ToBiIMHA mapy Al i

Cu), 3arayibHOT TOBITUHH 65 1 95 MKM 13 Ta pi3HUM XIMIYHAM cKJIajgam (Tadi. 2.3).

Tabmuus 2.3 Xapakrepuctuku O6aratorraposux ¢ossr Al/Cu

KonnenTpariina | Ilo3nauenns | Ycepennenuii ximiuauii ckian, | Ilepion | ToBmiuHa,
00J1aCTh 3pa3KiB mac.% (at.%) A, HM MKM
EBrexktnunnii | Al-33Cu Al-33Cu 50 95
Cknang (A|84CU15)
O6nacts Al,Cug | Al-80Cu Al-80Cu 30 65
azu (Al37Cugs)

Puc. 2.3. Cxema EIIO: 1 — kamepa; 2 — BOJOOXOJIOMKYyBaHi THUTJi; 3 - ekpaH; 4, 5 —
BIIJIMBKY; 6 — mapoBi MmoToku; 7, 8 — enexkrpoHHo-mipomeneBi rapmaru (EII) nns

BurapoByBaHHs; 9, 10 — EINl" ans narpiBanus nigknaaky; 11 — tpumad, 12 — miakiaanHka
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2.3. Bu3HaueHHs MUTOMOI IUIOITI TOBEPXHI MOPOIIKIB

[TuTomMy mIOITY MOBEPXHI MOPOIIKIB BU3HAYAIM 33 JJAHUMH HU3bKOTEMIIEpaTypHOI
azacopOitiii ra3iB MerogoMm BET [132] 3a qomomMororw aBTOMaTHYHOTO Ia30-aCcoOpPOIIHOTO
ananizatopy ASAP 2405N Micromeritics Instrument Corp. micns aerasarii 3pa3kiB 3a
temriepatypu 150 °C Brpomosxk 20 rogun. [ToxuOka BuMiptoBanHs cranoBuia 1,5-2 %. B
mpoleci AOCTIHKEHHS 3alUCyBaIKMCS 130TepMH aAcopOIlii, 06’eM ajcopOOBaHOro ra3y B
3aJIeKHOCTI BiJ THCKY, MICISl 4YOro BHU3HAYajacs KUIbKICTh afcoOpOOBAHOTO Ta3y y BHUIJIAIL

MOHOMOJIEKYJISIPHOTO I1apy.

2.4. PeHTreHOCTPYKTYpHHUI aHal3

Haiibinibil  mOmMIMpEeHUM METOAOM BU3HAYEHHS CTPYKTYpU TBEPAUX TIT €
PEHTIEeHOCTPYKTYpHHI aHami3. Bigomo, 1m0 /I peHTreHIBChbKUX MPOMEHIB KpHCTallyHa
rpaTka SBISETHCA NUPPAKIINAHOO. YMOBOIWO Judpakiii pPEeHTreHIBCHKUX IPOMEHIB Ha
KpUCTaJIYHIN rpaTii ABIS€Tbcs 3akoH Bynbda-bperris, mo mop’s3ye Mix co000 KyT
audpaxiii (0) Ta BiACTaHb MK aTOMHUMHM IUTOIIMHAMK rpatku (0) mpu HEBHIA AOBXKHHI
XBHJII €JIEKTPOMArHITHOIO BUIIPOMIHIOBaHHS (A):

2d sind = ni (2.5)
Jle N — HoMep AU PaKIIHHOTO MAKCUMYMY.

Koxxna nudpakrorpama xapakTepH3yeThCS PO3MOAITIOM bBperriBckux MmikiB 13
BIAMOBIAHMMH 3HAYEHHSAMH MDKIUIOIIMHHUX Bigcraned (d), 110 BH3HAYAIOTHCS
napaMeTpamMu eaeMeHTapHoi rpatku (a,b,C), 1 ix inTeHcuBHOCTeH (I), sKi, Y CBOIO Yepry,
BU3HAYAIOTHCA PO3MNOJLJIOM aToOMIB y Trparui. TakuM 4YUHOM, MaTepial Moxke OyTu
i1IeHTU(IKOBaHMH HIIIXOM MopiBHAHHSA d Ta | ekcriepuMeHTaTbHUX TUGPAKIIIHHAX KapTHH
13 JOBIAKOBUMH JudpakTorpamamu, 1o 30epiraroThCsi B 0a3l AUGPaKIIHHUX JaHUX
JCPDS.

B nmaniit po60Ti peHTIeHOCTPYKTYPHI JOCHTIKeHHS Oy BUKOHAHI 32 JOMOMOTOIO
mudppakromerpa JJPOH-4-07 B monoxpomatuzoBanoMy CoK, BumpomiHioBaHHI (A =

0,179021 M), pobounx pexxumax U = 30 kB Ta I = 20 MA Ta 1iudgpoBor peecTpaliero
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IHTEHCUBHOCTI. 3anuc au@pakTorpam NpoBOAUBCA B reomerpii bperra-bpenrano B
pexuMi ckanyBaHHA KyTiB 20 13 kpokom 0.02-0.04° 1 ekcnio3uiii€ro B KOXKHIM Toui 3—12 ¢
B 3QJIC)KHOCTI BiJ] TIOCTABJICHOI 3a/1a4i JOCIIHKCHHS.

AxicHuit pazoBuil aHATI3 MOPOIIKIB 31IMCHIOBAIMN 13 BUKOPUCTAHHSIM €JICKTPOHHOL
0a3u ganux MixHapoaHoro neHtpy maudpakmiiianx ganaux (ICDD) Powder Diffraction
File ™ (PDF-2).

Ockinpku 310MKY ipoBoaAnIN y K, BUPOMIHIOBaHHI 13 BUKOPUCTAHHAM [3-DLIbTpY,
TaK M0 TMajarye BUIPOMIHIOBAHHS MpeacTaBisuio cobor nyoner K, 1 Ky, Tomy Oymo
npoBesieHo BuiieHHs KoMmmnoHeHT K, 1 Ky, KoxxkHoro i3 anamizoBaHuxX MNpoduliB 3a
JOTIOMOIOK0  CTaHAAapTHOI Tmporpamu oOpoOku cnekrpiB PeakFit. 3a momomororo
anpokcumanuii npoduiiB y BUrisAl ¢GyHkii Bolirxra BU3Ha4amuch iX TOYHE MOJIOKECHHS,
IHTerpajbHl 1HTEHCUBHOCTI Ta HamiBmMpuHU. s BumaiieHHs ¢izuyHoro mpodimo i3
€KCIIEPUMEHTAJILHOTO B TIl € reoMeTpli 3MOMKH pPEeCTPYBaJIM JIiHIT BiJi MOPOIIKOBUX
eranoniB NaCl ta SiO,, mo migminryBaiucs 10 TOPOIIKOBUX CyMilliel abo Oy HaHeceHi
TOHKHUM IIaPOM Ha MOBEPXHIO MOPOLIKBOUX KOMIO3UTIB Y BUTIISLAI KoMiakTiB Ta b®. Ha
OCHOBI MAaKCHMaJIbHO TOYHOI MIJATOHKA E€KCHEPUMEHTAIBHOIO MpoPuIto (KOePilieHT
kopessuii 0,99) Bu3Hauanock NoJ0KEHHs Ta IHTErpajibHa IIUPHUHA KOMIIOHEHT.

KiIbKICHUI pEHTreHOCTPYKTYpPHHMI aHadi3 3A1MCHIOBAIM 3a CIIBBIIHOLIECHHSAM
IHTEerpaJbHUX IHTEHCUBHOCTEH JiHIH Ha audpaktorpamax [133, 134]. B pobori
3aCTOCOBYBABCS MPSIMHI METON, SKUH HE TOTpedye HAsBHOCTI €TAJIOHY 1 MOXKe
BUKOPHUCTOBYBATUCH, SIKIIIO BiJOMa KpUCTaJIIYHA CTPYKTYpa BCiX (a3, MPUCYTHIX Y 3pa3Ky.
Hampuknan, BUKOpUCTOBYIOUM IHTErpajibHl 1HTEHCHMBHOCTI pa3 A 1 B B aBoxdasmiit

CyMillll, MOXHa pO3paxyBaTH iX 00’€MHI YaCTKH TAKUM YHHOM:

1= Q(pa) + K22 0 py) (2.6)
ne Q(p) — o6’emni momi daz A i B, Iy, =C-L(O) |Fpl? Poy-e M- A0) = C; -
Ky - Q(p) — iHTerpanpHa iIHTEHCUBHICTb.

Cepenniii po3mip kpuctaiitiB (D) (o0macTeit KOrepeHTHOTO PO3CISIHHS) 1 BETHYUHY

CIIOTBOPEHB (MIKPOHANPY)KEHb) KPUCTAIIYHOI IPAaTKU (&) BU3HAYAIN HA OCHOBI YITHPEHHS

mudpakmiiaux mikis (111), (200), (220), (311) i (222) Bix Al, aHajgoriyHUX HASABHUX IIKIB
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Bim CU Ta 2-3 HaAWIHTEHCHBHIIIMUX TIKIB BiJ 1HTeMeTalieBuUX (a3 Mmicias BIJANAIIB 3a

JI0ITOMOT 010 3ajiekHoCTI Binbsmcona-Xosna [135]:

Bcosd 1 2sin6
=2 (20 2.7)

ne [ - iHTerpaiibHa MHPHUHA MKy, O — BperriBcbkuii KyT (MOJMIOKEHHS MiKy), D -
cepeaHii po3Mip KPUCTATITIB, € - BEJIMUMHA MIKPOCIIOTBOPEHb I'PATKH.

I'padik 3anexnocti (BcosO)/A Bix (2sin 0)/A nae 3HaYEHHS € 13 HAXHITY NIPSAMOT, 8 BEJTMYNHA
D Bu3Ha4a€eThCs 13 IEPETUHY 13 BICCIO OPMHAT.

Cnix BIAMITUTH, IO JUIS JOCHDKEHHS CTPYKTypHO-(azoBoro crany MJI
nopomikoBux kKommo3uTiB Al-Cu i Al-Cu/C, a Takox B® Al/Cu Oymno mposenmeHo ix
Bijnanu TpuBaiicTio Big 30 xBumuH 70 3,5 roauH B nedi npu temmneparypax 120-500 °C i
3aJIMIIKOBOMY THCKOBi y kamepi 107 ITa.

Binomo, 1m0 3a nosnoxeHHsM audpakiiitHoro miky (20) 1 BiAMOBIIHUM 3HaYE€HHSIMU
MDKIUTOIIMHHKX BijgctaHedl (dpy;) MOXKHa po3paxyBaTH IapameTpu rpatkua (a, b, C).
Hanpukman nius kyOidHOi cuHrosii, mo skoi BigHocuthes [L[K-rpatkm Al ta Cu,

PO3paxyHOK BeJEThCS 32 POPMYIIOLO:

1 _ h%+k2412 2.8)

2 2
A a

OCHOBHUM HEJOJIIKOM JJaHOTO METOJly € HeNiHIMHA 3anexHicTe a Big 0. Tomy y nanii
po0OoTi nns  mpesuniiiHoro BuszHaueHHs napametrpy ['LIK-rpatku Al Tta Cu

BHKOPHCTOBYBAJIM CKCTpanosiiitny ¢pyukuito Henbcona-Paiimi [135].

(2.9)

1 (60529 60529)
2 \ sing 6
OCK1JIbKH, BiJOMO MPO MOKJIMBICTb BiXMJICHHS Bif JiHiitHOTO 3anexHocTi Berapma [136],
TO JIIsl KUTBKICHOT OIIIHKK BMICTY Mifi (B at. %) B TBepaomy pozuuni Al(Cu) Ta amomiHio
(B ar. %) B TBepaomy po3uuHi Cu(Al) Oyno BHKOPHUCTAHO EMITIPHUYHI 3aJICXKHOCTI,
BH3HAaYeHi /s cruiaBiB cucremu Al-Cu y po6orax [137, 138]:

ay = 4.049—1.6-1073 X C,y, (2.10)

Ac, = 3.612+1.8-1073 X Cy, (2.11)

JocnimkeHHss TepMidyHOT CTaOlIpHOCTI TopomkiB micas MJI ta bd

POBOIUIIMCH METOJIOM BHCOKOTEMIIepaTypHOI IN-SitU peHTreHiBChKOi audpakToMeTpii 3a
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JIOTIOMOTOI0 YCTAHOBKM PEHTTeHIBChKO1 BHcOoKoTeMmnepaTypHoi (YPBT), mo mosBosise
POBOJUTH PEHTIEHOCTPYKTYPHI JOCHIJKEHHSI O€3M0Cepe/IHbO B TPOLIECl HarpiBaHHS
3pa3kiB. BumipioBaHHS NPOBOIMINCH 13 BUKOPUCTAHHSIM KOOalbTOBOro aHomy (A =
0,179021 um). HarpiB npoBoauiu 10 Temrepatypu 530°C (110 OTUIaBJICHHS ), a MBUAKICTD
HArpiBy Ta THCK B pobouiii kamepi Oymu 20 °C/xs ta 107 Ia. Peectparis audparosasoro
BUIIPOMIHIOBaHHS BinOyBasiach B KyTOBOMY jaiama3oHi ~40° 3a J0MOMOIOI0 BUTHYTOTO
JIHIMHOTO MO3UIIHHO-uyTINBOTO aetekropa (JIITYJI) 13 pamiycom ¢dokycyBaHHS KaMepu
nerekropa 200 MM Ta KyToBOKO po3aiuipbHOO 3maTtHicTIoO 0,05°. Indopmaris mpo
KOOpAWHATY  peecTpalii Ta  1HTEHCHUBHICTh  JU(ParoBaHOrO0  BUIIPOMIHIOBAHHSI
nepeaaBaiach Ha OaraTOKaHAJIBHUNA aHa3aTOp Ta KOMII'IOTEP, /1€ BOHA (hIKCyBaslach
OJTHOYACHO 13 IaHUMU TIPO TeMIIepaTypy 3pa3ka BiJ Tepmonapu. KepyBaHHsS HarpiBaHHSIM
3pa3Ka 37111 CHIOBAJIOCH 3a I0NIOMOroro apromaTtuzoBaHoro I1IJ[-perynsaropa Temneparypu.

AHani3z  kpucrtanorpagiyHoi TEKCTYpU MPOBOJMBCA METOJIOM TEKCTYpHOTO
PEHTIeHIBCHKOrO aHali3y Ha OCHOBI npsMux nosmocHux ¢iryp (IIID), axi oTpumyBanu 13
BukopuctanHaMm gudpakromerpa JPOH-3 13 TekcTypHOIO MNpUCTaBKOIO. 3HOMKHU
npoBoanauck B Co Ko BumpomiHIOBaHHI IpH CKaHyBaHH1 KyTiB o y Aiama3oHi Bix 0 mo 80°
3 kpokoM 5° 1 kyTiB B Bim 0 mo 360° 3 xpokom 10°. TloGynoBy IIIID 3xiiicHioBau 3a
noromoror mporpamuoro makety MTEX Matlab [139]. [anuit meTon 0a3yeThcsi Ha
B1JIOMBAaHHI PEHTI€HIBCHKUX MPOMEHIB BiJl CYKYIHOCTI MapaielibHUX KpUCTaIorpadiaHux
wiomuH {hkl} mocmimkyBanoro 3paska. SIKIIO TUIOCKMH 3pa30K 30pIEHTOBAHHWNA B
MOJIOKEHH1 M1J KyTOM 0 10 IEpBUHHOTO ITyYyKa PEHTT€HIBCHKUX MTPOMEHIB, a IETEKTOP Mij
KyToM 20 110 HBOTO 1 BUKOHYEThCS piBHAHHS Bynwda-bperriB (2.5), To 1HTEHCUBHICTH
TuGpakiifHUX MaKCUMYMIB, SKa PEECTPYEThCA JCTEKTOPOM, MPOMOPIIHHA TYCTHHI
HOpMauielt 1o cuctemu atoMHuX TwiomuH {hKl} y HanpsmMky HopMai 0 TUTOIIMHY 3pa3Ka.
[Ilo6 mochiauTH TYCTUHY HOpPMaJIed J0 THUX >K€ IUIONIMH B I1HIIUX HaMpsMKaXxX, 3pa3oK
MOBEPTAIOTh Ha KYT 0. HABKOJO OCi, IO JISKUTh HA MEPETHHI €KBATOPIadbHOI IJIOIIUHU
TOHIOMETpa 1 TJIONIMHI 3pa3Ka, Ta Ha KyT [3 HABKOJIO HOpPMaJ JI0 TUIOMIMHU 3pa3ka (puc.
2.3a). IlepeBakHy Opi€HTAII0 3epeH MaTepiasy, TOOTO IMOBIPHICTh 3HAXOKCHHS
HopMauti 1o atomMHuX mionmH {hKl} 3paska mpu pisHHX HOro OpieHTaIlisX, BimoOpakae

[MII® (puc. 2.36), axa OyayeThcsl 3a IHTEHCUBHICTIO JAUQPPAKIIAHUX MAKCUMYMIB BiJ
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wiommH {hkl} mpu moBopoTi 3pa3ka i3 3MiHOIO KyTiB o Ta . Tak, HOpMaIb 0 MUIOIIUHU
{hkl} mpoekryerbess B TOuky Ha cdepi, ska yTBopeHa ABoMa KyTamu o Ta [§. Taki Touku
BHUPOJIKYIOTBCS B ITOJFOCH JIIs ciMelicTBa turomuH {hKl} B momikpucranax. Yucmo TOYOK B
ouHUIN 00’eMy (200 KOHTPACTHICTH 3a0apBIICHHS) XapaKTepU3ye IOIIOCHY TYCTHHY 1

3aJIeKUTh BiJl IHTEHCUBHOCTI AU(PPAKIII].

N,

Puc. 2.3. Cxema 3OMKH TEKCTYpPHHM PEHTI€HIBCHKUM audpakTomMeTpoM, ne F — okyc
peHTreHiBebkoi Tpyoku, AOB — 3pa3ok, D — nerexkrop, N — HOpManp 0 TUIOIIMHU 3pa3Ka

(a). ITpoexkuis Hopmauti g0 mmomuau {hkl} Ha chepy mix kyramu o ta 3 (0).

2.5. PaMaHIBCBhKa CIIEKTPOCKOITIS

Bigomo, mo 3a mONIOKEHHSM Ta IIMPUHOI0 CMYT, a TaKOX CIIBBIIHONICHHSM
IHTEHCUBHOCTEH MIK HHMMH Ha pPaMaHIBCbKUX CIIEKTpax (CIEKTpax KOMOIHAIIHHOTO
PO3CISIHHSI CBITJIA) MOXHA OTpUMAaTH 1H(GOPMAILI0 NPO CTPYKTYPHUM CTaH Ta CTYIIHb
PO3YMOPSAAKYBaHHS BYyTJIElIeBOro Marepiany. Tomy y AaHiii poOOTI 3MIHH B CTPYKTYpl
rpaditoBoi q00aBku B mopoikoBux kommo3utax Al-Cu/C micas MJI ta Bignamie Oyiau
nocipKeH1 MmerogoM PamanoBoi ciektpockorii. CrieKTpy KOMOIHAIIHOTO PO3CIFOBaHHS
pEECTpyBaIUCh TIPW KIMHATHIA TeMIiepaTypl B Jiama3oHl pPaMaHIBCBKOTO 3CYBY
(xBHTboBOro urcna) 100-3000 cM™ 3a IOMOMOro0 MiKpOPaMaHOBCHKOIO CHEKTPOMETPA,
Mozenb inVia (Renishaw) 13 mazepom 3 gomxkuHoro xBwm 633 M [140]. Buginenus

OKpEeMHX CMYI Ha CHEKTpax Ta BHU3HAYEHHS IX TOYHOTO TIOJOKEHHS 1 IHTETpaJbHHUX
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IHTEHCUBHOCTEN 3/1HCHIOBAJIM, allPOKCUMYIOYH iX (PYHKIIISIMH, 11O € 3rOPTKOI (DYHKITIH

["ayca Ta JlopeHna:

azVin2 —<4ln(m)2> + 1-az

az

avT © na2(1+4(x_a1)2>

az

ae 8 — IUIoma, @; — TMOJOXKEHHS MaKCUMyMy, d; — WOro MiBIIMpUHA Ta
a3 — KoeilieHT popMu cMyTH.
ATpoKCHMAaIlil0 KPUBUX 13 BIAHATHM (OHOM y BHUIUIAJI TOJIHOMY 3iHCHIOBajIach 3a

JIOTIOMOT 010 cTaHAapTHOI nporpamu PeakFit.

2.6. EnexTpoHHa MiKpOCKOTIis

Mopdomorito Ta MIKpOCTPYKTYPY YaCTHHOK IOPOIIKIB, HUTiI(iB KOMIIO3UTIB Ta
CIUIaBiB, a TaKOX morepeyHoro nepepizy bd anamizyBamu 3a TONOMOIrOK CKaHYKOUOTO
enekTponHoro Mikpockomy JEOL JSEM IT-300, o6axagmanoro EDS XMax 80
npucTtaBkoro. 1100 BUSBUTH KOHTpPACT I'paHUIlb 3€pEH Ta BUIIJICHb, BUKOPHUCTOBYBABCS
pearent Kemnepa (2 ma HF (48%) + 3 M1 HCl + 5 Mot HNO;3 + 190 mur H,0). Cepenniii
pO3MIp YacTMHOK TIOPOIIKIB OIliHIOBaIKM 13 300paxkeHb CEM 3 BHUKOpHCTaHHSAM
HeKoMepIIiitHoT Bepcii mporpamu Image-Pro [141]. Cnig BiAMITHTH, IO CTPYKTYpPHI
XapaKTEPUCTUKU KOMIO3UTIB Ta b® Oyyo MOpiBHSAHO 13 3pa3KaMu BIAMNOBIAHMX 3JIUTKIB,

BUTOTOBJICHUX Yy JYTOBIM eyl B IHEPTHIN aTMocdepi.
2.7. SInepHuil MarHiTHUIA PE30HAHC

Crektpu SIMP *’Al BuMmiproBaqu mpu KiMHATHiH TeMmepaTypi 3a JOIOMOTOI0
cnektpomeTpa Bruker Avance 400 i3 maraiTHum niosiem 9,4 Tin. Bukopucrana pe3oHaHcHa
gacrorta Ha > Al cknamama 104,26 MI't. Criektpu 6yiIi OTpUMAaHi y PEKUMI HAKOITHYCHHS
13 BUKOPUCTAHHSIM OJHOIMITYJIbCHOI MOCII0BHOCTI Y PEXKUMI HAaKOTMMYEHHS 13 HMIHMPUHOIO
gactoTHOi mojocu 1 MI'1 ta wacom 3atpumku 0,1 c. B gKoCTi 30BHINIHBOTO CTaHAAPTY

JUIsl BU3HAUEHHSI XIMIYHOTO 3cyBY (0) Ha O M.4. OyB BUKOPHCTaHMI pPO3YMH HITPATy
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amomidito Al(NOs3);. BumineHHs OKpeMHX CMyr Ha €KCIIEPHUMEHTAJIbHUX CIIEKTpax Ta
BU3HAUYCHHS 1X IHTETpATbHUX IHTCHCUBHOCTEH 3IHCHIOBAIN, alIPOKCUMYIOUH 1X Y BUTIISAII
¢bynkuii Boiirxra.

2.8. udepeHiiiiina ckanyro4ya KaJIOPUMETPIs

Tepmiuny crabinbHicTh opomkoBux Komro3uTiB Al-Cu i Al-Cu/C no i micas MJI Ta
b® Al/Cu micns ocamkeHHs OyJ0 BH3HAYEHO METOIOM AH(EPEHIINHHOT CKaHYHOUOl
kanmopumetpii (JICK) 3a momomororo kamopumerpa Netzsch DSC 404 F1 Pegasus B
nporeci Oe3nocepenHporo HarpiBy g0 Temmeparypu 530 °C  (mo ormaBieHHs) i3
mBuakicTio HarpiBaHHs 40 °C/xB B atmocdepi remiro. 3a tepmorpamamu [ICK 3paskis
BU3HAYAJIUCh TEMIIEpaTypHI I1HTEpBAJIM MEPETBOPEHb (TEeMIlepaTypud MOro MoYaTrky 1
KIHIIS), TIK MEpPEeTBOPEHHs, a TaKoXX HOro IIMpUHA, BUCOTa Ta Iulouia. Y BHUIAAKY
0aratocTaJiitHOr0 MEPETBOPEHHS MIK KOXKHOI CTajli NEpEeTBOPEHHS BU3HAYABCS MICISA
pO3KJIa/laHHsl KPUBUX Ha KOMIOHEHTH. 3Baxatrouu Ha Te, mo JCK e mpsmum meronom
BU3HAYCHHS BBEJCHOI €Heprii y marepiai, To miomia mig mikamu Ha JICK kpuBuX piBHa
BEJIMYMHI BUJIUIEHOTO TEIIa B MPOIEC] €K30TEPMIUHOI peakiii y 3pa3kax. Takum 4MHOM
OyJsa olliHEeHa TaK 3BaHa peakxiliifHa 3J1aTHICTh 3pa3KiB MOPOUIKOBUX KOMITO3UTIB micist MJI

Ta BO micns ocamKeHHs PI3HUX KOMITO3UITIH.

2.9. BumMiproBaHHS MEXaHIYHUX BJIACTUBOCTEN

BumiproBaHHS TBEpIOCTI, SK 37aTHOCTI MaTepially YMHHUTH OIIp MPY>KHO-
IUIACTUYHOMY  J1e(opMyBaHHIO ab00 KPUXKOMY pYHHYBAaHHIO TMpH  JIOKAJIbHOMY
HAaBAHTAKECHHI, € YHIBEPCAJIbHUM CHOCOOOM BHU3HAYEHHS MEXAHIYHUX BJIACTHUBOCTEU
Marepiany. BumiproBaHHsS MeEXaHIYHMX BJIACTUBOCTEH 3pa3KiB MPOBOJIUIOCH METOJIO0M
IHJEHTYBaHHSI TPbOXTPAHHOIO aJIMa3HOoI0 Mipamifor bepkoBuya (KyT MpH BEpIIMHI } =
65,3°) 3a pgomoMOror yHiBepcaldbHOrO iHAEHTOMETpa «MIKpoH-TamMMay. 3araibHi
TEXHIYHI XapaKTepUCTUKU TpPWIaTy HaBeleHo y Tabn. 2.4, a mpuHIUN poOOTH Ta
KOHCTPYKIIiSI JeTalibHO omucaHi y poOoti [142]. Cnmim BigMITHTH, MO OCOOJUBICTIO

KOHCTPYKITi JaHOTO TIpWiIaay € BUKOPUCTAHHS JUQPEPEHININHOTO KOMIIEHCATOpa
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nepeMillieHb, SIKAW 3’ €THaHUM 13 TIYTIOM, [0 3HAYHO CIPOIIYE IOLIYK» MOBEPXHI 3pa3Ka,
7A€ MOXJIMBICTh MAaKCUMaJIbHO TOYHO 1JCHTHU(IKYBATH JIOTHUK 1HIEHTOpPA 13 MOBEPXHEIO
3pa3ka, BUKIIOYUTH BIUIMB MPYXHIX AepopMmaliiii KOHCTPYKIIi MpHiIagy Ta 30BHIMIHIX
BiOpariiif, 1, BIAMOBIAHO, OUIBII TOYHO BUMIPIOBATH TJIMOMHY NMPOHUKHEHHS 1HJEHTOpA
BIIHOCHO MOBepxHi 3pa3zka. Koxen 3pazok OyB gociimkeHuit ~ 60 pa3iB npu HikcoBaHOMY
HaBanTaxxeHHi 50 mH (5 r) (puc. 2.4) ta/a6o 0,3 H (30 1) y aBTOMaTHIHOMY pPEKUMI
HABAaHTAKEHHS - PO3BAHTAXKEHHS 13 3alUCOM EKCIIEPUMEHTAJIbHUX TOYOK Y BHIJISIL
niarpam B koopauHatax «P (HaBaHTakeHHs) — h (rmuOwHAa MpOoHUKHEHHS)» (pUC. 2.5) Ta
po3paxyHkoM MikpoTBepaocTi no Meiiepy (Hy), monymo FOnra (E) 1 koeditieHTy
IIACTHYHOCTI ( S ). CIiJl, BIIMITUTH, 10 MEXaHIYHI BJACTHBOCTI 3pa3KiB KOMIIO3UTIB Ta
B® Oyro nmopiBHSAHO 13 3pa3kaMu BiMOBITHUX CILJIABIB - 3JTUTKIB, BUTOTOBJICHUX Y IyTOBI1H

eyl B iHEPTHIN aTMocdepi.

Tabnuusg 2.4 TexHiYH1 XapaKTepucTUKu npunany "MikpoH-rama'.

[TapameTp 3HaYeHHS
Jiama3oH HaBaHTa)kKeHb, H 0,01 =5
BuwmiproBana rinuOuHa 3aHypeHHs 1HAEHTOpPa, MKM 0,01 =200
Po3nminpHa 31aTHICTE 1O TIIMOMHI, HM 0,3
Po3nminpHa 3maTHICTE MO cuil, MkKH 15
[IBuakicTs HaBaHTaXeHHS, cH/C 0,01 =100
Yac BUTPUMKH 11T HABAHTAXKEHHSM, XB. 0+10
Po6oua mingnka, MM 30
[IBuaKkicTh, MKM/C 20 +60

[Ipu BBeACHHI TipaMiIaJbHOIO 1HACHTOpA IIiJ Ji€I0 MOCTIMHOTO HaBaHTAKCHHS P

cepenHii THCK (p) (puc. 2.5), SKuii BUHUKAE B 30HI 1Or0 KOHTAKTY, PO3PaxOBYETHCS SIK:
P
(p) == (2.12)
Ha mouartkoBiii cramii 3uadenHs F — 0 i, BiamoBiaHo, (p) HabaraTo mepeBHUIIYE

IpaHuIi0 TUIMHHOCTI. Hanmami, mo Mipi BBeAeHHs iHaeHTOpa, F 30imbinyerhes, a (p)
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3MeHInyeTbes. [Ipu meBHoMy 3HaueHHs F, (p) BpiBHOBaXyeThCsS i3 OMOPOM MaTepiary
mactTuuHid aedopmariii. Iloganbine BBeAEHHS I1HJICHTOpPA BIiAOYBA€THCA 3a PaxyHOK
TUTMHHOCTI, MIBUAKICTD SKOi AJs1 OUIBIIOCTI KOHCTPYKIIMHUX MaTepialliB mpU KIMHATHIN
TEMIIEpPAaTypi € HEeBeJINKow, Tomy uepe3 10-15 ¢ micis HaBaHTaKEHHS 1HIEHTOP
3YIUHUTHLCS. 3HAYCHHS (P) Y MOMEHT TIepeX01y BijJl akTUBHOI nedopmMariii 10 aedopmairii

IJIMHHOCTI (B MOMEHT 3yNHUHKH 1HJICHTOpA) BIJAIMOBIJA€ BEIWYMHI TBEPJOCTI Mo Meiiepy

(Hy), sxa €:
P
(p) = Hy = 2 (2.13)
r 5 -
. a o
T 7
X ., 9 //
. 2
» ;" 3< ‘/"‘
- 5 //
§ 2 V4
E //
. P 2 < 14 /|
— ' == /,f’/
50 MK b ol <4 0 4

00 01 02 03 04 05
FJIHGHHa HpOHHKHeHHﬂ, MKM

Puc. 2.4 Ontmune 300pakeHHs BimOWTKIB iHAeHTOpa (a) Ta P — h nmiarpama mpwu

BUMIpIOBaHHI 13 HaBaHTaxeHHsIM 50 MH (5 1) 3paskiB moporikoBux komro3uTi Al-33

Cu/C (6).

Puc. 2.5 'eomeTpryHa cxeMa BBEACHHS MipaMigaibHOTO iHAeHTOpa [144]

VY cBoto 4epry, TBepaicTh o Meiiepy (Hy) mos's3ana i3 tBepaicTio o Bikepcy (Hy)

a6o o bepkoBuuy (Hg) BiIMOBIIHUMU CITIBBIAHOILIEHHSIMM:
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“Olv wvnlv

Hy =< = Hysiny = 1,854 (2.14)

Hg = < = Hysiny = 0,906= (2.15)
ne F — mpoekuist BIZOUTKY TBEpIOCTI HA MOBEPXHI 3pa3ka; P - HaBaHTa)xeHHs, 10 i€ Ha
iHeHTop, d — cpeHs TOBXKHMHA JiaroHa BIIOUTKY, ¥ — KyT IIPH BEPIIIHHI IHIESHTOPA,;
OxpiM ToTrO, JUIS TUIACTHYHHMX MaTepiamiB TBepAicTh mo Metiepy (Hy) 1 mexa
TUTMHHOCTI (0) OB’ s13aH1 ciiBBigHOIMEHHAM Teibopa:
os = Hy /3 (2.16)
KoedimieHT mmacTuaHOCTI, 110 BU3HAYABCS MPH 1HACHTYBAaHHI & 1;, JOOpE BIAMOBIIAE

BU3HAYCHHIO TUIACTMYHOCTI MaTepially — sIK 3J[aTHOCTI MaTepiaiy 10 3MiHU (OpMHU, SKE

3aJIMIIAETHCS TICIIS 3HATTS HABAHTKEHHS 1 pO3paxoByBaBcs 3a hopmyioro [ 143, 144]:

5 =D 1 A (2.17)

ne Ap, Ac m Ay - poOoTa Ha IUIACTUYHY, NPYKHIO 1 3araibHOi Aedopmaliily Hanpsmi i
CHJIM, YCEPEIHEH1 IO TUIOMIAI KOHTAKTy 1HJEHTOpa 13 3pa3KoM, 3HAYCHHS SKUX OyJIu
OTPUMAHUMHU 13 BUKOPUCTAHHSIM CHIBBIAHOIICHHS IUIONI MiJ KPUBUMHU HABaHTAXEHHS —

PO3BAHTAKEHHS.
2.10. Meroauka noOyA0BH €1€MEHTAPHUX I'PATOK Ta PEHTTE€HIBChKI TU(pakTorpaMu

3a nmomomororo mporpamHoro 3abesnedeHHsi CaRlIne Crystallography 3.1 Oynu
noOyToBaHi eJIeMEeHTapHI IpaTku MetactaOinbHOI HeBnopsakoBanoi OIIK-Al,Cug dasw,
OLT-AlLCu ¢a3u ta mepecuueHux TtBepaux poszuuHbiB Al(Cu) i Cu(Al). IToOymosa
MOJIOKEHb Ta IHTEHCHMBHOCTEW IIIKIB PEHTIeHIBCHKUX JU(pakTorpaMm BiJ MOPOIIKIB
3MIMCHIOBANIaCh BIAMOBIAHO 70 Teomerpii bperra-bpentano. Kyt mudpaxmii (20)
po3paxoByBaBcsi 3a 3akoHOM Bymbda-bperrie (dopmyma 2.5) 13 BHUKOPHUCTaHHIM
BIAMOBIHOT AOBXUHU XBUJ1 (A = 0,179021 HM) Ta BiACTaH1 Mi>K aTOMHUMH TLIOIIMHAMU
rpatkd  (d), po3paxoBaHUX BIAMOBIAHO 10 MapaMeTPiB MOOYJAOBAaHUX EJICMEHTApHUX

IpaToK.
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CrpykrypHuii (a3top po3paxoByBaBcs uisg koxxHoi twtomuan (hKI) BigmosigHo 10
dhopmynu:

Frja = Zg=1 fnfoccezni(hxn+kyn+lzn) (2.18)
1€ f,- atoMHu# GaKTOp PO3CIIOBAHHS, Xy, Yy, Zn — KOOPAUHATH N-OTO aTOMY IPATKH , focc
— ¢akrop 3anoBHioBaHHA (0 < f, .. <1).

Binomo, 110 f,, 3a71eKUTh B KyTa pO3CIIOBaHHS Ta JOBKWHU XBUJIi. Y JTaHOMY

BUIIAJIKy BUKOPHCTOBYBAJaCch HACTYITHA allpOKCUMAIIiS:

sinf

) <3t 4 e

ne a;, b; 1 ¢ — xoedimieHTH, MO0 BU3HAYAIOTHCS MM ATOHKOIO.

: o 1
Jlyis po3paxyHKy IHTEHCHMBHOCTI MiKiB (paKTOp MOTTUHAHHS (fy, = Z)’ ane Oynu

1
4sinB2cosf

BpaxoBaHi (akropu: Jlopenuna (f; = ), moysapu3aiii (fp = %(1 + c0s6?)),
sin6?

2B— :
1 ) Ta IIOBTOPIOBAHOCTI. Takum YHMHOM, BUKOPHUCTOBYBAJIACh

JlebOas-Bamepa (fr = e

HACTYyIHA 3arajibHa opMmylia JIJisi pO3paCUBHOCTEH MIKiB:

. 2
1+c0s62 _psiné
[ e
sin62cos@
|4

p

(2.20)

ne V — o00’eM eneMeHTapHOI I'PaTKy .
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PO3JILT 3

CTPYKTYPHO-®A30BUI CTAH TA BJIACTUBOCTI ITIOPOILIKOBUX
KOMIIO3UTIB Al-Cu I Al-Cu/C

3. 1. BB MeXaHI4HOTO JIETYBaHHS 1 BIANAY Ha CTPYKTYPY MOPOIIKOBUX KOMIIO3UTIB

BianoBigHo 10 moOCTaBiIeHUX 3ajad, B poOOTI OyJ0 MPOBEACHO IOCITIIKHEHHS
CTpyKTypHO-(azoBoro crany nopoikiB Al-Cu i3 Bmictom mizai 17, 33 ta 80 Bar.% 06e3 1 3
5 Bar.% rpadiroBoi 1o6aBku micias MJI Bopoaosx 1 - 8 ronuH y oHAKOBUX yMOBax, a
TakoK BignamB npu temmneparypi 500 °C BOpoIoBkK 2 TOAMH, SIKI € BUCBITICHUMHU Y
HACTYITHHUX aBTOPCHKHUX pobOoTtax [145-152]. I3 pucynky 3.1. BUIHO, 1[0 HA PEHTTCHIBCHKIH
audpakiiiHiii KapTUHI BiJ MOPOIIOBUX cyMimiel eBTekTHuHOro ckiamxy Al-33Cu y
BUXITHOMY CTaHi NpUCYTHI BimHOCHO By3bki miku Al 1 Cu. Ilicns MJI mi miku
VIIUPIOIOTBCA, @ 1X BIAHOCHI IHTEHCHBHOCTI 3MIHIOIOTHCS, IO TOB’SI3aHE 13 3MIHOIO
PO3MIPIB KPUCTAJITIB B PE3yNbTaTi MOMOJY Ta MOYATKOM peakliMHMX mpoleciB. Tak,
micist 1 roguHu momony 3’saBisieThes mik npu 20 = 51,67°. Ilomon Big 2 10 8 roauH
MIPUBOJUTD A0 30UIBIISHHS IHTEHCUBHOCTI MKy IpH TIpu 51,67° 1 mosABI A0JIaTKOBUX ITIKIB
pu 76,19 ta 98,01°, mo BiamosimaroTh Pasi i3 OLIK-rpaTkoro, sxy B mTteparypi [16, 23,
40, 43, 47 - 49] no's3yroth i3 Al,Cuy dazoro (mp. rp. P-43m, a = 0,8707 um, 6a3u
nopomkoBux audpakiiianx gaaux JCPDS PDF 24-0003). Ha 1iif ske crafii 3’ BIsSIEThCS
psan mikiB Bix OLT dasu 0-Al,Cu (np. rp. 14/mcm, a = 0,6064 uMm, ¢ = 0,4873 HM,
JCPDS_PDF 25-0012). Cnix Bigmituth, mo OLK-Al,Cuy da3a € meractabiibHOIO 1 HE
BIIOOpaKa€ThCA Ha PIBHOBaXHIM (ha3oBiil miarpami 0pH 3aJaHOMY €BTEKTHUYHOMY
cksanioBi. Ockinbku AudpakTOorpaMu BiJ MOPOIIKIB HA BCIX CTaisIX TTOMOJIy HE MICTSTh
HaACTPyKTypHHUX pedurekciB (210), (300) i (522) Bix dasu OLIK-Al,Cuy, 11e BKasye Ha Te,
1110 BOHA € HeBopsAKoBaHoo [16, 23]. [Ipuuyomy Ist 3pa3KiB MOPOIIKIB BOTO K CKIAdYy,
o mictuiu 5 Bar.% nob6asku rpagity, OLUK Al,Cug-daza popmyerses nuie micus 2-x
rogua MJI (Puc. 3.2). He3Bakaroun Ha Ti€BHI BIIMIHHOCTI y KiHETHIl (a30yTBOPEHHS Ha

nmovyaTkoBux ctagisx 1 - 2 roguau MJI, 13 30iabmenHsam TpuBaiocti MJI no 8 roaun
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nopomkiB Al-Cu ta Al-Cu/C iaTeHCHBHICTh TIKIB BiJl iHTepMeTaneBux (a3 3pocTae i
crocTepiraeTscsi (GOpMyBaHHS MPUOIU3HO oHAKOBOTO (pasoBoro ckimany: Al + Al,Cug +
Al,Cu.

Oxpim 1nporo, Ha audpakrorpamax Big mnopomky Al-33Cuw/5C micns MJI
tpuBamicTio 1 roguna mik (002) rpadity, 1m0 y BUIPOMIHEHHI KOOaJbTOBOTO aHOMIY
3HaXOUThCA Mpu KyTax 20 = 31° (dgg; = 0,3347 um), 3HUKae. Lle cBiqUuTH Npo Te, 110
KpUCTAIIYHUI TpadiT B Mmpoleci MOMOJNY TPHUBANICTIO Big 1 10 8 TOAMHM 3a3HaB
IHTCHCHMBHOI'O PYHHYBaHHS 1, 3Ba)Kaloun Ha pe3yapTaTd pooiT [85 — 88], mepeTBopuBCs Ha
amMop(GHUN i [1€I0 BUCOKOGHEPTreTUYHOI O0O0poOKM. AHami3 Bcix audpakTorpam
nopouikiB micias MJI Takox 3acBiauye Ipo BIACYTHICTh MIKIB BiJl OyIb-sIKUX OKCH[IB Ta
kapOiny Al,Cs. Pe3ynabTati i3 CX0KOH TUHAMIKOIO OTPHUMAHO JUIs 3pa3kiB mopomkiB Al-
17Cu ta Al-17Cu/5C micis MJI BripomoBx 8 rouH 1 € BigoOpakeHuMu y poooTi [147].

O Al O A12Cu * A14CU9 ® Cu

a Q AL-33Cu 6 9
BHXI1IHHN
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RL K3 e 00 e |
O (@)
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1o 1
g( MO (I)
) ,6 MIJI 2 ronuuu i
H O
7! 0O & O *0 :
wQ
8 o 2
§ MJI 6 ronuu :
: AR '
5) |
= I
= MJI 8 rogun O
0% jAM
1
1
MJI 8 ropuH (0]
O + pigman 500°C o
I
1

20 30 40 50 60 70 80 90 100 110 44 46
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Puc. 3.1. ludppaxrorpamu (a) ta ix ¢pparment i3 mikoM (111) Al (0) nopomikis Al-33Cu y

BUXiIHOMY cTaHi, micist MJI ta BignaniB npu 500°C, CoK,, - BUIpOMIHEHHS.
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Puc. 3.2. {udpakrorpamu (a) ta ix ¢parmentu i3 mikom (111) Al (6) 3paskiB

nopomikiB Al-33Cu/5C y BuxigHomy crtani, micias MJI ta Biamanie mpu 500 °C

BIPOJIOBXK 2 T'OJIVH.

IHTEHCUBHICTH, BiH. OJI.
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Puc. 3.3. dudpakrorpamu 3paskiB nopomkie Al-Cu ta Al-Cu/C pgoeBrekTHYHOTrO

cknay micis MJI BopogoBx 8 ro/iuH.
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3a pe3yabTaTaMH KUIbKICHOTO PEHTT€HOCTPYKTYPHOTO aHalli3y BHU3HAYEHO
00’emHl dacTku KoxHOT 13 (a3 (tabmurs 3.1). OueBwmno, MmO ISl 3pa3KiB
eBTEKTUYHOTO cKianxy BMIcT (a3u Al,Cu Ha ~ 10 06. % Ounpmmii, a Al4Cug - HA ~ 10
00. % Menmmuit B mopomkoBux kommosutax Al - 33Cu/5C, Hixk y 3pa3kax Al - 33Cu,
ajie 3arajJpbHUN OajaHC KUIBKOCTI 1HTepMeTaneBux (a3 30epiraerbes. [lopiBHIOIOUM
pe3yIbTaTH AJIs MOPOIIKOBUX KOMITO3UTIB eBTekTHUHOTo (Al-33CuU Ta Al-33Cu/5C) i
noeBTekTnuHOTO cKiamy (Al-17Cu 1 Al-17Cu/ 5C) micns MJI BopogoBx 8 roauH,
MOKHA 3pOOUTH BHCHOBOK Tpo (popmyBanHs Ha ~10 1 20 06. % Oumpme Al,Cu 1

Al,Cug da3 y 3pazkax eBrexktuanoro ckiamy Al - 33Cu/5C.

Tabmuusg 3.1. Pe3ynpTaTé KUIBKICHOTO PEHTTEHOCTPYKTYPHOIO aHaji3y 3pa3KiB

MOPOIIKOBUX KOMITO3UTIB

3pa3ku MOpoNIKOBUX KoMITo3uTiB | Yac MJI, Al, Al,Cu, | Al,Cuy, | Cu,
roguau | 006.% | 00.% | 06.% | 00.%

Al-33Cu 1 69 0 11 20
2 57 4 39 0

6 52 7 41 0

8 37 7 56 0

Al-33Cu/5C 1 76 0 0 24
2 47 13 33 7

6 44 15 41 0

8 37 16 47 0

Al-17Cu 8 36 3 31 0
Al-17Cu/5C 8 66 7 27 0

3mina mMopdosorii 4aCTUHOK 3pa3kiB MmopomrkoBux kommo3utTiB Al-33Cu Tta Al-

33Cu/5C micns MJI npencrasinena Ha puc. 3.4 1 3.5, a TakoX J€TalbHO BUCBITJICHA Y

poborax [145-148].



Puc. 3.4. CEM 3pa3kiB nopomkoBux komrno3uTiB Al-33Cu y BuximHoMy crtaHi (), micis
MJI Brpogorx 1 (0) Ta 8 roguu (B), a Takok mopomkoBux kommo3utiB Al-33Cu/5C y

BUXiAHOMY cTaHi (T), micas MJI Bopogosx 1 (1) Ta 8 ronus ()
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Puc. 3.5. Cepenniii po3Mip YaCTHHOK Ta IUIOIIA ITOBEPXHI 3pa3KiB TOPOIIKOBUX

kommo3uTiB Al-33Cu (a, B) Ta Al-33Cu/5C (6,1)
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VY BuXiHOMY CTaHi CepelHId PO3Mip YaCTHHOK IMOPOMIKIB BapitoBaBcs Bix 80 110
160 Mxm. Citigy TakoX 3a3HAYMTH, 1110 32 paXyHOK BBeAcHHS rpadity 3pasku Al-33Cu/5C
XapaKTepU3yIThCS OUIBIIOK YaCTKO BUCOKoaucIiepcHoi ¢pakiii (Puc. 3.4r). Iicns MJI
BIIPOJIOBXK | ronuuu y mopomkoBux kommnosutax Al-33Cu cnoctepiraerscsi armomepartis
gacTUHOK J0 120 — 200 mMkm, B Toi yac sk s 3pa3kiB Al-33Cu/5C crocrepiraeTbes
3MEHIIEHHS po3Mipy YyacTUHOK 710 60 + 20 mkm (Puc. 3.46,1). Lleit pe3yapTar KOpemoe i3
BIJIMOBITHUM 3MEHIICHHAM Iutonli moBepxHi mopomkiB (Puc. 3.5). CmiBcraBnsroun 1
pe3yabTaTH 13 pe3ysibTaTaMH PEHTICHOCTPYKTypHOro anamizy (Puc. 3.1 1 puc. 3.2),
OYEBHUJIHO, 110 came Ha 1ii crafaii nounHae popmyBatuck OLIK-daza. [Togibni pesynpraTtu
mpo 3MiHy Iomi noepxHi B mpoueci MJI Al-Cu mopomwkiB 1 i BIUIMB Ha peakiiiiHi
nporiecu Ta (pa3oyTBOpeHHs MpuBOIMIKACHL B poOoTi TixoBa Ta iH. [153]. Okpim Toro, 1ie
MOJke OyTH IMOB’s13aHe 13 TUM, 10 Ha ik ctaaii MJI mopomkoux kommo3utiB Al-Cu/C
KpUCTAIIYHUI TrpadiT B MpOIEC MOMOIY NEPETBOPIOEThCS Ha amMop(HHil, 0OBOJIKa€E
METaJiyHl YaCTUHKH, MEPENIKO/KAI0UM iX arjoMepallii Ta YNOBUIbHIOIOYH PEeaKIiiHI
npornecu. Iloganpina BUCOKOeHepreTMuHa oOpoOka 10 8 roauH 000X THIIIB 3pa3KiB
MOPOIIKIB MPUBOAMIIA 0 iX mojpiOHeHHs. [Ipuyomy 3ajeXHICTh PO3MOAUTY YACTHHOK
nopoikoBux Komno3uTiB Al-33Cu micng 8 rogq MJI mae MOHOMOJAIBLHUN XapakTep 13
cepenHiM po3mipom arjomepariB 45+20 mkm, a 3paskiB Al-33Cu/5C - armomepitiB i3
01MOJIaTbHUM PO3MOAUIOM: JpiOHI YAaCTHHKHU 13 CepelHiMH po3mipamu ~ 1-20 MKM 1
KpynHimn 4acTuHku po3mipom 35 MkMm (Puc. 3.5). Ilnoma noBepxHI NOPOIIKOBUX
komno3uTiB Al-33Cu/5C micnsg MJI BpoAoBk 8 TOIWH TaKOX 30UTBIIYEThCS B ~2 pa3u
6inbie (10 8,3 M/r), anix must Al-33Cu (3,6 M%/T).

Pesyneratt CEM Ta peHTTCHOCTPYKTYPHOTO aHajii3y MOPOIIKOBUX KOMIO3UTIB Al-
Cu/C i3 Bmictom mimi g0 ~80 Bar. % micias MJI HaBeneni Ha puc. 3.6. Ha Bigminy Bif
3pa3KiB JIOEBTEKTHYHOTO i eBTeKTH4HOro ckiaaiB, MJI 3paskiB Al-80Cu/5C npusomauio
70 iX MOCTYMOBOTO TMOJpPIOHEHHS, a CYTTEBOI arjoMmepariii He CIOCTEpIiraJoch MicCIs
nomoiry. Tak, micns 8 roauH oMoy Oyria IPUCYTHS OCHOBHA BUCOKOAMCIIEPCHA (hpaKilis
~ 1 - 5 MKM MOpsJ 13 MEHIIOK YaCTKOI KPYMHIMIKUX YacTUHOK po3mipoM 20-25 mkwM. I3
puc. 3.6r BUIHO, 10 y BUXigHOMY cTaHi mpucyTHi miku Bix Al ta Cu i3 I'LIK rpaTkoro, a

mik (002) Big kpucrtamiyHoro rpadity 3Hukae. MJI BOpogoBxk 2 TOAUH MNPUBOAUTH A0
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ympenss mikiB Al ta Cu 1 3HuKHEeHHs iKYy Bif rpadity. I3 30umbmennsm yacy MJI no 4
roauH mikk Bix Al 3HHMKaOTH 1 3’SIBISETHCS JOMATKOBHEM mik mpu 20 = 51,67°, mio
Bianosizae mikosi (330) OLK-dazu Al,Cus. ITicas 8 ronun MJI Ha audpaxiiiHii kKapTHHI
CIIOCTEPITaloThCs JIUIIE TPH MUPOKI Tiku mpu 51,67, 76,19 ta 98,01°, mo BiamoBigaroTh
nikam (330), (600) Ta (721) OLIK-Al4Cug da3u. Bixnan mopomikiB BIpo 0Bk 2 TOIUH MPH
temrepatypi S00°C cripusiB 3By:KEHHIO TIKIB Ta MosB1 HaACTPpYyKTypHuX (210), (300), (522)
MiKiB TIOpsiT 13 OCHOBHMMU mikamu Bix piBHOBaxkHOI Al,Cuy daszm, mpucyTtHIiCTh sSKHX
OB’ s3YI0Th 13 CTpYKTypHUM Tunom D8; [23, 46, 47]. Tomy poOUThCS BHCHOBOK MIpPO
npucyTHicTh HeBrnopsiakoBanoi OIIK-Al,Cug dasm y 3paskax Al-80Cu/5C mopormkoBux
kommo3utax miciast MJI ta 11 BnopsiakyBanHs y v, - Al4Cug dhasy (ctpykrypHoro tumy D83)

nicis Bianany npu temneparypi 500 °C 1 Buie.
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Puc. 3.6. CEM mnopoikie Al-80Cu/5C miciast MJI Bopoaosxk 2 (a), 4 (0) ta 8 roaun (B), a

TaKOX 1X AU(PpPaKTOrpaMu y BUXIAHOMY CTaHI Ta MMICIs BiMOBIIHUX 00p0oOOK (T)
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3.2. ®opmyBanHs MetactabinbHOI HeBropsiakoBanoi OLIK-Al,Cug Ta OL[T-Al,Cu das.

Ha nopiBHsimbHHX qudpakTorpaMax (puc. 3.7) Big 3pa3KiB MOPOIIKOBUX KOMITO3UTIB Al-

Cu Tta Al-Cu/C ycix xommo3utiii miciss MJI BpooBx 8 rouH CHOCTEPIraloThCs MiKA

pu 51,67, 76,19 ta 98,01°, mo BiAMOBIIalOTh MeTacTabUIbHIN HeBnopsakoBaHiit OLIK-

dasi Al,Cugy. [ToniOHy HeBmoOpsinkoBaHy abo vacTkoBo BropsakoBany OLIK-dazy Al,Cug

criocrepiranu y podorax [40, 43, 46, 47, 51] B mupokoMy KOHIIEHTPAILIHHOMY Jiana3oHi.
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Puc. 3.7. Iudpakrorpamu nopomikopux kommo3uTiB Al-Cu i Al-Cu/C pi3Horo ckiamy

micis MJI Baopomosx 8 roaud (a). Lltpux-miarpamu Bia ¢a3z: Al (JCPDS-PDF 101-2989),
Cu (JCPDS-PDF 04-0836), Al,Cus (JCPDS_PDF 24-0003), Al,Cu (JCPDS_PDF 25-

0012).
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3MiHM CTPYKTYpPHOTO CTaHy 3pa3KiB MOPOIIKOBHX KOMIIO3HUTIB Oyld J0JaTKOBO
nocmimkeni meronom SIMP, mo BimoOpaxkeHo y aBTOpchbkmx poOorax [145, 149-151].
Crektpu SIMP Ha siapax 2'Al 3paskiB mopomkoBux kommnosutie Al-33Cu/5C micmst MJI
HaBeneHo Ha puc. 3.8. Curnam B okomi 0 MITPHOHHMX YacTOK (M.4.) TIOB'S3aHUM 13
HAsIBHICTIO OKCUJIHUX TUTIBOK Yy mopoiikax (AlO4 - Ha 55 m.u. 1 AlOg - Ha 0 m.u.) [153-
155]. Ane i3 BpaxyBaHHSIM sIBHIIA CKiH-€(EKTy, HOro BIJIHOCHA 1HTEHCHBHICTh MOXKE HE
BIJIMOBIIaTH PEAbHIM KITBKOCTI OKCHIIB B 3pa3kax. CurHan i3 & B okoxi 1600 m.4.
BiAIOBiZae MeTaneBoMy amoMiHito [154, 155]. Moro yiupeHHs micis IOMOIY MOPOLIKIB
BIpooBXK | roguuu (puc. 3.90) 3yMOBJICHE NUCTIEPTYBaHHSIM MOPOIIKIB B mporieci MJI ta
MOYATKOM PEAKIIMHUX OpoueciB. [3 30LIbIIEHHSAM TPUBAJIOCTI MOMOJY MOPOWIKIB Al-
33Cu/5C Big 6 10 8 roauH Ha CIEKTP1 3 ABISAIOTHCS q0aaTKOBI JiHii 13 6 = 1400, 1000 -
1083 Ta 384 — 458 m.u. Bigomo, mo Al y xpuctamiuniii rparmi OLIK-Al,Cuy dasu moxe
3aiiMaTh TETpacAPHUYHI 1 OKTaeApUYHI MOJOXKEHHS [22], TOMy B MOJIOHUX CHCTEMax
curHasia Ha ~ 900-1000 ta ~ 400-600 M.4. MPUNIKUCYIOTH AIIOMIHIIO, IO 3HAXOJUTHCS B
teTpaeapuaHomy (Alr) Ta okraeapuanomy (Alg) orouennsix B rpatimi OLK-Al,Cug dazu
[22, 146, 153-155]. IIpucyTHICTH HIMPOKOTO MAJOIHTCHCHHOTO CHUTHATY i3 XIMIYHHM
scyoMm Ha 1000 m.u. Moxke Oyrm mosicheHo tuMm, 1o OIK-Al,Cus ¢aza €
HEBIOPSAKOBAHOIO, 10 TAKOXK KOPEIOE 13 pe3yIbTaTaMU PEHTTEHOCTPYKTYPHOTO aHai3y.
3mimienns curHany, BignosigHoro OIIK-Al,Cug ¢asi, 3 384 na 458 m.u. moxke OyTH
noB'si3aHe 13 (OPMYBaHHIM OTOUYEHHS 13 OUIBIITUM YUCJIOM aTOMIB MiJll, aji€ BPaXOBYHOUHU
HasSBHICTh Je(EKTHOI CTPYKTYypH, TOBHOTO HACHYCHHS B KOOpIWHAIIMHIN cdepi He
Bi0yBaeThCs. BiAmoBigHO 10 pe3ynbTaTiB, HaBeAeHUX B poboTtax [156-159], BussieHo,
[0 CUTHAJ 13 XIMIYHUM 3¢yBOM B 0Kkoi 1400 M.u BignoBigae HectexiomerpuaHii Al,Cu;
da3zi (0,012 <x <0,059). I3 puc.3.9 BugHO, 1110 0O0MIBA CIIEKTPH Bij 3pa3KiB IMOPOIIKOBUX
komno3uTiB Al-33 Cu ta Al-33Cu/5C micist MJI BpofoBx 8 rOMH BHUSIBIISIIOTE YOTHPH
OCHOBHI JIiHIT 13 PI3HUM CITIBBIJHOIICHHSIM 1HTCHCHBHOCTEH, IO BIJMOBIAIOTH PI3HOMY
oroueHHro aroMmiB Al y kpucramiunid rpartii: AlO; 1 AlOg; MeTacTabOiuIbHIM
HesnopsakoBaniii OL[K-¢a3i Al,Cug; nectexiomerpuuniii Al,Cu; — x ¢a3zi (0,012 < x <
0,059); meranesomy Al. Curnany Bim kap6imy amominito Al4Cz [160] i3 BignmoBigHuM

xiMiyHUM 3cyBOoM 100 - 120 M.4. HE crIOCTEPIranoch.
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Puc. 3.8. SIMP-ciektpu *’Al mopourkosux kommosutis Al-33Cu/5C y BuXigHOMY cTami

(a) Ta micia MJI Bpoaosxk 1 (6), 6(B) Ta 8 roauH (T), a TAKOXK MOPOIIKOBUX KOMITO3HUTIB

Al-33 Cu micis MJI BpoioBx 8 roauH ().
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XiMIYHHH 3CYB, M.4.

Puc. 3.9. SIMP-criekrpu *’Al mopomkis Al-80Cu/5C(a,6) i Al-33Cu/5C(8,r) micas MIJI

BIPOOBXK 8 roauH Ta Biamany npu 500 °C.
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[leBHI BHCHOBKHM TpO BIUIUB BMICTY MiJll Ha 3MIHY CTPYKTYpHO-()a30BOTO CTaHy
nopomkoBux komnosutiB Al-Cu i Al-Cu/C moxHa 3poOuTH 13 MOPIBHSIBHHUX
madpaxrorpam (puc. 3.7) ta SIMP-cnextpie “’Al (puc. 3.9) 3pa3skiB MOPOLIKOBHX
kommo3uTiB Al-33Cu/5C ta Al-80Cu/5C. 3Baxaroun Ha (GopMy CUTHAIIB B OKOJi 458-631
ta 1083-1146 M.4. Ha BIAMOBITHUX CIIEKTpaxX BIJ MOPOIIKIB 000X KOMIIO3UINM TiCIs
IIOMOJIYy BOpPOAOBK &8 romuH, iXx MokHa mnpunucatd Al,Cug ¢asi, npuyomy 3miHa
cruiBBigHOMIeHHs iX iHTeHCHBHOCTEeH (Alo/Aly) Moxke cBimumTh mpo pi3HY CTyMiHB ii
BriopsiiKyBaHHs [47, 48]. Bignan nopomikiB rpu temmnepatypi 500 °C BnpoaoBxk 2 TOauH
NPUBOIUTH IO YTBOPEHHS, ()a30BOr0 CKiIaxy OJIM3BKOTO J0 PIBHOBAXHOTO: IS 3pa3KiB
eBTeKTHIHOTO cKiany — posman OLIK-Al,Cug i hopmyBanns ckimany: Al + OLT 6-Al,Cu,
a JuIsd 3pa3kiB i3 BMicToM Miai 80 Bar.% — BropsiakyBaHHs B V,-Al,Cug ¢a3sy. Jlo Toro x,
VIIUPEHHS 1 30UIbIIEHHS IHTEHCUBHOCTI CUTHAITY B pailoH1 0-55 M.4. micis BIANAILY MOXE
CBIJTYUTH SIK MPO 301IBIICHHS YaCTKH OKCHUJY, TaK 1 MOSABY MaJIOIHTEHCUBHOT'O CUTHAJY BiJl
KapOiay, 110 MoTpedye N0JaTKOBOTO YTOYHEHHS IHITUMU METO/IAMH.
3a manumu CEM y pexumi 0O0epHEHO-pO3CISIHUX (B1IOMTHX) EJIEKTPOHIB 3pa3KiB
noporikoux kommo3uTie Al-Cu i Al-Cu/C erektnunoro ckiaay (puc. 3.10) BuIHO, 1110
micas 1 roguam oMoy Juis 3paskiB Al-33Cu ¢hopMyIOThCSl arioMepaTH i3 ImapyBaToio
CTPYKTYpOIO Ta 0OJacTsAMH, 30aradeHMMHU Miqao (CBITIMM KOHTPACT) 1 aJTIOMIHIEM
(Temuuit koHTpact). Ha BimMiHy Bif 11por0, Y Bumaaky MJI Brpomosxk 1 roaunHu 3pas3kiB
Al-33Cu/5C Takoi cyrTeBOi ariomepailii HE CIIOCTEPIraeThCs, a KIIbKICTh OOJacTei
CBITJIOTO KOHTpacTy (30aradeHuX MiJIi0) € Ouabioro. e TakoX CBITYUTH MpO OLIBII
YIOBUIBHEH] peakI[iiiHi MpOLECH y BUIAAKY MOMOJIY MOpoLIKiB 13 rpaditoM. Iloganbiie
MIJI Bigx 2 mo 6 romuH copuse MoApiOHEHHIO Ta (OPMYBaHHIO OULTBII OJHOPITHOI
CTPYKTYpH i3 cipuM KoHTpacToM B 000X 3paskax Al-33Cu i Al-33Cu/5C. Lli pe3ynbraTu

JeTajIbHO BUCBITIIEHI y poOoTi [146].
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Puc. 3. 10. CEM (pexum 00epHEHO-PO3CISIHUX €IEKTPOHIB) 3pa3kiB mopoiikiB Al-33Cu y
BUXITHOMY cTaHi (a), micis 1 (B), 2(x) 1 6 rogua MJI(e), a Takox Al-33Cu/ 5C (0, T, €, k)

y BuxigHoMy ctaHi (0), micns 1 (1), 2 (e) 1 6 (k) ronun MJL.
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CriBCTaBIsOYM pe3yibTaTaMU JIOKAJIBHOTO XiMiuyHOro anamizy (puc. 3.11 Ta
Tabnuis 3.2.) 1 pe3yJbTaTaM PeHTTeHOCTPYKTYPHOTO aHali3y, BUIHO, IO Micis | ToauHu
MJI 3paskiB Al-33Cu i 2 rogua MJI 3paskiB Al-33Cu/5C npucythi cBiTmin oosacTi (i3
OUTBLIMM BMITOM Mi/Jl1) Y BUTJISA/II BKJIIOUEHb PO3MIPOM ~ 1-4 MKM 1 ycepeIHEHUM CKIaI0M
~60 - 50 % ar. Al 1 ~40 -50 % ar. Cu, moO BIANOBIZAIOTH METACTAOIILHIN
nesnopsakoBaniii OIL[K-da3i Al,Cug 1 He BiIOBIIAIOTH 11 PIBHOBAXXHOMY CKJIaJI0B1. B TOM
K€ dYac, TeMHiml obOmacTi (MEHII HAacHYCHI MIiAr0) BiAmoBimaroTh ckmamoBi AlLCu +
Al(Cu). ®opmyBanHs obnacteil moaiOHOTO CKiaay crocrepiranoch y po6oti [50] mics
MJI BopomoBx 10 rogumn crmutaBy 2014 Al i moB'si3yBanoch i3 YTBOPEHHSIM O0acTei
nepecuyeHnx TBepAux posuuHiB. [IpucytHicth obmacteit 13 Bmictom CuU Bix 7,62 mo 9,3
atr. % micns MJI Bopomosxk 1 roamuu 3paskiB Al-33Cu/5C cBimuuth npo GopmyBaHHS
obmacteit mepecumyeroro TBepaoro pozuuHy Al(Cu). Cmig BiAMITHTH, MO0 MOXJIMBE
BIIXWJICHHS TI0 KOHIeHTpallii TBepaoro po3unny Al(CuU) depe3 mpuCyTHSTH BYTJICHIO Y

3arajJbHOMY OanaHCl 1 HasIBHICTh MOXUOKH 13 BU3HAYEHHSIM HOTO KOHIIEHTpAIII1.
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Puc. 3.11. CEM (pexum obepHeHO-pO3CisTHUX eneKTpoHiB) miciast MJI Bnpoaosxk 1 ta 2 (B)

roauna MJI 3paskiB mopomikiB Al-33Cu (a, B) Ta Al-33Cu/ 5C (6, r).
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Tabmuus 3.2. Pe3ynbraTi JTOKaIbHOTO XIMIYHOTO aHAJi3y MOPOMIKOBHX KOMIO3MTIB Al-

33Cu i Al-33Cu/5C nicnist MJI Bopomosx 1 1 2 roguHw.

Yac MJI, | 3pa3ku MOPOIIKOBUX KOMITO3HUTIB O0aacTh Al, Cu, C,
TOMHU at. % | at. % | aT. %
1 Al-33Cu Puc.3.11 (a)- 55 |69.47|30.53| -
Puc.3.11 (a)—56 |51.64|48.36| -
Puc.3.11 (a) - 57 |56.54|43.46| -
Puc.3.11 (a)—58 |50.87|49.13| -
Puc.3.11 (a)—59 |30.14|69.86| -
Puc.3.11 (a)—60 |49.74|50.26| -
Al-33Cu/5C Puc.3.11(6)- 55 | 75.99| 7.64 |16.37
Puc. 3.11(6)-56 |80.80| 7.62 | 11.58
Puc. 3.11(6)-57 |75.80| 9.3 |[14.90
Puc. 3.11 (6)—58 |29.07|66.95| 3.98
Puc. 3.11(6)-59 |23.61|67.82| 8.57
Puc.3.11(6)—-60 | 7.50 | 83.18 | 9.32
2 Al-33Cu Puc.3.11(B)- 55 |70.61|29.39| -
Puc.3.11 (B)—56 |59.12|40.88| -
Puc. 3.11 (B)—57 |70.88|29.12
Puc. 3.11 (B8)—58 |67.20| 32.80
Puc.3.11 (8)—59 |68.51|31.49
Puc.3.11 (B)—60 |72.62|27.38
Al-33Cu/5C Puc.3.11(r)- 54 |69.96|14.94| 15.1
Puc. 3.11 (r)—55 |67.57|17.41|15.02
Puc. 3.11 (r)—56 |59.93|27.40 | 12.67
Puc. 3.11 (r)-57 |39.80|49.68 | 10.52
Puc. 3.11 (r)—58 |12.64|78.79 | 8.87
Puc. 3.11 (r)-59 |51.86|36.25|11.89

3a manumu CEM Ta nokanpHOro XiMiuHOTO aHamizy nopormikiB Al-80Cu/5C (puc.

3.12, tabnung 3.3) BunaHo, o micias MJI Bipoaosxk 4 ta 8 ronud GopMyroThCst 001acTi 13
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ycepenHeHuM ckmaaoM ~62 - 71 at. % Cu i ~29 - 38 ar. % Al, mo y cmiBcraBiaeHHi i3
pe3ynbTaTaMu PEHTTEHOCTPYKTYpHOTO aHamizy (puc. 3.6) BiAmoBigae MeTacTaOUTbHIN
HesnopsakoBaniii OLIK-Al,Cug da3si. IlpucyrHicts obmacteit i3 BMictom Al Big 9,82 1o
16,31 at. % na 300paxenusx CEM 3pa3kiB nopomkiB Al-80Cu/5C micas MJI Bipogosix 4
TOJIMH CBIIYUTH PO POPMYBAHHS MEPECUUCHOTO TBEPAOTO POZUMHY 1 TAKOXK MiATBEPIKYE
pe3ynbTaTH PEHTICHOCTPYKTYpHOTO aHamizy. IlomiOHi pesynbratd 13 (opMyBaHHS
nepecunueHoro TBepaoro pozunHy CU(Al) i3 BmicToMm amominiro 10 ~16 at. % y MJI

nopoiikoux kommosutax Al-Cu Takox croctepiranocsk B pobori [49].
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kommo3uTiB Al-80Cu/5C micis MJI Bipoiox 4 (a,0) Ta 8 roauH (B,r).



Tabmuus 3.3 PesyapTaT JIOKaTbHOTO XIMIYHOTO —aHaI3y

kommo3uTiB Al-80Cu/5C miciist MJI BipoioBx 4 1 8 TouH

3pa3KiB
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MTOPOIIKOBUX

Yac MJI,

TOJINHA

3pa3Ku MOPOIIKOBUX KOMIIO3UTIB

Oo6macTb

Al,

at. %

Cu,

at. %

C,

at. %

4

Al-80Cu/5C

Puc. 3.12 (6)

17.11

64.29

18.60

Puc. 3.12 (6)

23.32

59.41

17.27

Puc. 3.12 (6)

9.82

81.97

8.21

Puc. 3.12 (6)

20.28

61.64

18.08

Puc. 3.12 (6)

22.48

63.55

14.00

Puc. 3.12 (6)

16.13

14.47

9.40

Al-80Cu/5C

Puc. 3.12 (1)

19.72

65.88

13.39

Puc. 3.12 (r)

18.00

71.94

10.07

Puc. 3.12 (1)

18.15

70.93

10.92

Puc. 3.12 ()

16.68

73.83

9.50

Puc. 3.12 (1)

19.60

68.94

11.46

Puc. 3.12 (1)

15.99

76.71

7.60

3.3. Cran rpadity y nmoporkoBux kommnosutax Al-Cu/C miciis momoity Ta Biamais

Crpykrypa 3paskiB nopomkoBux kommno3uTiB Al-33Cu/5C ta Al-80Cu/5C micis MJI ta

BiJINAJIiB TaKOX Oysa JocCiijpkeHa mMetonoM PamaniBebkoi criekTpockomii (puc. 3.13), a

pe3ysbTaTH JIeTalbHO BHUCBITICHI B poOoTax [148-150]. Bimomo, mo pi3Hi ajJoTpoOIHi

(dhopMHU BYTJICIIO BIIPI3HAIOTHCS MiXK COOOIO CIIOCOOOM YTBOPEHHS 3B’S3KIB MIXK S- Ta -

2 . . . .
enekTpoHamu (Sp’- Ta SP>-riGpmamsaiis), BHACIIZOK 9OTO HA PAMAHIBCHKHX CIIGKTPAX

BUHUKAIOTH ABI XxapaktepHi cmyru: D ta G. Sk mpaBuio, CekTp KpucTaliqHOTOTpadiTy

XapaKTePH3yeThCs HASBHICTIO iHTeHCHBHOI G-cMyrm B obmacti 1575-1584 cm™ Ta myxe

cnabkoi D-cmyru. I3 3pocTaHHsIM KIIBKOCTI Je(eKTIB y CcreKTpl 3’ sBisieTbest D-cmyra npu

~1350 cm™. [t aMop(hHOTo BYITIELIO y CIEKTPax CIOCTEepIiracThes MHpoka G-cMyra mpH

1580-1600 cm™, a Takoxx D' i D" emyru mpu 1350 Ta 1620 cm™, Bimmosizzo [161 - 163].

Cni BiAMITHTH, 110 ciiekTpu cymimieit nopomikiB Al-33Cu/5C y BUXiTHOMY CTaH1 MarOTh

oxpiM D ta G emyr mpu 1578 em™ momatkosi D' ta 2D emyru mo6musy 1582 i 2670 cm™,
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IO CBIAYUTH MPO T€, LI0 Y BHUXIAHOMY CTaHl rpadiT MaB, CKOpillle, HaHOIIAPYyBaTy
cTpyktypy. Ilicist momoiy BOpoaoBk 1 TOAWMHM CIOCTEPIra€ThCs CYTTEBE ymupeHHs D-
emyra (1327 em™) i G-emyru (1598 cv™) Ta 3MiHa CITiBBiJHOIICHHS iHTEHCHBHICTI MiX
HumH (Ip/lg) 1o 1,25, mo Moske CBiIYUTH PO 3MEHIIIEHHSI PO3Mipy YaCTUHOK, 301IbIIICHHS
KUIBKOCTI  JIe()eKTIB Ta CTYNEHIO pO3YNOPSAKYBaHH. YIIMPEHHS Ta 3MEHILIEHHS
IHTEHCUBHOCTI 2D-CMyru TakoX MOKHA TIOSICHUTH TEPETBOPEHHSIM KPHUCTATIYHOI
CTpyKTypH Tpadity Ha amophHomy [164]. MJI 8 ToauH MPUBOAUTE A0 MOJATBINOT 3MiHU
criBBBigHOmEeHHs Ip/lg m0 1,5 1 3umkHeHHs 2D-cMyru, 1o BKa3dye Ha amopdizalliio
rpadity.

Sx Biamivanmocs y psaal poOiT [68, 81, 85], BaKIMBUM NHTAHHSAM € MOKJIUBICTbH
YTBOPEHHS KapOiy alFOMiHIIO BIPOJOBXK TPUBAJIOTO OMOJY abo Bianaxy MJI mopomikis
npu temneparypax Bim 400 °C mo 600 °C 3a peakmieto 4Al + 3C—AlCs. TlosiBa
no1aTKOBUX cMyT 485 i 850 cM™ Ha pamaniBcbkoMy criekTpi mopomkis Al-33Cu/5C micis
MOMOJTy BIIPOJIOBXK 8 TojauH Ta Biamany npu Temneparypi 500 °C BnpoaoBxk 2 CBIIUUTH
npo yrBopeHHsM kapoiny Al,Cs [165]. Criimnomenusm lp/lg = 1,53 micist Bigmany nae
M1JICTaBU MPUITYCTUTH, 1110 TIEBHA YacTUHA TpadiTy mpopearyBaia 1 yTBOpUBCs KapOin, a
MeBHA YaCTHUHA BCE X 3AJIMIIWIACH Y BUMJISAAI aMOpdHOiI cKi1anoBoi. OKpiM TOTO, MICHs
noMoJIy BOpoAOBX 8 romuH Ta Biamany mnopoiikie Al-33Cu/5C cmoctepiraroThes
nomatkoBi cmyru Ha 103, 220 i 260 cm™, siki € xapakrepaumu st OLIT-AlL,Cu dasu, a
cMyry B okoii 220 cM™ Tako)X MOXKHA BiTHECTH 0 MONEKYISAPHHX IPYI OKCHIY Midi Ha
noBepxHi [166].

[Ticas momony mnopomkoBux kommo3utiB Al-80Cu/5C Brnpomosxk 1 roawHu TaKo)
CIIOCTEPITa€eThCs CyTTeBe ymupeHHss D- Tta G-cmMyr Ta 3MiHA CHIBBIJHOIICHHS
inTercuBHicTI Misk HEMH (Ip/lg) mo 2,06, 110, aHAIOTIYHO 10 HABEACHUX BHIIEC MIPKyBaHb,
CBIIUUTh TMPO TEPETBOPEHHS KPUCTAIYHOI CTPYKTypu rpadity Ha amopdHOMY.
36inbmenns yacy MJI Big 1 1o 8 roauH TakoX MPUBOAUTH JO 3MIHU CHIBBBIAHOIIECHHS
Io/lg Bixm 2,06 1o 1,5, a TakoX YIIUPEHHS 1 3MEHIIEHHS IHTEHCHBHOCTI 2D-cMyrH, 1o
TaKOX CBIIYUTH MPO PO3YNOpsAAKyBaHHS Ta amopdizauito rpadity. Ha BigmiHy Bijg
noporkoux kommo3utie Al-33Cu/5C, micas ananoriudoro Biamany 3paskis Al-80Cu/5C

nofatkoBuX cMyr mpu 485 i 850 cm™ mHa pamaniBcekomy crektpi (puc. 3.13€) — He
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CIIOCTEPIraeThCs, MO CBIMUUTH Mpo BiacyTHICTH KapOiny Al,Cs. CriBBimHomenns Ip/lg =
1,48 micns Biamamy TakoX Ja€ MIACTaBH MPUITYCTUTH, IO rpadiT micis Bignary
nopornikoBux kommo3utiB Al-80Cu/C 3anummmBes y Burisaai amopdHoi ckianoBoi. OkpiM
TOro, iHTeHCHBHIiCTH cMyr Ha 103, 220 i 260 cm™ mst 3paskiB Al-80Cu/5C micis MJI
BITPOJIOBK § TOMH Ta BiJNATy € MEHIIIOK, aHDXK IS 3pa3KiB €BTEKTUYHOTO CKIIaIy, IO 1€

Moxke OyTu moB's3aHe 13 BiacytHicTio Bkiany Bim OLT-Al,Cu ¢a3u y 3paskax Al-

80Cu/5C.

2D
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[HTEHCHUBHICTB, BIJH. OJI.
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260 G
I
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PaMaHiBCbKHA 3CyB, CM
Puc. 3.13 PamaniBChKi CHEKTpHU 3pa3kiB NOPOMKOBUX KoMmo3uTiB Al-33Cu/5C vy
BUXigHOMY cTaHi (a), micias MJI Bopomgosxk 1 (0), 8 ronun (B) Ta Biamamy npu 500°C
BNpoJoBXK 2 roauH (), a Takox Al-80Cu/5C micns MJI Brpoxosx 1 (x), 8 rogun (e),

nomatkoBuid Bianai npu 500°C Brpoaorx 2 roauH (€).
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3.4. KpucranorpadiuHi XapaKTepUCTUKH MOPOIIKOBUX KOMIIO3HTIB

3a pesyapTaTaMyd PEHTTCHOCTPYKTYPHOTO aHaji3y BCTaHOBIICHO, Mo micas MJI
BIpoJoBK 1 romuuu mapamerp rpatku Al 36iabiryerbes Big 0,4049 no 0,4050 uM aIs
3paskiB Al-33Cu, a Ttakox Bix 0,4049 mo 0,4053 mm mna Al-33Cu/5C (tabn. 3.4). Lle
XapakTepHEe NJI1 HAHOKPUCTAJIIYHUX MaTepialliB 13 BUCOKOIO IIUIBHICTIO TPaHUIlb 3€pEH
[167]. Takox Bimomo, 1m0 30LAbIICHHS MapaMeTpa IPaTKH IOB'S3aHE 13 HACHYCHHSIM
nedekTaMu 1 30UTBIICHHSM MiKpocTioTBOpeHb Ipatku  [168]. Ilicns 2 romma MIJI
crocTepiraeThcs 3MeHIneHHs napamerpy rpatku Al mo 0,4041 um B moporkax Al-33Cu
ta 10 0,4047 am B Al-33Cu/5C. Lle#t pakT MOXHa MOSCHUTH YTBOPEHHSIM MEPECHUCHOTO
tBepaoro pozunny Al(Cu) 13 koHueHtparieto miai ~ 4,9 at. % (11 Bar.%) 1 1,3 ar. % (3
Bar. %) micass MJI BrponoBxk 2 roaud mnopomkiB Al-33Cu 1 AI-33Cu/5C, BiamoBigHO.
Cnizi BIAMITUTH, IO BYTJIELb Ma€ Ay»e HU3bKy po3unHHICTh (0,02-0,04 % Bar) B antoMiHii
[42, 169] i He MOKe YTBOPIOBATH TBEPAOIO po34yKHY B 1aHuX ymoBax MJI. ITomanpme MJI
70 8 TOAWH MPUBOAMUTH JO0 MOCTYMOBOTO 30UIbIIEHHS mapameTpiB rpatku go 0,4051-
0,4053 mM. [TomiOHi pe3ymbTaTh B jdiTepatypi [82, 43, 170] moB’s3yBanm i3 po3magom
nepecudeHoro tepaoro pozuuny Al(Cu), dopMyBaHHIM iIHTEpMETATIEBUX CIOJYK.

Oxpim TOTO, 32 3MiHOI TONOXKeHHs MmikiB CU Ha nudpakrorpamax Bif mopomkiB Al-
33Cu micas MJI Bopoaosixk 1 roauu i Al-33Cu/5C micns MJI Bipoaosixk 1 1 2 roauu (puc.
3.1 1 3.2) ouineHo 3MiHy napameTpy rpatku CU 1 KOHIEHTPAIII0 TEPECHUYEHOTO TBEPIOTO
pozuuny Cu(Al). I3 ta6m.3.4 BumHo, mo mis 3paskiB Al-33Cu mapamerp rparku Cu
3poctae Big 0,3604 1o 0,3614 uM, 1110 CBIAYUTH PO (GOPMYBaHHS MEPECUUECHOTO TBEPAOTO
po3unny Cu(Al) i3 Bmictom Al 10 1,11 at. % (0,5 Bar. %). [TopiBHsHO i3 M, micas MJT 1
i 2 rox s 3paskiB mopoimkoBux kommo3utiB Al-33Cu/5C mapamerp 1patkm Cu
smiHeThes Bij 0,3604 1o 0,3618 HM, 110 TeX CBITYUTH PO (HOPMYBaHHS MEPECHUICHOTO
tBepaoro po3unHy Cu(Al) i3 BMicTom anrominito 1o 3,33 at. % (1,5 Bar. %). AHaJIOTIYHO
oMy, micis 4 roaun MJI 3paskie Al-80Cu/5C crioctepiraersesi 301IbIIEHHS TApaMeTPy
rpatku Cu Big 0,3604 mo 0,3616 HM, 0 TaKOX CBITYUTH TIPO (POpMyBaHHS MEPECUICHO
tBepaoro po3unny Cu(Al) i3 omineHrM BMicToM amominiio ~2.2 aT. % (1 Bar. %). Hagami

13 30UIBbIIIEHHAM Yacy moMouy mikin CU Ha nudpakTorpamax 3HUKAOTh.
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Tabmuus 3.4 Kpucranorpadiuni xapakrepuctuku mopomkoBux kommo3utiB Al-Cu i Al-

Cu/C micis MJT
3pa3ku MJI da3oBui CKIIa aal, Ccuy | Qcu ca, | D, |eg
KOMIIO3UTIB HM % HM % oM | %
+0,0001 | ar. | +0,0001 | aT. |=+10|=+0,01
+0,5 +0,5
Al-33Cu BUX. Al + Cu 0,4049 |0 0,3604 |0 81 |0,11
CTaH
1 ron Al  +Al,Cuy +0,4050 |0 0,3614 1,11 |51 |0,17
Cu(Al)
2 ron Al(Cu) + Al,Cug +|0,4041 |49 |- - 33 0,20
Al,Cu
6 rox Al + Al,Cuq + 0,4049 0 - - 29 | 0,23
A|2CU
8 rox Al + Al,Cuq+ 0,4051 0 - - 25 | 0,25
Al,Cu
Al-33Cu/5C BHUX. Al + Cu 0,4049 0 0,3604 0 56 | 0,11
CTaH
1 rox Al + Cu(Al) 0,4053 0 0,3617 | 2,7 | 42 | 0,35
2rox | Al (Cu) + Al,Cust+ | 0,4047 | 1,3 | 0,3618 | 3,3 | 30 | 0,69
Al,Cu + Cu(Al)
6 Tox Al +Al,Cug+ 0,4051 0 - - 18 | 0,70
Al,Cu
8 ron Al +Al,Cuq + 0,4053 0 - - 17 | 0,77
Al,Cu
Al-80Cu/5C BUX. Al + Cu 0,4049 0 0,3604 0 71 | 0,11
CTaH
4 ron Cu(Al) + Al,Cug - - 0,3616 | 2,22 | 51 | 0,27
8 ron Cu(Al) + Al,Cug - - - - 28 | 0,69

3arajJpHOBIIOMO, III0 VIOUPEHHS NIKIB Ha IUdpakmiiHid KapTUHl [OB's3aHe 13
) ymmp p p

3MEHIIEHHSIM PO3MIpYy KPUCTAJITIB, HACUUYEHHIM JedeKTaMu, EPErpynyBaHHsIM aTOMIB B
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€JeMEHTApHIM TpaTili 1 BHHUKHEHHIO MiKpocmoTBopeHb [43, 45, 167, 168]. Tomy Ha
ocHoBi ymupenss mikiB Al (111), (200), (220), (311) Ta (222) Ha qudpakmiifHIX Kap THHAX
Big nopomkiB Al-33Cu, Al-33Cu/5C Oyno BU3HaueHO cepenHiii po3mip kpuctamitie D i
BEIIMYMHY MIKPOCIIOTBOPEHB € IpaTky . I3 Tabi. 3.4 BumgHo, o micas MJI Bix 1 o 8 ronun
nopomikiB Al-33Cu cepenniii po3mip kpuctainitiB (D) 3menmyerses Big 81 10 25 HM, a
piBeHb MikpocnoTBopeHb Ipatku (&) pocte Big 0,11 g0 0,25%. Y Toit ke wac, s
nopomikiB ckiany Al-33Cu/5C D 3menmyetsest i3 56 g0 17 M, a € pocte Big 0,11 mo
0,77%. Takum uuHOM, 11 mopokiB Al-33Cu po3mipu KpUCTaIITIB B ~2 pa3a OuiblIl, a
MIKpOCTIOTBOPEHHS IPaTKu B ~2 pa3u MeHii, aHk ais nopomkiB Al-33Cu/5C. Leit dakr
MOKHa MOSCHUTH THUM, IIO BBEAECHHS AOMIIIKH rpadity 5 Bar. % B nopomok Al-Cu B
npouieci MJI cnpusie OinbIioMy TOJIPIOHEHHIO Ta HacHUYeHHIO naedexrtamu. [s
nopomkoBux kommnosutiB Al — 80Cu/5C micis MJI BmpomoBxk 2 1 4 TOOUH TaKOXK
CIIOCTEPITa€eThCs aHAJIOTTYHA TeHeHIis 3MeHieHHs D Bix 51 go 20 HM, a € 3pocTae Bif
0,17 mo 0,29 %. Hanani i3 306umbmeHHsM yacy MJI 1o 8 roguH MKW BiJ YUCTOI Miji
3HHMKaIOTh, 1 CHOCTEPIraloThCsd MIKKA JUIIE BiJ MeTacTaduibHOI HeBnopsakoBaHoi OLIK-

A|4CU9 (1)331/1.

3.5. TepmiuHa cTaOUIBHICTH Ta peakIliiiHa 3JaTHICTh MOPOITKOBUX KOMITO3HUTIB.

3a manumu audepeHiiitnoi ckanyroudoi kanopumeTpii (JICK) mist roMoreHi3oBaHuX
nopomikopux cymimed Al-33Cu i Al-33Cu/5C y BuxigHoMy cTaHi B PEXHUMI
HenepepBHOro HarpiBy g0 530 °C (o orulaBi€HHS) BUSBJIICHO €HAOTEPMIUYHMM TMiK B
iHTepBai Temmneparyp 200 — 275 °C, 1o MOe CBIIUUTHU SIK MPO MPOXOKEHHS MPOLIECIB
Gbi3ngHOi afcopOIii Boau, Tak 1 Moaudikallii okcuay Ha moBepxHi nopomikis [171]. ITicis
MUJI tpuBanictio Biag 1 10 8 roAMH MOPOIIKIB CHOCTEPITAlOTHCS €K30TEPMIUHI MIKU PI13HOT

iHTeHcuBHOCTI (puc.3. 14).
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Puc. 3.14 JICK nopouikoBux komno3uTiB Al-33Cu (a), Al-33Cu/5C (6) ta Al1-80Cu/5C (B)

Taxk, micist MJI BriponoBx 1 ronuan Ha JICK KpuBHX HOPOIIKOBUX KOMIO3UTIB Al-

33Cu cnocrepira€rbcsi MaJOIHTCHCHUBHUN IMUPOKUN EK30TEpMIUHUN MIK B 1HTEpBaJl

TeMIiepaTyp

120-280 °C  (makcumym mpu 192 °C). Cxoxkuil €K30TepMIYHHN IIiK

cnoctepiranu y pooorax [22, 33, 34] 1 noB’si3yBanu 3 TBepAoPa3zHoIo peakiiero Mixk Al 1

Cu 13 yrBopenHnsM intepmeraneBux croiyk. Ha JICK micns MJI Bnpomosxk 2 rogun Al-

33Cu MmoOpomIKIB CHOCTEPIra€eThCsl PICT IHTEHCUBHOCTI JAHOTO TiKY, IO OOYMOBJIEHO

1HTeHCU(DIKAII€0 peaKUIMHUX TMpoleciB B mnopomkax. [logiOHUI 1HTEHCUBHUN MK
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s'spistetbess 1 Ha JICK kpuBiii 3paskiB Al-33Cu/5C (puc.3.156) micns 2 rogun MJL
Od4eBuHO, M0 TOIAJIbIIa BUCOKOEHEPTreTHYHA 00poOKa MOPOIIKIB 000X KOMIMO3HITH A0 &
TOJIMH TMPHU3BOJIUTH JI0 3BY>KEHHSI 1 3MEHIIECHHS 1HTEHCHUBHOCTI JTAHOTO €K30TEPMIYHOIO
nmiky. Take 3MEHIIEHHS 1HTEHCHBHOCTI IIKy OOYMOBJIEHO THM, WI0 CIPHYMHEH]
BIJIMOBIAHUMHU 00pOOKaMH pPeakIliiiHl MPOIECH B MOPOIIKAX CTAIOTh MEHII IHTCHCUBHUMH 1
NpaKTUYHO 3aBepurytoThes micig 8 roaudn MJL. Crnin 3ayBakutu, mo Ha JICK kpusii
nopoimkoBoro kommno3uty Al-33Cu/5C micns 8 romun MIJI 3’sBaserbes  Apyruit
ex3orepMiyHui mik B okomi 480°C. CmiBcTaBisitoud 1€l pe3ylnbTar 13 JIaHUMHU
pamMaHIBChKOI CIIEKTPOCKOIIi Ta TpuBeIeHUMHU B podortax [35,36] mns cuctem Al-C,
MOKHa CTBEp/KyBaTH, mo B mnopomkax Al-33Cu/5C B mpoueci MJI Ta Bianany npu
temriepatypax Big 400 qo 600°C 3’aBiseTbest KapO1J] adlOMiHIIO B pe3yibTaTi peakiii 4Al
+ 3C — Al4Cs. Li pe3ynbratu € onyOinikoBaHuME y poboTtax [146-148].

VY Bunanky nopoikopux kommo3utiB Al-80Cu/5C micas MJI Bmpomosx 8
rojuH (puc. 3.14B), TAKOXK CIIOCTEPIra€THC MATIOTHTEHCUBHUMN 1 IIUPOKUN €K30TEPMIUYHUN
miK B iHTepBam Temneparyp 120-280°C 13 makcumymom mnpu 191,7°C, mo, y
CIIBCTABJICHHI 13 pe3yJbTaTaMU PEHTTEHOCTPYKTYPHOIO aHami3y, TakoX IOB’S3aHO 13
TBepaodazHumMu peakuisiMu MK Al 1 Cu 13 yTBOPEHHSIM IHTEPMETAJIEBUX CIIOIYK.
Ockinbku s 3pas3kiB y ckianal ~80 Bar. % CU TOYKOIO OTUIABJICHHSI € 3HAYHO BHIIA
temriepatypa ~1000 °C, 1o 3ammc JICK kpuBuUX 3iHCHIOBAJIM B TEMIIEPATypHOMY
iaTepBaii Big 30 1o 900 °C. V iutepBai Big 730 10 900 °C cnioctepiraeTbCsi IHTECHCUBHUIM
€K30TepMIYHUN TIK, SKHM, y CIIBCTaBICHHI 13 pe3yJibTaTaMH PEHTIC€HOCTPYKTYPHOTO
aHajizy 1 JTeparypHuUMU JnaHumu [23, 47], BiAmoBigae TeMmMImepaTpHOMY IHTEpBaly, B
AKOMY B110yBa€eThCsl BINOPAJIKYBaHHS MeTacTaOuibHOI HeBnopsakoBaHoi OLK-da3u y y,-
Al,Cuy da3sy (ctpykryproro tumy D83). Ha JICK micis MJI BripoaoBx 4 rofuH 3pa3KiB
Al-80Cu/5C Ttakox MpUCYTHI aHAJIOTIYHI MKW, aje OKPIM MEepIIOro MiKy € JI0JaTKOBa
komronenTa npu 330 -530 °C, mo HakIamgaeTbes 1, UMOBIPHO, MOKe OyTH MOBsI3aHa SIK 13
MPUCYTHICTIO BYTJICIIO, TAK 1 MOKJIMBICTIO YTBOPEHHS 10AATKOBHUX 1HTEpMETaNeBUX (as3.

3a iHTerpanbHuMHU 1HTeHcHBHOCTsMM mikiB Ha JICK 3pa3kiB  mopoikoBHux
KOMITO3UTIB OyJIM po3paxoBaHi 3HAYEHHS BUIAUICHOTO TEIjia B Pe3yibTaTl €K30TePMIUHUX

peakiiiii B MpoIEecl HEMepepBHOTO HarpiBy (T. 3. peakiliifHa 3JaTHICTh) — BEJIWYHHA
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BBEJICHOI eHeprii y marepian B mpoueci MJI, 1o BUAUIAETHCA NpU MOrO HACTYITHOMY
HarpiBaHHi. [3 puc. 3.14r BuAHO, IO MOMOJ MPHU3BOAUTH JO 3MEHIICHHS PpEaKliiHOT
s3matHOCTI Big 114,2-120 Jx/r micng 2 roguda MJI mo 11,3 Ix/ r1 50 JIx /v s 8 rogux
MJI mopomkoBux kommo3utiB Al-33Cu Tta Al-33Cu/5C, BiamoBigHO. AHANOTIYHO 10
pOoro y 3paskax i3 OumpmuMm BmicToM Mimi Al-80Cu/5C Takok crocrepirae€rbes
3MEHIIIEeHHS peakIliiHoi Bix 155 no 57 JIx/r 13 36ubmenHsM yacy MJI Big 4 1o 8 roguH.
Ile o3Hayae, 1m0 BIAMOBIAHI peakilii 13 yTBOPEHHSM IHTEPMETAJIEBUX CIOJIYK Maixe
3aBepuiyeTbcss g0 8 roauH  MJIL, 1m0  Takok  BIANOBIA€  pe3ysbTaTam
PEHTTEHOCTPYKTYPHOTO aHamizy. BpaxoByroun neit ¢akrt 1 Te, 10 3a HABEJACHUMHU BHILE
pesyabraramu CEM mopomikoBi kommnosutu Al-Cu ta Al-Cu/C micnst 8 rogua momoiry
Maju HaWOUIbII APiOHOAUCIEPCHY CTPYKTYpPY, TO JUIsl TONANBIIOTO CIIKaHHS Oyiu
BUKOPHUCTaHI MOPOUIKOBI KOMITO3HUIII1 came micist 8 rogun MJL.

MerogamMu  BHCOKOTEMIIEpAaTypHOTO  IN-SitU  pEHTTeHOCTPYKTYPHOTO — aHaNi3y
BHSBJICHO, 110 JiJIs1 TTopokoBux kKommosutax Al-33Cu/5C micna MJI BnpooBxk 8 roauH
npu temmneparypax 250 — 280 °C 1 Bume audpakuiiiai miku Big MeractadbiinbHoi OLK-
Al,Cuy ¢a3u, 3uumkaroth (Puc. 3.15a). I3 30imbmienHsMm temmeparypu g0 500 °C
dbopMyeTbest ONMM3bKUN 10 piBHOBakHOro ckiaa: Al + AlLCu. Ili pesyabraté €
BHCBITJIICHUMH Yy pobOoTax [146, 148] Cuin BiAMITATH, M0 MOAI0HI (a30Bi MepeTBOPEHHS
HE CIIOCTEpIrajnch B KOJHOMY 13 HEaKTHUBOBaHMX MopomkiB. Tak Ha puc. 3.156
MPEACTABICH] JJaHI PEHTT€HOCTPYKTYPHOro aHaimizy Ao Ta micias Bignaixy npu 400 °C
BrpoaoB:x 1 rogunu kommnaktiB Al-33Cu/5C ta Al-33Cu, oTprMaHuX i3 TOMOI'€HI30BaHUX
CyMilllell eTleMEHTapHUX MOPOILIKIB MpHU KIMHATHIM TemrepaTypi nig Tuckom 150 MIla.
OueBuHO, 10 HABITH MiciA Bianany (a3oBHil ckiaaa 000X 3pa3KiB HE 3MIHUBCS, 10 MOXKE
OyTH TIOB’si3aHE 13 HASBHICTIO IIUIBHUX OKCUIHUX IApiB HA TMOBEPXHI YACTUHOK METANIB
Ta 3acBiguye npo Te, mo MJI chpusie iX pylHYBaHHIO Ta IHTEHCU(IKY€E peakIiliiiHi

MIPOIIECH.
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Puc. 3.15 ®parmentu qudpakrorpam 3pasky nopomkoBoro kommnosuty Al-33Cu/5C micns
MJI Bmnpomosx 8 TroauMH, 3HATI B MPOLIECI HENEPEPBHOIO HArpiBy BiJ KIMHATHOL
temnepatypu 10 500 °C (a). Hudpakrorpamu rxommaktiB Al-33Cu/5C ta Al-33Cu y

BUXI1JTHOMY CTaHi (a, B) Ta micia Bianaiis mpu 400 °C (6, r).

3.6. MikpocTpyKkTypa Ta Ga3oBuii CKJIaj MOPOITKOBUX KOMIO3UTIB MICIS XOJIOIHOTO

MpEeCyBaHHS Ta CITIKAHHSI.

Ha puc. 3.16. npencraBneni 300paxenHss CEM 1 pe3ynbTaTé peHTIEHOCTPYKTYPHHUX
nociaipkeHb nopomkoBux KomMno3uTiB Al-33Cu 1 Al-33Cu/5C, oTpuMaHuUX XOJOIHUM
npecyBanHsM. OueBUAHO, HAa AWdpakTorpaMax MPHCYTHI MiKH, 110 BiamoBigawTs Al,
meTacTaOinpHil HeBrmopsakoBaniin OLIK-Al,Cug ta OIIT-Al,Cu ¢aszam, mo Bigmosimae
($ha3zoBOMY CKJIaAy MOPOIIKOBUX KOMIIO3UTIB Ticis momoity. L{ipe3ynbTaty BUCBITIICHI Y

poborti [146].

Pentrenoctpyktypuuii ¢asoBuii anami3 3paskiB crmiaBy Al-33Cu Ta credeHux

kommno3utiB Al-33Cu i Al-33Cu/5C) cBiquuth nipo npucytHicTh mikiB Big Al i pazu Al,Cu
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(puc.3.17). Takum unHOM, criikanHst moporikoBux kommno3utis Al-33Cu i Al-33Cu/5C npu
temrepatrypax 480-510°C mpuszBoAWTH O PO3MAaAy METAcCTabUIBHOI HEBMOPSIKOBAHOL
OLIK-Al,Cuy da3u i yrBopeHHs KiHieBoro ¢aszoporo ckiamxy (Al + Al,Cu), mo €
OJIM3BKUM 10 PIBHOBaXXHOT e€BTEKTHKHU. [10i0HI MaHI KOPEMoTh 13 m1aHnMu beccona Ta

in. st Al-Cu moporukis micist MJT i Biamanis go 500 °C [40, 47].
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Puc. 3.16 CEM Tta mudpakrorpamu mnopomkoBux kommosutiB Al-33Cu (a, B) 1 Al-

33Cu/5C (0, 1), orpumanux MJI BIpo10BK 8 TOJMH 1 XOJIOJAHUM MPECYBAHHSIM
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Puc. 3.17 {udpakrorpamu 3pa3kiB eBTeKTUIHOTO ckiaaay: ciiaB Al-33Cu (a), KOMITO3UTH
Al - 33Cu (6) Ta Al - 33Cu/5C(B) micnsa cmikanHs npu temmeparypi 480 — 510 °C i
tuckoBi 30 MIla. ®dparment audpakrorpamu 3pasky Al - 33Cu/5C i3 HalOLIbII

IHTEHCUBHUMH MiKaMu Bix kapOixy Al,Cs (T)
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Opim Ttoro, Ha mudpakrorpamax kommo3uTiB Al-33Cu/5C Takoxk CIOCTEPITaroThCs
manoinTeHcuBH1 miku Al,C; xapOimy, ane 3Bakaroud Ha 1HTEHCHBHICTH MIKIB 1 MEXY
YyTJIUBOCTI METOJIB, MOKHA BBaXKAaTH, 10 MOro BMICT ckiaaaB ~3-5 00.%. PesynbTatu
IS 3paskiB goeBTekTHYHOTO ckiaay (cmaBy Al-17Cu ta cneuennx kommosutis Al-17Cu
i Al-17Cu/5C) npencraBiaeHo Ha puc. 3.18 1 € meTanbHO BHCBITIIEHUMHU y poOoti [145].
Cnin TakoXX BIAMITHTH, IO JKOJHUX INKIB BiJl OKCHIIB Ha PEHTICHIBCHKUX
mudpakrorpamax Bim mopomkoBux kommosutie Al-33Cu/5C 1 Al-17Cu/5C mwe Oymo
BUSIBJICHO, HE3BKAIOUM HA Te, 110 CHIKaHHS BiI0yBajocs 0e3 3aXUCHO1 aTMocdhepu, TOMY

MO>KHa MIPUITYCTHUTH, 10 00'€MHa YaCTKa OKCH/IB - HE TiepeBuIye 3-5 06. %.
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Puc. 3.18 [udpaxrtorpamu 3pa3kiB €BTEKTHYHOTO ckiamy: cmiaB Al - 17Cu (a),
komno3utu Al - 17Cu (6) ta Al - 17Cu/5C(B) cniikanus ipu temnepatypi 480 — 510 °C 1
tuckoBi 30 MIla. ®parment nudpakrorpamu 3pasky Al - 17Cu/5C 13 HaHOUIBII

IHTEHCUBHUMH MiKamu B kap0oixy Al,Cs (T)

3a pesynapTaTaMy KUIBKICHOTO PEHTICHOCTPYKTYPHOTO aHajizy Oyiu OIliHeHl 00'eMHi
gactku ¢a3 Al ta Al,Cu, Al,Cuy ta Al,C;3 y 3pa3kax JTOCBTEKTHYHOIO 1 €BTEKTUYHOIO
cknany (puc.3.19). OueBumno, mo 13 30umbmeHHsM BMicTy CU y 3pa3kax KUIBKICTb
iHTepMeTaliiB 301IbIy€eThcs. Tak, MOPOIIKOBI KOMITO3MTH €BTEKTHYHOTO ckiany Al-
33Cu i1 Al-33Cu/5C mictmin Oublry 00'eMHY 4acTKy MeETacTaliabHOT HEBIOPSIKOBAHOT

OLIK-Al4Cug (mo 47 Ta 56 06.%) 1 OLIT-Al,Cu da3u (o 16 i 7 00. %), aHi>K KOMIIO3UTH
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I0eBTeKTHYHOrOo  ckiamy. Ilicmsa cmikanHs — HaWOutema  Kigbkicte  OLIT-AlLCu
iHTepMeTaniny A0 63 06.% Oyna BusiBineHa B komnosutax Al-33Cu/5C, mo npubauzHo Ha
20 % Buiie, aHixk y komno3uTi 1 cruiasi Al-33Cu, a Takox Ha 27 — 42 % Ouiblie 3a BMICT Y
AQHAJIOTIYHUX 3pa3Kax MOCBTEKTHYHOTO CKIady. ToMy MOKHA MPHUITYCTHTH, IO J00aBKa
rpadity cripusie 301UIbIIeHHIO YacTKu (a3u Al,Cu B mporiect criikaHHsI.

Ha pucynky 3.20. npencrasneni 300paxenHss CEM 3pa3kiB MOpPOUIKOBUX KOMIIO3UTIB
JTOCBTEKTUYHOTO 1 E€BTEKTUYHOT'O CKJIaay, a TaKOXX BIAMOBIMHUX CIUIaBiB. BumHo, 110
MmikpocTpykTypu cmiaBiB Al-17Cu ta Al-33Cu ckiajnaroThesi 13 MaTpHIll TEMHIIIOTO
KoHTpacTy (i3 OuteimuM BMicTOM Al) 1 BKIFOYEHB CBITIIIIOTO KOHTpacTy (i3 OULTBIIAM

BmicToM Cu, 6mmkdi 10 Al,Cu das3m) y BUTIIsii 1amen (ISHIPHTIB).
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Al-17Cu AITCWSC Al-17Cu Al-33Cu Al-33CwsSC  AlL33Cu
LA LI EREY KOMITOTHT CIjias KOMIOTHT EOQOMITOIAT Cltaes

Puc. 3.19 Pe3ynpratu KiIbKICHOTO PEHTTEHOCTPYKTYPHOTO aHalli3y 3pa3KiB MOPOIIKOBHUX
komno3uTiB goeBTekTuaHoro (Al - 17Cu ta Al - 17Cu/5C) i eBrektnunoro ckiany (Al -

33Cu Ta Al - 33Cu/5C), a TakoK BiIOBIAHMUX CILIABIB.

MikpocTpykrypa nopomkoBux komno3uTiB Al-17Cu ta Al-33Cu cknamaerbes 13
arJioMepaTiB CIIEUEHUX YaCTUHOK po3mipoM 20—70 MKM, B SKUX BHUSIBJIEHO 00JacTi
TEMHOI'0 KOHTPACTy 13 OUIbIIMM BMicTOM Al Ta a 00JacTl CBITIOrO KOHTPACTy — OJIMXKY1
10 Al,Cu dasu (puc. 3.20 B i r). Cuig 3a3HaunTH, mo nopomkoBi kommosutu Al-Cu
JOCBTEKTUYHOTO 1 €BTEKTHYHOTO TICHIS CIIKAHHS XapaKTEPHU3YIOTHCS OUIBII OTHOPITHOIO
Ta JOHUCIEPCHOI CTPYKTYpPOIO TMOPIBHSAHO 13 cruiaBoM. OKpiM I[OTO, Ha TpaHULSIX
arioMepariB 4aCcTHHOK mpucyTHi mopu (5-8 %) posmipom 3 - 5 Mmxm (Tabm. 3.5).
Mikpoctpyktypu kommosutiB Al-17Cu/5C ta Al-33Cu/5C (puc. 3.201,6) MarOTh MEHII

OJIHOPIAHMUM po3MoALT BKIoUeHb (azu Al,Cu nmopiBHAHO 13 Komno3uTtamu 0e3 rpadiry.
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Puc. 3.20 CEM (pexum o0epHEHO-PO3CITHUX €JIEKTPOHIB) 3pa3kiB ciiaBiB Al-17Cu (a) Ta
Al-33Cu (0), a Takox mopomkoBux kommo3utie Al-17Cu (8), Al-33Cu (1), Al-17Cu/5C
(m), Al-33Cu/5C (e)

Oxkpim toro, y kommno3uti Al-33Cu/5C (puc. 3.20¢) armomepaty 4aCTUHOK PO3MIPOM 5 -
40 MKM TEMHOTO KOHTPAacCTy, pO3TalllOBaH1 B cepeIMHI 00J1acTeil 31 CBITJIMM KOHTPACTOM.
Coinx BigMiTHTH, 110 po3Mip arjmomepatiB B kommnoszutax Al-Cu/C cmiBmnagae i3 cepeaHim
PO3MIpOM YaCTUHOK KpymHimmoi (paxiii micas MJI (puc. 3.5). Takum 4uHOM, KOMIIO3UTH

06e3 rpadiToBOoi JA00aBKU XapaKTEPU3YIOThCS I1HTEHCHUBHIIIOW arjoMepariio michs
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crikadHsa. He3Baxarouu Ha 11€, JOCUTHh HU3bKA MOPHUCTICTH 5 - 8% Ta XOpommii 3B’ SI30K
Mix gacTuHKaMu KOMITO3UTiB Al-Cu/C T0eBTEKTHYHOTO i €BTEKTUIHOTO CKIIATy BKA3YIOTh

Ha Te, 110 MPOIEC CIIKaHHS A0cAT (DiHATBHOT CTadll.

Tabnuys 3.5 Pe3ynapTaTH JIOKaJdbHOTO XIMIYHOTO aHAami3y 3pa3KiB MOPOLIKOBUX

KOMITO3HUTIB Y MTOPIBHSHHI 13 BIJIMTOBIIHUMH CIIJIaBaMH.

3pa3ku Oo6unactp Al, Cu, C,
at. % | at. % | at. %
Al-17Cu crutaB Puc.3.20 (a)- 1 65,99 | 34,01 -
Puc. 3.20 (a) — 2 88,52 | 11,48 .
Al-17Cu kommo3ur Puc.3.20 () - 1 63,51 | 36,49 -
Puc. 3.20 (B) -2 85,35 | 14,65 -
Al-17Cu/5C koMmo3ut Puc. 3.20 () - 1 62,39 | 25,83 | 11,78
Puc. 3.20 (n) — 2 82,01 | 7,89 | 10,10
Al-33Cu cruas Puc.3.20 (6) - 1 76,12 | 2388 | -
Puc. 3.20 (0) -2 95,63 | 4,37 -
Al-33Cu xommo3ur Pnc.320(r)- 1 58,93 | 41,07 -
Puc. 3.20 (r) - 2 65,86 | 34,14 -
Al-33Cu/5C kommosut Puc. 320 (¢) - 1 57,73 | 30,74 | 11,53
Puc. 3.20 (e) — 2 42,05 47,7 |10,25

Ha puc. 3.21. naBeaeni nani CEM 13 mamyBaHHS MOPOUIKOBUX KOMIIO3UTIB Al-
33Cu/5C micns cnikanHs. O4eBHIHO, IO BYTJIEIh PIBHOMIPHO PO3MOJUICHUN Y BUTIISIL
BHCOKOJUCIIEPCHUX BKJIIOYEHb MO BCbOMY 00’eMi 3pa3ky. Y CBOK 4Yepry, JaHi 13
posnoaury Al 1 Cu (puc. 3.21B 1 r) MATBEPAKYIOTh PE3YJIBTATH JOKAIBHOTO XIMIYHOTO

aHamizy (tadmurs 3.5).
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Puc. 3.21 ManyBanns koMro3uTiB Al-33Cu/ 5C michs criikaHHs.

MikpocTpykTypa 3pa3kiB mopommkoBux kKoMno3uTiB Al-80Cu/5C Takox CKiIagaeThes i3
OJTHOPITHO  PO3MOJUIEHUX BHUCOKOJWUCIEPCHUX BKIIOUEHb CBITJIIIIOIO KOHTPACTy
(6mm3pkux 3a ckimagom g0 Al,Cug), a Takoxk TeMHHMX oOsactedd (BiAMOBIIHO [0
JAOKaJbHOTO XiMiYHOrO aHamizy - mop) (puc. 3.22a,0). Ha peHTreHIBChKHX
mudpakTorpamax BiJ 1UX ke 3paskiB (puc. 3.22B, T) cnoctepiraroThes e miki Bix OLK-
Al,Cug da3zm, a npucyTHiCTh KapOigy Takok He Oyio BusiBlieHO. [Ipuuomy, i3 mpUCyTHOCTI
HaacTpykTypHuX (210), (300), (522) mikiB nopsiA 13 OCHOBHUMHM IMIKaMHU BiJl PIBHOBaXHOI
Al,Cuy dasu pobuthess BucHOBOK mpo HasBHicTh OIIK-Al,Cug dasu y v, - AlyCug

(ctpykrypHOro Tuny D8s).
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Puc. 3.22 CEM (pexxuM OOEpHEHO-PO3CISHUX €JNEeKTPOHIB) (a,0) Ta PEHTreHIBChKI

nudpakrorpamu (B, T) 3paski crutaBis Al-80Cu/5C
3.7. Mexaniuni BinactuBocTi Al-Cu 1 Al-Cu/ C koMI03uTIB

Pesynbratn BuMiptoBanb MikpoTBepaocti (Hyy), momyns FOura (E) 1 xoedimienrta

IIACTUYHOCTI () AJIs BCIX KOMIIO3UTIB y NMOPIBHSAHHI 13 CIJIABOM HABENEHO B TaOJIMIIL

3.6 1 yacTKOBO BHCBITIICHO y pobOoTax [147, 148]. BuaHo, 110 KOMIO3HMTH ITiCJIs
X0JI0HOTO TpecyBaHHsT MJI mOpoOIIKiB €BTEKTUYHOTO CKIAAy JEMOHCTPYIOTH 3pOCTaHHS
mikporBepaocti a0 2,8 I'Tla (moayns FOura go 110 I'Tla) gns cknagy Al-33Cu i 2,5 I'Tla
(107 T'Ta) ms cknamy Al-33Cu/5C y nopiHsHI 13 3pa3kom ciutaBy Al-33Cu 1,9 I'Tla (104
['Tla). Menm 3HauenHs Hy 1 E nmoa xommosury Al-33Cu/5C  miciast XOJIOAHOTO
IpecyBaHHs, MOXe OyTH IMOB’si3aHE 13 OLIBIIOI0 MOPHUCTICTIO 3pa3Ky uyepe3 MPUCYTHICTh
Byruierto. [licis crikaHHs 3pa3KiB TOEBTEKTUYHOIO CKJIaay MOJyJib HOHra mopomkoBOro
komno3uty Al-17Cu na 19% Buiuii, Hi>XXK MOJYJb CIUIABY aHAJIOTIYHOTO CKJIAY, TOJI SIK
PI3HHUILS B HAHOTBEPAOCTI CTAaHOBUTH ~38%, a I 3pa3KiB eBTeKTUUHOro ckianay Al-33Cu

Moyt FOHTy - Ha 7% 1 HaHOTBEPICTh — Ha 44% BUIII, HIXK JJIs CIUIABY.



Tabnuya 3.6 Mexaniuni BnacTuBocTi mopomkoBux kommno3uti Al-Cu i Al-Cu/C

102

3pa3ok dazoBuii cknaz, 00. % Hie, | Ene, | Huexes | E exe,
Ma | Ma | IMa | MMa | "
+0,3 | £10 | 0,5 | +20 003
Al-17Cu 79 Al +21 Al,Cu 1 81 1,3 88 | 0,92
Cras
Al-17Cu 76 Al +24 Al,Cu 1,1 82 1,7 101 | 0,88
koMmmo3urt (480 °C)
Al-17Cu/5C 61 Al +36 Al,Cu + 1,7 95 2,4 114 | 0,84
kommo3ut (510 °C) +3 Al,Cs
Al-33Cu 59 Al +41 Al,Cu 1,9 |91 1,9 104 | 0,89
Crnas
Al-33Cu 37 Al + 56 Al,Cug + 29 | 135 2,8 | 110 0,76
KOMITO3HUT (T iyuw) +7 Al,Cu
Al-33Cu 57 Al +43 Al,Cu 2,1 | 93 3,4 112 | 0,83
koMmmo3urt (480 °C)
Al-33Cu/5C 37 Al +47 Al,Cug + 16 2,5 | 121 2,2 107 | 0,77
KOMIO3UT (T i) Al,Cu
Al-33Cu/5C 34 Al +63 Al,Cu + 3,1 | 110 55 180 | 0,75
kommo3ut (510 °C) +3 Al,C;
Al-80Cu/5C 100 Al,Cug 4,1 | 180 6,2 148 | 0,8

xomro3ut (850 °C)

Bigomo, 1110 3MillHEHHS TaKOTO POJY KOMIIO3UTIB MOE€ B1IOYBAaTHCh 3a PaXxyHOK

JEKIIBKOX MEXaHi3MiB: 3€pHOTPAHUYHOIO, TUCIIEPCIHHOTO Ta TBEPAO PO3YMHHOIO [6, 24,

53]. Tak, noxiOHe 30UIbIICHHS PIBHSA MEXaHIYHUX BiracTtuBocTed (Moayns KOnra no 140

I'Tla 1 mikpoTtBepaocti 10 2 I'Tla) cnoctepiranu B HaHOCTPYKTypoBaHuX criaBax Al-Cu 1
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NOB'SI3yBaJM 13 3€pHOTPAaHWYHUM 3MinHEeHH:IM (edekt Xoma - [lerua) [65, 75 - 78]. I3
tabmuii 3.7 BuaHO, mo 30inbmeHHs BMicTy Mifi Big 17 mo 33 Bar.% B kommo3utax Al-Cu
OPUBOAUTH A0 30inblicHHS yacTku crabinbHoro Al,Cu intepmeramay Ha ~20 00.% i
BIJIMOBIAHOTO 30UIbIIEHHST MiKpoTBepAOCTi B ~1,5 pa3u. Buecennst 5 Bar.% rpacditoBoi
no6aBku B komno3utd Al-CU 10eBTEKTHYHOTO 1 €BTEKTHMYHOTO CKJIAJIB, OTPUMAHHUX
CIIIKaHHSIM, TIPUBOUTSH J10 i1m1e Ou1bIn cyTTeBoro 30inbimenHs H 1 E go 5,5 ['Tla 1 180 I'Tla
s 3paskiB Al-33Cu/5C 3a paxyHok yTBopeHHs 10 63 00. % Al,Cu intepmeraiina i 3-5
00. % Al,Cs. I3 pobit [68, 81] Bimomo, 110 Halkpaliuii OajgaHC Yy CIIBBIIHOIICHHI
«MIIHICTH-TUTACTHYHICTBY) Y TAKHUX KOMIIO3UTaX MOKe OyTH TIPH KOHIIEHTpaIlii kKapOixy 10
5 00. %. binbmie TOro, Taki KOMIO3UTU € I130TPOIMHUMH, ACIHIEBUMHU 1 JIETKUMHU ¥y
BUPOOHMIITBI MOPIBHSAHO 3 BigoMuUMHU Kommoszutamu Al-Cu, apMOBaHHMH BYTJICIEBUMHU
Hanotpyokamu (BHT) ta SiC/ BHT [68, 79].
[IIo6 omiHUTH BHECOK 3MiHU (ha30BOr0 CKIIAMy y 3MIIIHEHHS, OyJlId PO3paxoBaHi
3HAYCHHS MIKpOTBep0cTi Ta Moy o FOHra 3a mpasuiiom cyminieit (I1C) [172]:
H,=H,f,+H,c foc. THacf (3.1)

AlCu, ' AlCu, AlLC, | AlLC,

E..=E,fy+Esc facw tEuc T (3.2)

Al Cu, ' AlCu, AlLC, ' AILC,
pe Hy, Hy e, o Hye - MikpoTBepmicts i E,, E, ¢, ) E, o - Moxyns FOHra matpur Al i
BianmoBiaHKMX 3MirHIOYN (a3 Al,Cug 1 AlL,Cu Ta Al4Cs, B3sTI 13 pobiT [58, 173-175]; f,,

f f

ALl - 00'emHa gactka Al i K0xHOT 13 3MilHIOOYHN (a3, OIliHEHA 3a pe3yJIbTaTaMH

Al,Cus
KUIBKICHOTO PEHTTeHOCTPYKTypHOro anamizy. Crmij BIAMITUTH, 1O [-11010 HaWOLIBII
MminHow0 (azoro cuctemu Al-Cu e AICu (abo Al;Cu,), 2-roro - Al4Cug 1 3-ThOr0 HaliMEHII
minHoro - Al,Cu dasza [59, 173].

I3 Tabimmi 3.6 BugHO, mo mist kommnosutie Al-33Cu 1 Al-33Cu/5C micisg X0JI04HOTO
IIPECYBaHHs, KOJIM OCHOBHMI BKJanx y 3MminHeHHs gae meractadinpua OLIK-Al,Cug da3a,
sHaueHHS Hpc 1 Epc € 6mmsbkumu 10 Hy exp 1 Eexp, @ y Bunanky kommosutiB Al-Cu i Al-
Cu/C micns cmikaHHS — BiAPI3HAIOTHECA. OCHOBHUMH (DakTOpaMu, SKi OOYMOBIIIOIOTH
BiaxuwieHHs Big [IC y BuMaaky KOMIIO3WTIB TICHsSI CHIKaHHS MOXE€ OyTH CYyTTEBa
MoaudikaIiss MIKpOCTPYKTYpH. 3pocTanHs muiactuaHocTi Big 0,76 no 0,83 mis 3paskiB Al-

33CuU mmicii XOJIOMHOTO MPECYBAHHS 1 CIIKAHHS MOE OYTH IIOB'A3aHE 13 3MEHIIECHHSIM
pecy Yy
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MOPHUCTOCTI, po3nagoM Ounbm TBepaoi ta kpuxkoi Al,Cug da3u, Ta yrBopeHHsSM OLIBII
mwiactuaHoi cTtpyktypu Al + Al,Cu . TTomiOHi pe3ynbraTty mpo 301IbIICHHS TUTACTUYHOCTI
HAaHOCTPYKTYpOBaHUX amioMiHieBUX cruiaBiB  mcust  IIIJI 1 tepmiyHoi 0OpoOKuU
criocrepiraauchk B podorax [176, 177]. O6’emHa wactka ctabimbHOi Al,Cu da3u y 3pa3kax
nopomkoBux kommo3uTiB Al-33Cu/5C micns cmikanas Ha ~20 % Oyia OUIBIIO0, HIK IS
3paskiB cmiaBy Al-33Cu, 1mo nmpuBOaWIO 0 3pOCTaHHI MIKPOTBEPAOCTI KOMITO3UTIB 10
5,5 I'Tla 1 monynsa FOura o 180 I'Tla i3 30epexxkenHsiM npuitHATHOI TuiactuyHocTi 0,75.
Ockinbku TpaditoBa nodaBka B mporeci MJI mopomkoBux kommo3utie Al-33Cu/5C
crpuse OUIBIIOMY TOAPIOHEHHIO YaCTUHOK, TO IiJ Yac CIIKaHHS 3epHOrpaHuYHa AUPy3is
1 peakuii € ynoBiibHeHUMHU. Llei pakr, a Takox (GpopmyBaHHS KapO1ay B IPOLEC] CITIKAHHS
MOXXYTh CIyTryBaTH MPUYMHOIO BIAXWIJIEHHS CKIAMy BiJ piBHOBaXHOro. OKpiM TOro,
HaiiOutbiie BiaxwieHHs Big [IC y 1mux ke KOMIIO3UTaX MOXE CBIIYUTU TPO CYTTEBY
MOAU(IKALIIO iX MIKPOCTPYKTYPH.

Cnig BIAMITUTH, MO0 KOCQIMIEHT IJIACTUYHOCTI 3pa3KiB KOMIIO3HUTIB JOCBTEKTHYHOTO
ckiaaay Al-17Cu i Al-17Cu/5C micns cmikands Oy Oumbmum (5 ,,= 0,88 i & ,,= 0,84),
aHDK JUTS 3pa3KiB KOMITO3UTIB eBTeKTHYHOTO ckiany (& ,,= 0,831 & ,,= 0,75). Oxpim ToTO,
BHECEHHsI TpadiToBOi J0OABKU Yy 3pa3Ky KOMIIO3UTIB JOEBTEKTUYHOTO CKJIATy MPU3BOAUTH
0 HE3HAYHOrO 3MEHIIEHHS KOe(DIIeEHTY IJIaCTUYHOCTI, Ha BIAMIHY BIJ 3pa3KiB

KOMIIO3UTIB €BTEKTHYHOTO CKiIanay.

Jlns mopotkoBoro kommno3uty Al-17Cu po3moain MiKpoTBEpPIOCTI Ma€e ABa MAKCHMYMH
(1,2 Ta 2,1 I'TTa), Toni six ais 3pa3ka Al-17Cu/5C crnioctepiraetbest Tpu MakcuMymu (2,5,
5,8 ta 7,4 I'Tla) (puc. 3.24a). Posmoxin mikpotBepmocti Al-33Cu Takox Mae aBa
makcumymu npu 1,5 Ta 3,5 I'Tla, Tomi sk s 3paska Al-33Cu/5C makcumymu
cnoctepiratotbest ipu 5,5 Ta 6,5 I'Tla (puc. 3.230). [Toxi6Hi po3noainu Mae Moayias KOHra
(puc. 3.23B,r). MosxHa MPHUITYCTHTH, 0 MaKCUMyM B okouii ipu Hy = 1,2+1,5 I'Tla (E =
80+83 I'Tla) Biamorimae Bkiaaay Big Al. Makcumym nipu Hy = 2,1+3,5 I'Tla (E = 123+140
['Tla) Bimnosinae Bkiaaay Bix intepmeraminy Al,Cu, a makcumym mipu Hy = 7,4 I'Tla (E =
215 I'la) — kap6iny Al,Cs. Bincytricts Makcumymy BianoBigHoro Al, y kommnosutax Al-
33Cu/5C moxe OyTu TOB'sI3aHa 13 OUIBII OJHOPITHUM 1 PO3MOITIOM BUCOKOIMCIICPCHUX

BkimoueHb Al,Cu inTepmeraniny y mapuii 30aradeHiii Al, 1, BimOBIIHO, HEMOKIMBOCTI
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PO3PI3HUTH BKJIAJM BiJl KOXKHOI 13 (pa3 okpemo. OCKUIBKU KOJHHUX IMKIB BiJ] OKCHIIB Ha
PEHTTEHIBChbKUX AU(paKTOrpaMax BiJ KOMIIO3UTIB HEe OyJO BHUABIEHO, OKCHUJ HE OyB

BpaxoBaHuil y 6ananc i ouinky Hy, 1 E 3a npaBunom cymitei.

18
18- -
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Puc. 3.23 Posmogin wmikporBepaocti (Hy) Ta momymo IOura (E) Bumipsaux mpu
HaBaHTaxeHHi 5 T (50 MH) 13 kpokom 15 MKkM 1t KOMITO3UTIB oeBTeKTHYHOTO Al - 17CU

1 Al - 17Cu/5C (a, 6) Ta eBrekTraHOTrO cKIany Al - 33Cu 1 Al - 33Cu/5C (B, 1).

Y 3paskax mopomikoBux kommo3utTiB  Al-80Cu/5C  micns  cikaHHS
criocTepiraBcs piBeHb MikpoTBepaocti g0 6,2 I'Tla (E = 148 I'Tla) i3 mpuiHITHOIO

wIacTUUHICTIO (& 1qy7) 0,8. Lle Takok 00yMOBIICHO KOMILIEKCHOIO €0 3€PHOIPAHMYHOTO 1

JUCIIEPCIMHOTO MEXaHI3MIB 3MillHeHHs. Ha BiMiHYy BiJi KOMITO3UTIB JIOEBTEKTHUYHOIO 1

€BTEKTUYHOTO CKJIaTy, METOJaMH PEHTTEHOCTPYKTYPHOTO aHaji3y MPUCYTHICTH KapOimy y
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KOMITO3UTax 13 BMicTOM Mil 0 80 Bar.% He Oyna BUSIBIICHA, a CIIOCTEPIratoThCsl MIKHU JIUIIE

Bix OLIK-Al,Cug dazu y Burnsiai piBHOBaXxHOI Y,-Al,Cug da3zy (crpykryproro turry D8;).

BucHoBku 510 po3ainy 3.

1. Bcranosneno, mo MJI Bropogorxk 8 rogun mopomkoBux cymimei Al i Cu ycix
KoMriosuiin  6e3/3 5 Bar. % rpadiToBOoi M00aBKHI TPHBOAWUTH JO IIOSBH
meTactabipHOi HeBropsakoBanoi OIIK-Al,Cug das3u. [Tpudomy 1i XiMiYHUN CKIIa]
JUTSL 3pa3KiB KOMITO3UTIB €BTEKTHYHOTO ckianxy ~60 - 50 % at. Al 1 ~40 -50 % ar.
Cu (~40 - 30 Bar. %. Al i ~60 -70 Bar. % Cu) He BiAmOBiIa€ PIBHOBAKHOMY, 1 TICIIS
Bijnany npu temneparypi Buiie 250 - 280 °C BoHa 3HuKae. [[y1st 3pa3kiB 13 BMICTOM
80 Bar. % Cu i ckiag € 6JM3BKUM 70 piBHOBakHOTO ~62 - 71 at. % Cu 1 ~29 - 38
at. % Al (~15 - 21 Bar. %. Ali~79 -85 Bar. % Cu).

2. Bussieno, mo y 3paskax nopomrkoBux kommnosutiB Al-Cu i Al-Cu/C eBrekTH4HOTO
CKJIany mporuec (pazoyTBOpeHHs BiI0YBA€ThCS NUIIXOM (POPMYBAHHS MEPECUUCHOTO
tBepaoro pozuuny: Al(Cu) i3 poszunnennsm miai 1,3 ta 4,9 at. % (3 Ta 11 Bar.%)
miciist MJI Bopomorx 1-2 romun, a y 3paskax i3 Bmictom 80 Bar.% Cu (Al) - i3
PO3YMHEHHSM ailtoMiHito 10 ~16 at.% (7,5 Bar. %) micist MJI BpoaoBxk 4 TOAUH.

3. TlokasaHo, 1110 MicCJIs TOMOJTY BITPOOBXK 8 TOAMH y MOpOomKoBux Kommosutax Al-Cu
i Al-Cu/C i3 Bmictom minai 17, 33 1 80 Bar. % ¢a3oswuii ckian Oy ogHakosum (Al +
Al,Cug + Al,Cu), ane 06’emua yactku (a3 BiapizHsiack. [Tpuaomy OIIT-Al,Cu
¢daza mpuCyTHS, BipoOTiaHO, Y BUTIAAI HecTexiomeTpuaHoi Al,Cuy  daza (0,012 <x
< 0,059). Ha BigmiHy BiJ IbOTO, MiCJIs TOMOJTY BIpoa0oBXk 8 roauH 3paskiB Al-Cu/C
i3 BMicToM Mmizi 10 80 Bar. % yTBOPIOEThCS TBEp AU po3unH Ha ocHOBI Mimi Cu(Al)
1 HeBnopsiakoBaHa MeractadimbHa OLIK- Al,Cug da3a.

4. Brmepmie TmokaszaHo, 1o BBeaeHHs S5 % Bar. Tpadity B mporieci
MEXaHOAKTHBALIHHOTO 00poOseHHs eneMeHTapHux mopomkis Al 1 Cu pi3Hux
KOMITO3UILIIA  cOpHsie 1X KpaumoMmy MOJAPIOHEHHIO, HACHYEHHIO Je(PEeKTaMu.

Kpucranigyauit rpadgit B mporeci MOMOIYy, NEPETBOPIOIOYKHCH, HAa aMop(HUA,
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OoOBOJIIKAE MeETaJIeBl YaCTUHKH, MEPEIIKO/PKAE X arioMmepaiii Ta YMNOBUIbHIOE
PEaKIIiifHi mpoIecH.
Metogamu xosoH0r0 TipecyBaHHs (ripu TuckoBl 8 I'Tla 1 Ty,,) Ta TBepaodasHoro
cnikaafas (mpu tuckosi 30 MIla 1 Temneparypax 480 — 510°C ta 850-900 °C) MJI
BOpoJoBXK 8 romuH moporikoBux kKommo3utiB Al-Cu i Al-Cu/C pisHoro ckimamy
OTPUMaHO KOMIIO3UTH Y BHUIJIS/II KOMIIAKTIB 13 TOKPAICHUM pPIBHEM MEXaHYHUX
BJIACTHBOCTEH. BCTaHOBIEHO, IO B KOMITO3HWTaX JOEBTEKTUYHOTO 1 EBTEKTUYHOTO
CKJIaJTy TIICJISL XOJIOHOTO MPECYBAaHHS MIKpPOTBEPAICTb B ~1,2-1,5 pa3u, a micist CriikaHHs
B ~1,8-2,9 pasu Ounpiie, HiX I JUTOTO CIUIABY AHAIOTIYHOTO CKiady. [Ipudomy,
HaOLIBITY MiKpOoTBepAicTh A0 5,5 I'Tla (Moayns FOura no 180 I'Tla) 13 koediieHTOM
mwiactrnaHocTi 0,75 marors koMrto3utu Al-33Cu/5C micist cmikadas. J[1s KOMO3UTIB 13
OutbM BMmicToM Mizl 80 Bar.% micisl CIIKaHHS MIKpOTBepIicTh nocsrae 6,2 I'Tla
(Momys FOnra o 148 I'Tla) 13 koedirienTom mactuaHocTi 0,8.
MexaHiuHi BiIacTUBOCTI kKomrakToBaHux kommo3uTiB Al-Cu i Al-Cu/C oGymoBiHi
KOMIUIEKCHOIO JI€I0 3€PHOTPAHUYHOIO 1 JUCIEPCIMHOTO MEXaHI3MIB 3MIITHEHHS.
ITokazano, mo 3minHeHHs KoMno3utiB Al-Cu/C 10oeBTEKTUYHOIO i €BTEKTUYHOIO
CKJIaJIiB BiIOYBa€eThCs 3a paxyHOK (opmyBaHHs MeractadimpHoi OLIK-Al,Cuy Ta
crabinpHol OL[T-Al,Cu ¢a3 micins X0J0JHOTO MPECyBaHHS, a TAKOX CTaOLIBHOT
OLT-AlLCu ¢dasu ta ~3-5 00. % Al4C; xapOigy micis CrmikaHHS. Y BHIAAKY
kommo3uTiB Al-Cu/C i3 Bmicrom miai 1o 80 Bar. % dopmyBanus Al,C; kapOiny He
CIIOCTEPITaJIOCH.
MJI Bin 2 mo 8 roamH mopomkoBux kommo3uTiB Al-33Cu Tta Al-33Cu/5C
MPU3BOIUTH 10 3MEHIICHHS peakiiiaoi 3qaTHocTi Bix 114,2-120 JIx/r mo 11,3 - 50
Jx/r, BigmoBigHO. [lpudyoMy y 3pa3kax MOPOMIKOBHX KOMITO3UTIB 13 OUIBIIAM
Bmictom Mmiai Al-80Cu/5C micias 4 rommr MJI cmoctepiraerbes HaWOLIbIIA

peakiiitHa 3gaTHICTE 155 JIx/T, sika 3menmyeTsest 10 57 Jx/r micnsa 8 rogua MJL.



108
PO3/JILI 4

CTPYKTYPHO-®A30BUI CTAH TA BJIACTUBOCTI BATATOIIIAPOBUX
@®OJIbI" Al/Cu

4.1. MikpocTpykTtypa Ta pa3zoBuit ckiaj ¢oJibr A0 Ta MICIs BIAIANIB

Ha puc. 4.1. npuseneni 3o00paxenHss CEM mnonepedHoro mepepizy OararomapoBUx
domnpr (b®) nepioxy 60 HM. Y BuxigHOMY CTaHi (TCIS O0CaIHKEHHS) BOHH CKIIAIAINCh 13
HETIepEpBHUX MIapiB Mijai (CBITIIMIMNA KOHTpACT) 1 alfOMiHiO (TeMHimmid koHTpact). Lli

7JIaHi € BUCBITJICHUMH y poboTax aBTopa [178, 181].

2 um

Puc. 4.1 Ipuknax 300paxxennss CEM nonepeunoro nepepizy ¢ossr Al/Cu i3 BMicToM Mifi

80 Bar.% mepioay 30 HM y BUXITHOMY CTaHi.

Ha nudpakrorpami Big B® Al/Cu i3 Bmicrom wmiai ~33 Bar. % mepiogy 60 HM y
BUXinHOMY ctaHi (puc. 4.2) npucytHi miku Big I'LIK Al ta Cu, siki € TOMITHO HMIMPIIUMH 3a
MmiKK Ha TOpomKoBUX audpakrorpamax 3paskie Al-Cu ananoriunoro ckiany (puc. 3.1,
3.2), m0 BKa3zye Ha MEHIIMA PO3MIp CTPYKTYpPHHUX €JIEMEHTIB y HHUX Ta HAasBHICTb
MiKpocrioTBOpeHb Ipatku. Okpim Toro, BiacyTHicTh MikiB (200)a, (220)a, (311)a i1

(200)cy, (220)c, Bkasye Ha TexcTypoBanicTs mapis Al i Cu.
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26. roan
Puc. 4.2 Tudppakrorpamu ¢oasr Al/Cu eBrextuunoro ckiany (33 Bar. % Cu) mepioay

60 HM 110 Ta micis BiAmaliB (a) Ta MTPUX-IiarpaMy IHTEHCUBHOCTEH Bifl (a3, HaBEICHUX y

6azax (0).

[Ticnsa Bigmamy mpu 150 °C Bnpomoxk 30 XBWiIHH 3'sBIsi€ThCA K 1ipu 20 = 51,67 Bixg
MmeTacTabipHOT HeBnopsiakoBanoi OLIK-Al4Cug ta miku Big OLT 6-Al,Cu dasu (mp. rp.
[14/mcm, a = 0,6064 um i ¢ = 0,4873 um, JCPDS_PDF 25-0012), a miku Bij Miji 3HUKAIOTh.
Bignan npu 200 °C npuBOAMTH 10 3HUKHEHHS IiKiB Big MeractabinmpHOi OLIK-dasm 1

30inbIIeHHS BimHOCHOT iHTeHCHBHOCTI Bim 0-AlL,Cu das3u. 30inbimieHHS TeMmepaTypH
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Bignany a0 500 °C mpuBOAUTH A0 YTBOPEHHSI CTPYKTYpH, OJNM3BbKOI O €BTEKTHYHOI:

matpuilst Al(Cu) 1 crabinbanii inTepmerania Al,Cu.

Ha mudpakrorpammax 3paskie b® Al/Cu i3 BmicTom mini ~80 Bar.% i mepiogom 30 HM
micis Bignay npu 150 °C (puc. 4.3.) takox 3uukaroTh miku Bix Al i Cu i 3’aBistoThCS
mikk Bix MetactabinmpbHOI HeBmopsiakoBanoi OLIK-Al,Cuy 1 OLT-ALCu dasu. I3
301bIIeHHsAM Temneparypu 10 200-500°C cnioctepiraeTbesi popMyBaHHS MOHOKIIHHOT 1=
AlICu ¢asu (mip. rp. C/2m, a = 0,1209 um, b = 0,4099 um, ¢ = 0,6908 um, = 55,03°,
JCPDS_PDF 25-0016). LlikaBum ¢aktom € Te, mo (HopMyBaHHS MOAIOHOT MOHOKITIHHOT
N2-AlCuU ¢azu Takox crocrepiranioch y b® Al/Cu eBrextiunoro ckiaay nepioay 600 HM,
0 BHCBITIIEHO y pobotax [179, 180]. ITicas Bigmany b® Al/Cu i3 BmicTtom mimi ~80
Bar.% 3 nepiogom 30 HM B TemrepaTypHomy iHTepBam Big 500 mo 900 °C BinOyBaeTbcs
dbopmyBaHHs KiHIIEBOTO (asoBoro ckiany: M-AlCu + v,-Al,Cug. [IpruoMy HpUCYTHICTH
HajacTpykTypHEX (210), (300), (522) i ocHOBHUX miKiB Bij cTabinpHOT Al,CUg (a3u Bkazye
Ha BIOPSJAKYBaHHS MeTacTaOiabHOI posBrnopsakoBanoi OLK-gasm y vy,-Al,Cuy dasy.

BianoBinHi pe3ynbTaTH NpuBeieHi B podorax aBropa [178, 181].

TakuM 4MHOM, 3arajibHy MOCHIAOBHICTh (pa30BUX MEPETBOPEHb B TEMIIEPATyPHOMY
iaTepBa 30-530 °C MOoXHA MPEICTaBUTH y BUTIISAAI Takoro siaHioxkka: Al + Cu —-Al(Cu)
+ MetacTabinpHa HeBnopsakoBana OLK-Al,Cuy + OLT-Al,Cu — Al(Cu) + OL[T-Al,Cu
s B® Al/Cu eBrextuunoro ckiany; Al + Cu — meracrabinpaa HeBnopsiakoBana OLK-
Al,Cuy + OLT-Al,Cu — OLIT-Al,Cu BrnopsimkoBana crabinpHa + monokainHa AlCu —

v2-Al,Cug + monoxmiraa AICu mis B® Al/Cu i3 BmicTom mimi 80 Bar. %.
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26. roan
Puc. 4.3 Judpakrorpamu ¢dosner Al/Cu ckimamy, OMM3bKOTO 10 PIBHOBaKHOI 00JACTI
icayBanus Al4Cug da3m (80 Bar. % Cu), 3 mepiogom 30 HM 0 Ta micis BignaimiB (a) i

IITPUX-Jl1IarpaMu IHTEHCUBHOCTEM Bij a3, HaBeeHUX y O6a3ax (0).
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4.2. ®opmysanHs MeracTabinbpHOT HeBopsakoBanoi OLIK-Al,Cug Ta OILT-AlLCu da3

Ha cnektpax SIMP Ha sapax 2IAl B® Al/Cu i3 BmicTom Mimi 33 i 80 Bar. % mics
Bignany npu temneparypi 150 °C Bnopogomx 30 xBuiuH (puc. 4.4.) crocTepiraroTbCs
n'9Th OCHOBHUX CHTHQIIB, IO BIANOBIJAIOTh PI3HOMY OTOUYCHHIO aroMiB Al y
KpUCTamiyHiii rpatmi. I3 puc. 4.4 ouyeBuano, mo aias 3pas3kiB b® Al/Cu eBTexTuuHOrO
CKJIay TICJS BiAMaly HassBHI cUTHaM 13 0 B okoii 1600, 1400, 1000 Ta 500, 55 ta 0 M.
o BiamosigaioTh MetaaeBomy Al ta daszam Al,Cu, Al4,Cugy, AlO,, AlOg. [l 3pa3kiB bd
Al/Cu i3 Bmictom mimi 80 Bar. % Tmicis Biamalry criocTepirarotbes curaamy i3 6 = 1808,
1453, 1057 ta 614, 55 ta 0 M.4., 0 TaKOX MiATBEPKY€E MPUCYTHICTH MeTaneBoro Al ta
da3 Al,Cu, Al,Cug ta okcuais. Ciaia BIigMITUTH, 110 3CyB curHainy Big Al Moxke cBIUUTH
AK TPO 3MEHIICHHS pO3MIPYy CTPYKTYPHHX €JIE€MEHTIB TaK 1 MOXJUBICTh (POPMyBaHHAM
nepecuuenux tBepaux pos3uuHiB  Al(Cu) abo Cu(Al). 3miHy CHiBBIIHOIICHHS
iHTeHcHBHOCTeH curHaiiB B okoii 1000 Tta 500 Big meTacTaOlabHOI HEBIOPSIKOBAHOT
OLK-da3zu Al,Cuy MOoXHA TOSCHHTH PI3HOIO OO0'MHOIO YacTKOK IMX (a3 1 3MiHOIO

CTYIIEHI iX BHoOpsiAKyBaHHA [47, 48].

AIZCu
~ 1436

2500 2000 1500 1000 500 0 -500

XiMi4HHH 3CyB, M.4.
Puc. 4.4 Crextpu SIMP “’Al B® Al/Cu i3 Bmictom wmini 33 (a) i 80 Bar. % (6) micis

Bianany npu temneparypi 150 °C Bnopoaosxk 30 XBUIUH.
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4.3. Tepmiuna cTabUIBHICTB Ta peakiiliHa 37aTHICTh 0araToIapoBux (obr

Ha puc. 4.5 npencrasieni JICK kpusi Bigx b® Al/Cu i3 Bmictom miai 33 i 80 Bar. %
B Temrieparypaomy iHtepBaii 30 — 530 °C. Cnix BiamituTh, mo gocuimpkenas bd Al/Cu i3
BMicToM Miji 80 Bar. % He BUSBUIIM KOJHUX TEIJIOBUX €(EKTiB MPU TeMIlepaTypax BUILE
500 °C, Tomy npuBeieHi aaHi juiie 10 Temneparypu 530 °C asisg Kpaloro ciiBCTaBICHHS
13 3paskamu eBTeKTHUHOTO cKiany. st B® Al/Cu i3 Bmictom miai 33 Bar. % BHSBIICHO
OJIMH €K30TepMIUHUN MiK B iHTepBam temmneparyp 120 — 220 °C (i3 MakCUMyMOM Mpu
181,7 °C). Ha Bimminy Bim mporo, mis b® Al/Cu i3 Bmictom Mmimi 80 Bar. % B
temnepaTrypHoMy iHTepBaimi 143 — 248 °C BusiBieHO JBa OJIU3bKI €K30TEPMIUHI MIKU HpU
temriepatypax 181,7 1 213,6 °C, 1o nepekpuBarOThCs. Y CIIBCTABIICHHI 3 pe3yJbTaTaMu
PEHTIeHOCTPYKTypHOTO  aHamizy (puc. 4.2 1 4.3), AMP (puc. 4.4) Ta
BHCOKOTEMIIEPATyPHOTO PEHTTEHOCTPYKTYpHOrOo aHami3zy (puc. 4.6) MoOXHa 3poOuUTU
BHCHOBOK, 1110 MK 13 MakcuMmyMoM 1ipu  181,7 °C BianoBigae yTBOPEHHIO METACTA0IHHOT
HesmopsakoBanoi Aly,Cug 1 HectexiomeTpruunoi Al,Cu; 4 (0,012 < x < 0,059) das3, a mk
npu 213,6 °C — monokiinHii AlCU ¢aszi. Crig TakoX BIAMITHUTH, MO TEPIIAN MK €
ACUMETPUYHHM 13 TUIedeM 3 OOKy HIKYMX TEMIIepaTyp. 3BaKalOUW Ha I, MOKHA
nepea0ayuTd  MOXKIIMBICTH  JIBOXCTAJIMHOCTI IBOTO mepeTBopeHHs. [lopiBHIOIOUM
BEJIMYMHU BHUIUJIEHOT'O TEIUIa, MOKHA BIAMITHUTH, mo b® i3 OulpIIMM BMICTOM Mijl
XapaKTepU3yIThCS HAMOUIBIIOK peakiiiHow 31aTHICTIO (10 236,8 J[K/T) mOpiBHSHO 13
b® esrextnunoro ckiaxy (193,4 x/r). llikaBum ¢akTom € Te, 1m0 MOAIOHI HTEpBAIU
nepeTBopeHb Oyino BusiBieHo aisi bd Al/Cu esrexktrunoro cknany i3 mepigom 600 HM y
aBTOpPChKHX podoTax [179, 180].

[3 mitepatypu Bigomo, 1m0 micas BiamamiB MJI mopomkiB  OJU3BKOTO 10
eBTekTHuHOTO ckimany Al — 25 ar.% Cu cnocrepiramuch €K30TEpMidYHI peakiii B
temnepaTypaomy intepsaii 100 - 200 °C i 300 — 500 °C, [40]. Oxpim Toro y po6orti [50]
MOKa3aHO MOXJUBICTh (opmyBaHHS HecTexioMeTpuuHoi Al CUg y mmpoxomy
KOHLIGHTpallIMHOMY Jiamna30Hi, sSika Moke KOHKypyBatu 13 popmysanusm 311 11, 6' Ta 6
da3 y marepianmax micias IT1J] wa ocuoBi cruiaBiB Al-Cu i3 OimbmmMm BmicToM Al

CmiBcTaBisitouM 11 JaHi 13 HaBEACHUMHU BHILE, MOXHA MPUIYCTUTH, IO y MEPUIOMY
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temrepatypaomy iHTepBaii 120 — 280 °C okpim MeractabinpHOi HeBopsiakoBanoi OLK-
Al,Cug dazu y nocmimkenux b®d Al/Cu 060x KOMITO3UIIiil iCHYe MOMIIUBICTh YTBOPEHHS
«mpomixkuao» OL[T-AlL,Cu da3u. LlikaBum ¢pakTom € Te, 10 iHTEpBaI TeMieparyp 223 —
242 °C y Bumagky cmiaBiB Al-Cu i3 Bmictom 4,5 1 5,6 Bar. % Mini € iHTepBaJIOM
yrBopenHs 3I'TI 1 6'-pa3u, 06’emHa yacTka AKuX 13 3pocTaHHsIM TemiepaTypu Big 300 1o
500 °C 3MeHIIYOThCS 1 criocTepiraeThcst BuaiieHHs crabumpHOi 0-Al,Cu das3u [183]. B
TOM ke Jac BimoMuM (pakToM € Te, mo ansi audysiiaux nmap 1 b® Al/Cu, otpumanux
PI3HUMH MeTo/1aMH, (a30Bi MEPETBOPEHHS MPOXOoAATh B iHTepBai 110 - 163 °C, mpuuomy
nepmioto  dpopmyethess ¢aza 0-Al,Cu (tabmuusa 1.4, puc. 1.1), a 13 30UTBIIEHHAM
TeMIiepaTypu ado 4acy BUTPUMKH — Oubin 30aradeHi Miaao ¢asu n-AlCu, {-AlyCu;, &-
Al,Cus, v-AlCuy, 0p-AlCuz [95-99]. Tomy, mNPUCYTHICTP MaJOIHTEHCHBHHUX
eK30TepMIYHUX MiKiB B TemreparypHoMy intepBaii 300 — 500 °C gns bd Al/Cu o60ox
KoMITO3uIIi# (puc.4.58,r) Moxe OyTH TTOB’3aHa sIK 3 IEpeTBOpeHHAM MeTacTad1mpHoT OLIK-
Al,Cuy ¢azu y cradbinbny OILT-AlLCu, Tak 1 3 MEPETBOPEHHSIM MPOMIKHOL
HecrexiomeTpuaHoi Al,Cu; 4 (0,012 <x <0,059) da3u y crabinery Al,Cu, 1o motpedye

A0OAaTKOBUX CKCIICPHMMCHTAJIbHUX ,Z[OCJIiI[)KGHB.
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JCK BianoBigHUX 3pa3kKiB (B, I).
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Jlis  yTOYHEHHS TOCTIAOBHOCTI (pa3oyTBOopeHHsT Oynu MpOBEACHI JOJATKOBI
peHTreHOCTPYKTYpHI nociimkenas bd Al/Cu micns i30TepMiuHUX BignaiiB B iHTEpBaJIi
temrepatyp 120 — 200 °C (puc. 4.7) Ta 130XpOHHUX BiJHaTIB TPUBAIICTIO 10 3,5 roAvH
npu temneparypi 150 °C (puc. 4.8). I3 puc. 4.7 Buano, mo micas Bianaxy npu 120 °C
crnioctepiratrotbes miku (110) Ta (310), (202) Big OLT- Al,Cu da3u, a mik npu kyrax 20 =
51,76° Bim OLK-Al,Cus da3u BigcytHiid. I3 30iabmeHHsM TemmepaTypu g0 140 °C
BiJTHOCHA IHTEHCHBHICTH 1 KUIBbKICTh MmikiB Big OL[T- Al,Cu da3u 30iabIryeThest, Tops i3
TUM cnpaBa Bia miky wmigi (111) 3'aBaserbcs tueue. [Ipu Temmeparypi 150 °C nHa
PEHTIeHIBChKill mudpakrorpami cnoctepirarorbes miki Big Al, OILIT-Al,Cu ¢a3u ta mik
npu 20 = 51,76°, mo Biamnosijgae MeTacTabibHIN HeBnopsaakoBaHiii OLIK- Al,Cug asi. 3a
pe3ybTaTaMu PEHTICHOCTPYKTYpHUX nociimpkeHb b® Al/Cu eBTekTHYHOTO CKiIamy Micis
130xpoHHuX BianamiB npu 150 °C (puc. 4.8) BUIHO, 110 13 30UIBIICHHSM Yacy BNy BiJ
30 xBwIHMH 10 3,5 TOJAWH CHOCTEPIra€eThCs 3MiHA BITHOCHUX IHTeHCUBHICTEH mmikiB OL[T-
Al,Cu Tta OLK-Al,Cus ¢da3. Takum uuHOM, (GOpMyBaHHS  MeTacCTaOIIBHOT
HesnopsakoBanoi OLIK-Al4Cug 1 OILIT-Al,Cu a3 e B3aemMo noB'si3aHUM, ajie 0JTHO3HAYHO
3pOOUTH BUCHOBOK MpO iX MapajelibHe YTBOpPEeHHs, abo (opmyBaHHS O/JHIE] HA OCHOBI

1HIIIOT JOCUTH BAXKKO 1 MOTpeOy€e N0JATKOBUX JOCIIIKEHbD.
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OAl O Al,Cu * Al4Cug @ Cu
0 o Al-33Cu
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Puc. 4.8 dparmentn mudpakrorpam bD Al/Cu i3 Bmicrom wmigi 33 Bar.% micis

130xpoHHUX Bignamis npu temnepatypi 150 °C tpusanictio 30 xBuiuH (a) 1 3,5 rogunu (0)
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4.4. KpucranorpadiuHi XxapakTepUCTUKH OaratorapoBux (Hosibr

@dopMyBaHHS TMPOMDKHUX METAacTaOUIbHUX (a3, HEXapaKTepHUX JJIA JaHOTO
CHIBBITHOIICHHS KOMITOHEHTIB, Ticis BignaiiB b® Al/Cu pi3HUX KOMITO3HIIIA MOXe OyTH
HacIIiakoM acuMmeTpii audysiaux motokiB atomiB Al Ta CU 1 HasBHOCTI BEIHKOI
KUTbKOCT1 Jie(heKTiB (MiK(pa3HUX TpaHUllb a00 BakaHCIN). 30KkpemMa y JiTeparypi B poOoTi
[184] Bimmivamu MoximBIiCTh (opmyBaHHs HeBropsakoBanoi OLIK-dasu y nudysiitanx
napax Al/Cu TOBIIMHOIO ~ 2 MKM Ha OCHOBI IIEPECUYCHHUX TBEPIUX PO3UHUHI HA TPAHMIII B
pe3ynbTaTi B3aeMHOI Audy3ii 3a yuacti atomiB CU i Al (3epHOrpaHnyHOi) Ta BakaHciid. B
ToM ke yac aBropu podotH [110] cocrepiranu omnocraiiine popmyBannas OLIK-Al4Cug
da3u B MOKPUTTSIX, OTPUMAHUX METOJOM XIMIYHOTO OCAJKEHHS, 3a PaXyHOK CYTTE€BOI

MoAM(IKaLl TOBEPXHI.

3a nonoxxennsimu mikiB Al (111), (200), (220), (311) Ta (222) po3paxoBaHO MapaMeTp
rpatku Al Ta BmicT Mizi y TBepaoMy po3unHi Al(Cu) mms 3paskiB b® Al-33Cu nepioay 60
HM (Tabsuug 4.1.). BctaHoBi€eHO, 110 y BUX1AHOMY cTaHi napametp rpatku 0yB 0,4043 um
1 BIZIMIOBIJIaB KOHIIEHTpaIlli mepecuueHoro Teepaoro po3unny Al(Cu) ~ 3,63 at. % (8 Bar.
%) Cu. Came y [bOMYy TEMICPATypHOMY IHTEpBalli CIIOCTEPIra€ThCS IMOYATOK
(ha30yTBOPEHHS 3a PaxXyHOK po3many nepecuucHoro teepaoro posunny Al(Cu). Bignan B
temneparypaoMy iHTepBam 120 -150 °C npuBOAMTH A0 TMOCTYNOBOTO 30UIBIICHHS
napametpy rpatku Bix 0,4047 no 0,4049 HM 13 3MeHIIeHHSIM BMicTy Mial Bix 1,44 1o O art.
% (3,5 Bar. %) y tBepaomy posuuti Al(Cu). 30ubienHs Temneparypu Biamany g0 200 -
500 °C npuBoauTh 110 3pocTanHs npamerpy rpatku a0 0,4048-0,4047 um, 110 BiANOBIAAE

koHneHTparii Cu ~0,44 — 0,88 % ar. (~1,55 Bar.% ) y TBepnomy po3umni Al(Cu).

3a yIIMpeHHSIM [HUX )K€ MiKiB BU3HAYCHO cepeaHuii po3mip kpuctamitiB (D) i Benmuunny
MIKpPOCTIOTBOPEHB (&) rpaTku . I3 Tabdu. 4.1 BugHO, 1m0 3HaueHHs D 1 ¢ 3MiHIO€ThCA Bij 48
mo 128 um 1 Big 0,79 mo 0,27%, BigmosimHo. Ciig BIAMITHTH, IO TaKa 3a1€KHICTD
CBITUUTH TIpOo (popmyBaHs mepecuueHoro TtBepaoro po3unny Al(Cu) i3 BMicTOM Miml ~
3,63 aT. % i HasABHICTH BHYTPIIIHIX HanpyxeHb y ¢onbrax Al/CU eBTEKTUYHOTO CKIaIy

nepiony 60 HM, sIKi 3HUKAIOThH 13 BiJIITAJIOM.
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Ta0auis 4.1 Kpucranorpadiuni xapakrepuctuku 6araroimaposux ¢ossr Al/Cu

3pa3ok Temmeparypa Ccus Cal,

) aal, HM acy, HM D,am | ¢, %

Biamany, °C %ar. %ar.
+0,0001 +0,0001 +10 | +0,01

+0,5 +0,5
B® Al- BUXIIHUN CTaH 0,404 3,2 0,3614 3,33 48 0,79
33Cu 120 0,4047 | 1,44 ] - 64 | 0,63
nepiony 60 150 0,4049 0 - - 80 | 0,56

HM

170 0,4048 | 0,44 - - 113 | 0,46
200 0,4048 | 0,44 - - 113 | 0,46
500 0,4047 | 0,88 - - 128 | 0,27

4.5. TexctypHuii aHasi3 6araTomapoBux (Posr

Ha puc. 4.9. npezacrasieHi pe3yabTaTé peHTreHOCTpyKTypHOTo aHamizy bd Al/Cu
13 BMicToM Mifi 33 Bar.% nepioay 60 uMm micis Bignany rnpu 150 °C Bnpomosxk 30 XBUIMH
y Burisiai goneru 1 ii mopomky. O4eBUIHO, 110 HAa AudpakTorpamMi 3pa3Ky MOPONIKY 13
noApioHeHo1 Gosbru okpiM miky npu 51,76°, cnoctepiraroTbes miku npu 76,19 ta 98,01°,
110 BiJNOBiIal0Th MeTacTabubHiM HeBmopsakoBaHiin OLIK-dasi Al,Cuy. Ha Biaminy Bif
UbOr0 Yy 3pa3Ky y BUIIAAl (oapru OpHUCYTHIA Jume oauH mik npu 51,76° Bin
MmeTactabinmpHoi HeBnopsiakoBaHoi OLIK-dasu Al,Cug, 1m0 CBiTYMTH TPO HAABHICTH
KpucrtanorpapiyHoi TEKCTYpH.

Ha puc. 4.10 naBegeno ineanizoBani nosoxeHHs noitociB {001} OLK-da3u nus
KOXKHOTO 13 24 BapiaHTIB MOXXJIMBHX OpI€HTAlIMHUX CHiBBiIHOMIEHb KypmiomoBa-3akca
mik I'IIK Al i OLIK-Al4Cug dazoro (tadm.4.2), HaHeceHI Ha crepeorpadiuHy MPOEKIIio
{111} T'lIK-rpatku B34Ti 13 miteparypu [122, 123, 185, 186] y cmiBcraBiensi i3 [1I1D
{001} mst OLIK-Al,Cug daszu micas Bianany npu 150°C Bd Al/Cu i3 Bmictom Mmizi 80 Bar.
% Cu nepiogy 30 M. OyeBUIHO, IO HAWOULIBII IMOBIPHMMHU BapilaHTaMU y HAIIOMY

BHUIIAAKY € (1 1 1)ru}<//(110)0]_[[<: ['1'10]r]_u<//['1'11]0m<, ['10'1]ru}<//['111]0]_[1<,['10'1]111}(//['
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Puc. 4.9 IopisusuibHi gudpakrorpamu b® Al/Cu i3 BmicTom miai 33 Bar.% micis Bignary
npu 150 °C Bopomosx 30 xBunuH y Bursial ¢oasru (a) 1 ii mopomky (0). Lrpux-

JiarpaMu IHTEHCUBHOCTEH Bij (a3, HaBeneHuX y 6a3ax (B)
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Puc. 4.10 III® {001} nns OLK da3u micns Bignany npu 150 °C B® i3 Bmictom miai 80

Bar. % Cu mepioxy 30 am. Ctepeorpadidaa mpoeKiisi, IO MOKa3y€e MOJI0KEHHS MOIOCIB

{001} OIK-dpa3u g1 koxHOTO 13 24 BapiaHTIB OpIEHTAIIHHUX CHIBBIJHOIICHb

Kyparomosa-3akca mix 'K 1 OLIK-rpaTtkamu BignosigHo g0 pooOit [122] (B), [185] (T)

Tabauya 4.2 24 MoXNHMBI BapiaHTH OpIEHTAIIMHUX cCHiBBiAHOIIEHs KyparomoBa-3akca

mix 'K i OLIK kpucramamu [122, 123, 185, 186]

O.

0)

|

A

[-101]ruxll [-111]ork; [-11-]'!]‘:1]1(;“’“[- [-101 ]l [-112]or; | [011]roll[-112 or;
Ot Feagee A 08 A 01 el [-1- Lo

[-110]ruxll[-111]o; [-jlfl-ifg;;;l[- [011 ]l [-111]omk; | [F120] gl [-111]orek;
[—1101;;;1';[—11— [-10-1 1;uK|’| [-11- [01] gl [-12-Llorc; [—1101;;»}1';[—11—

[01'1]m1<||['111]0u1<; [01'1]ru1<||['111]ou1<; [110]ru1<||['111]0u1<; [101]ru1<||['111]ou}<;
[01'-”“(');’11';['11' [01'-”:;;’11';['11' [110]rill[-11-1ow; | [101]rl[-11-1]onk;
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4.6. MexaHi14H1 BIaCTUBOCTI OaratomapoBux (oJibr.

PesynpTaTtn BuMiptoBanb MikpoTBepaocti (Hp), monyns FOura (E) 1 xoedimienty

IJIaCTUYHOCTI (5, ) BD pisHoro ckiamy HaBeneHi y Tabmui 4.3.

Tabnuys 4.3 Mexaniuni BaactuBocti b® Al/Cu/C

3pasok dazoBuit cknaz, 00. % Hie, | Ene, | Hexes | Eexpy | S
ITla | I'lla | I'Tla | IT'Tla | +0,0
Al-33Cu
59 Al +41 Al,Cu 1,9 91 1,9 104 | 0,89
Cnnas
b® Al-33Cu 68 Al + 32 Cu 4,7 138 | 0,78
0,8 51
(BUX. cTaH)
B® Al-33Cu 5,6 147 | 0,74
44 Al + 38 Al,Cug + 24 Al,Cu 3,2 80
(150 °C)
BD Al-33Cu 61 Al + 39 Al,Cu 1,6 91 5,3 136 | 0,74
(200 °C)
55 Al + 45 Al,Cu 1,8 94
(500 °C)
BD Al-80Cu 18 Al + 82 Cu 0,9 52 4.7 141 | 0,79
(Bux. ctaH)
B® Al-80Cu 55 Al,Cug + 45 Al,Cu 4,9 80 5,3 147 | 0,73
(150 °C)
B® Al-80Cu 10 Al,Cu + 90 AlCu 10,3 | 183 | 68 | 177 | 0,73
(200 °C)
Bd Al-80Cu 9 AlICu + 91 y,-Al4Cug 106 | 176 | 45 131 | 0,73
(500 °C)
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I3 Tabmn. 4.3 oueBUIHO, IO HAWBUII 3HAYCHHS MIKpOTBepAOCTI (Momaymto KOHra) mo
5,6 I'Tla (E =147 I'Tla) 1 6,8 I'Tla (E = 177 I'Tla) 13 mpuitHATHOIO TIACTUYHICTIO 10 0,73-
0,74 crioctepirarothes y 3paskax b® Al/Cu esrektnunoro ckiany Al-33Cu micis Bignany
npu 150 °C Tta Al-80Cu micnsa Bimnamy mpu 200 °C, BimmoBigHO. 3MIIIHEHHS TaKHX
OaraTolapoBUX KOMIIO3UTIB 00yMOBJIeHE MOAUMIKAIIEIO X CTPYKTYPHO-(HA30BOTO CTaHy
1 BIITIOBITHOIO JII€I0 JCKUIBKOX MexaH13MiB 3MilHeHHs: (1) 3a paxyHOK ¢hopMyBaHHS
BHCOKOJUCIIEPCHUX BKJIIOYEHB iHTepMeTaneBux a3 (puc.4.1); (2) popMyBaHHAM MIlTHHX
da3 AlCu, Al,Cug [58, 169], a TakoXk NPUCYTHICTIO BOpsAKoBaHOi Yo,-Al,CUy y BUrIIAII
HajcTpykTypu D83 [167].
3HadeHHs MiKpoTBepAocTi 1 Mmoayo FOura mist b® 000x koMIo3uiiil 0yan Takox
po3paxoBani 3a npaswioM cymimied (I1C), mpuBeneHomy y nonepenubomy posaia 3. 13
a0y 4.3 Buano, mo 111 bd Al-33Cu 1 Al-80Cu 3nauenns Hyexp 1 Eexp 10 Hye 1 Enc,
— BIJIPI3HSIOTBCA BiJl €KCHEPUMEHTAIBHUX PE3YJbTATIB A BCiX 3pa3kiB. OCHOBHUMH
dakTopamu, siki 00yMoBIIOIOTH Take BiaxwieHHa Bin [IC y Bumagky b® moxe Oytu
CyTTeBa MoJudikailis MIKpOCTPYKTYpH, a TaKOX Te, IO I PO3paxyHKy Oyiau
Bukopuctani 3HaueHHs H i E piBHoBaxkHoi OIIK-Al,Cug dasm, sika crocrepirayiach y
crutaBax Ta nudys3iitHux mapax. Ciij TakoXX BIAMITUTH, IO y BUXIJHOMY CTaHI Ta MICIs
BiJNaJiB piBeHb MiKpoTBepaocTi 1 moaymo FOHra b® esrextuunoro ckiamy (Al-33Cu)
OyB Bix 2,4 10 2,9 pa3 Oijbliie, HIX TSI CIUTaBy 1boro ckiany. KoedirieHT miactiuaHocTi (

s,) Bix 0,73 mo 0,79 mna 3paskiB b® Al/Cu moxke Oyt 00yMOBIeHUI 3MEHIIEHHAM

00 emuoi yactku Al4Cug i AICU da3.

BucHoBku 10 po3ainy 4

1. BussneHo, mo y 3paskax ¢oasr Al/Cu i3 Bmictom Mmizi 33 i 80 Bar.% (nepioxy 60
1 30 um) micas Bignany npu Temneparypi 150 °C cnocrepiraerbest popmMyBaHHS
metactabutbHOI HeBnopsiakoBanoi OLIK-Al,Cug ¢a3u pazom i3 ¢a3or HUKUOT

cumetpii OL[T 0-Al,Cu.
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2. Harpis b® Al/Cu npu Temneparypi 500 °C npuBoauts 10 hopMyBaHHs (Ha30BOTO
ckiany, Ommspkoro mo piBHoBaxkHoro: Al + Al,Cu y 3pa3kax eBTEKTHYHOTO
ckaany, Mo-AlCu + v,-Al4Cug y 3pa3kax i3 Bmictom wmimi 80 Bar. %. ¥ BD i3
BmicToM Miai 33 Bar. % micns BignamiB mpu Temmeparypax Buie 250-280 °C
MmetactabimpHa HernopsinkoBaHa OIIK-Al,Cug ¢asa posmamaerscs, a y bD i3
BmictoM Miai 80 Bar. % micas BianmaiiB npu Temmepatypi Bume 500 °C

criocTepiraerscs ii BopsakyBanas y y2-Al,Cug dazy (cTpykrypHoro tumy D83).

3. Ha mpuknagi b® Al/CU eBTeKTHYHOTO CKJIaay MOKa3aHo, IIO IMiCJs BiIIMATiB B
temneparypaomy iHtepBami 120 — 500 °C ¢da3oyTBopeHHs BiOyBaeThbcs 13
nepecuueHoro TBepaoro pozurny Al(Cu) i3 BmicToM Mifi g0 3,63 at. % (8 Bar.%)
y BHUXIJIHOMY CTaHi. BuiliezaznaueHe Ta HasBHICTh MIKpocTOoTBOpeHb Ipatku 0,79
— 0,82 %, opileHTaliIHUX CIIBBIIHOLIEHHb MiX Kpuctamitamu BuxigHoi ['TIK i
kiHneBoi OLIK metactabinsroi HeBrmopsinkoBaHoi Al,Cug dazm (111)r//(110)omx
MiCAsl BIANANIB, a TaKOX IIBHJKICTh NEPETBOPEHHA CBIAYUTH MPO 3CYBHHI

mexaHnizM ['TIK — OLIK nepeTBopeHHS.

4. BcraHoBieHO, 0 (GopMmyBaHHS MeTacTadbuThHOI HeBmopsiakoBaHoi OLIK-Al,Cug i
OLT-Al,Cu a3 cnpusie 3pocrannio mikpotBepaocti (Hy) 1o 5,6 I'Tla (E = 148
['Tla) y B® i3 Bmictom mimi 33 Bar. % Tta mo 5,3 I'Tla (E = 147 I'ma) y B® i3
Bmictom Mmiai 80 Bar. %. Haitoinema Hy mo 6,8 I'lla (E = 177 I'Tla) i3
koedimientoM maactuarocTi 0,73 cnocrepiraerbess y b® Al - 80 Bar. %. Cu micas
Bignany npu 200 °C. Iloka3Ho, mo MexaHiyHi BiacTuBOcTi b®d 00yMoBIeHi

3epPHOTPAaHUYHOUM 1 JUCIIEPCIMHUM MEXaH13MOM 3MIITHCHHS.

5. b® Al/Cu i3 Bwmictom wmimi 80 Bar.% XapakTepU3yHOThCS HAKOIIBIIO
peakiiiinoro 3matHicTio (1o 236,8 JIx/r) mopiBasHO i3 B Al/Cu eBTekTHUYHOrO

ckaany (193,4 Ix/r).
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PO3/ILJT 5

CTPYKTYPA IHTEPMETAJIEBUX ®A3 TA MOXJIMBI MOJEJII IEPETBOPEHD

5. 1. Ctpykrypa MeractabinpHoi Hepnopsakoanoi OLIK-Al,Cug iHTepMeTaneBoi dazu

3a pe3yiabTaTaMd EKCIIEPUMEHTAIBHUX JOCTIKEHb, HAaBEACHUMHU Y IOMEPEIHIX
eKCIIEpUMEHTAIBHUX po3aiiax 3 i 4, mopomrkoBux kommo3uTiB Al-Cu i Al-Cu/C micast MJI
ta OaratomapoBux ¢ousr Al/CU micims BignajiiB IMOKa3aHO MOXIIMBICTh YTBOPEHHS
MmeTactabinpHOi HeBnopsiakoBanoi OIIK-Al,Cug dasu. Lli pe3ynbraTé BiApi3HSAIOTHCS Bif
pobotu beccona Ta iH. [40], me ctpykTtypa meractabinpHoi OIIK-Al,Cuy dasu Oyna
Ipe/ICTaBICHA JIMILIE Yy BUINIAAI BHOPSAKOBaHOI 3%3X3 HaarpaTtku, IO CKJIaJa€ThCs 13
nekinbkox rpatok CsCl tumy 3 1BOMa BakaHCisSIMU, KOJHUX HAACTPYKTypHEX (210), (300),
(522) mikiB, nmpucyTHicTh sAKUX OB’ s3yt0Th OLIK-rpatkoro Al,Cuy dasu i3 cTpyKTypHUM
turioMm D83z [15], He Oymo BusBieHo. JlomaTkoBuMm (akToMm, IO 3acBiAYyE MPO
HeBIopsakoBaHicTh MetactadbinbHoi OLIK-Al,Cug daswm, € pesynbratn AMP. BignosigHo
no JIi Ta Karomani ta iH. [44, 49], ski BigMmivaim, 110 JaHa MetacTabinbHaA ¢aza MOKe
dbopmyBarrcy y BuUrisAl HeBnopsakoBaHoi OLIK-da3u (ctpykrypHoro tumy A2), a
€JIEMEHTapHI ITPATKH 1), € Ta Y1 (Pa3 € CIOpIAHEHUMH 13 HEBIOPSAKOBaHOIO (-¢ha3oro 3
OLIK rpatkoro (a = 0,2951 HM), OCKIJIBKH iX MOYKHA IMOOYAyBaTH Ha 1 OCHOBI (puc. 1.16).
Ha nopiBasutbHUX audpakTorpamax Big mopomkoBux kommo3utie Al-Cu i Al-Cu/C micns
MUJI Bupozgos:k 8 rogun Ta micis Bignamis bd Al/Cu i3 Bmicrom miai 33 i 80 Bar. % mnpu
150°C (puc. 3.7, puc. 4.2 ta 4.3) miku npu 3HaA4YCHHSAX KyTa 20, piBHUX 51,67, 76,19 Ta
98,01°, Bignosimarots mikam (330), (600) ta (721) OLIK-Al,Cuy dasu (a = 0,8707 um,
JCPDS_PDF 24-0003) [16, 23, 40, 43, 47 - 49]. BpaxoBywuH BiJCyTHOCTb Ha
CKCIICpUMEHTATIBHUX TU(pakTorpamax Oyab-skux iHmux BigmoBigaux Al,Cuy dasi mikis
(@ = 08707 um, JCPDS PDF 24-0003), ineHtu(ikaiito MOXHAa MPOBOAMTH
CIIBCTABJICHHSIM pO3paxoBaHoi audpaktorpamu. Tomy pnaHi audpaktorpamu  Oyso

MPOIHJIEKCOBAaH1 Ta BU3HAYEHO MapaMeTpu €JIeMEHTApHOI I'paTKu. BusBuiiocs, 1o i cami
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nika BiamoBinarote d i3 iHmekcam Mimepa (110), (200) i (211) OLK-rpatkm i3
napameTpoM a = 0,2951 um, sika € moaiOHOIO 10 HEBMOPSAKOBaHiH P - (a3l (CTpyKTypHOTO
tuny A2) [16 — 19, 147]. OkpiMm TOro, 3a pe3yabTaTaMu JOKaJIbHOIO XIMIYHOTO aHAJi3y
MOPOIIKOBUX KOMIO3UTIB micis MJI BusiBneHo, mo ii ycepeaHeHuid XiMiuHui ckiayg ~60-
50 % at. Al 140 - 40 % ar. Cu He BiANOBIAAE PIBHOBAKHOMY, a JIJIs 3pa3KiB 13 BMicToM 80
Bar. % Cu — ~62 — 71 at. % Cu i 29 — 38 % at. Al € O0au3pkumM 10 crexiomeTpii Yo-AlsCug
¢dazu. LlikaBum akTom € Te, mo GopmyBaHHS MOAIOHOT Pa3u CIIOCTEPITaIOCh y CUCTEMax
Al-Cu—Fe i3 Bmictom mimi mo 1,5 ar.%, [117, 118]. 3okpema, y pobortax [46, 51]
BIIMIYAJIOCh PO MOXJIUBICTh (POPMYBaHHA TIEBHOI HECTEXIOMETPUYHOI Y'-pa3u i3
BMicToM Mimi 62.5 at. % Cu y Burisiai npekypcopy 1o yi-Al,Cug (69 at. % Cu).

Ockinbku Bianan npu Temneparypi 500 °C MJI BnpomoBk 8 roAavH MOPOIIKOBHUX
kommo3uTiB Al-Cu i Al-Cu/C ta B® Al/Cu i3 BmictoM Mmizi 80 Bar.% (puc. 3.6 Ta puc. 4.4)
MPUBOAUTH A0 MOSBU HAACTpykTypHuX (210), (300), (522) mikiB mopsia i3 OCHOBHUMH
nikamu Bix piBHOBakHOI Al,CuUg (a3u, To poOUTHCS BUCHOBOK IPO BIOPSAAKYBAHHS Y Y7 -
Al,Cug da3y (crpykryproro tumy D83). [loniOHe BOpsaKyBaHHS BUCOKOTEMIIEPATYPHOI
HEeBNOPsAKOBaHO1 B-(a3u (cTpykTypHOro THN A2) y piBHOBaXHY Y-(ha3y CIOCTEPIraJoch
y cmtaBax cucteM Cu-Zn [119] ta Al-Cu [120]. OkpiM TOTO BiZIOMO, III0 IOCHTH CKJIaJTHA
3a crpykryporo y-Al,Cuy dasza e moxigaoro Bim OLK-dasu y BuUrIssmi HaaCTPYKTypH
3%x3x3, Ky MOXHa TpeAcTaBuTH y Burisiai miarpatok CSCl i3 1BoMa BakaHCisIMU Y Hill B
1eHTpi 1 BepinHax (puc. 5.18) [41, 119, 120]. B Toii ke vac y po6oTi [120] 3a3Ha4yaeThCs
PO MOMJIMBICTH TIPsIMOTO TiepeTBopeHHs1 A2— D83 B KoHIIeHTpaliiHii o6iacTi 68 1 82 art.
% Cu y cmmaBax Al-Cu i3 nedekTHO cTpyKTyporo. OCKUIBKH 3a €KCIIEPUMEHTATLHUMU
pe3yJIbTaTMH  PEHTICHOCTPYKTYypHOTO aHamizy (puc. 3.6 1 3.22) cmocrepiraerbes
OJIHOYacHA TosiBa HAACTPYKTypHUX pediuekciB (210), (300) 1 (522) i oCHOBHUX MIKIB Bif
piBHOBaxxHOT Al4CUg hazu mpu Temmneparypax Bix 500 °C i Bule, 10 CBiAYaTh PO MOSBY
OLK-Al4,Cug das3u (np. rp. P-43m, crpykrypHoro tumy D83) [15] paszom i3 ocHOBHUMHU
mikamu Big Y.-Al,Cug dasu, To poOUTHCS NUPUIYIICHHS MPO MOXIIUBICTH MPSIMOTO
nepeTBopeHHst A2—D8;.

BukopuctoBytoun BIOMOCTI MNP0 CHUMETPII0O Ta TMapaMeTpud TIPaTKH, 3

BUKOPUCTAHHAM HABEJIEHOTO Yy pO3J. 2 METOJOM MOOYJOBaHO e€JeMEHTapHi IPaTKu 1
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BIJIMOBIAHI PEHTTEHIBChKI AU(pakTorpaMu MeTacTtalinbHOi HeBmopsakoBaHoi OLIK-
Al,Cuy da3u (ctpykryprmii Tam A2, np. rpyna Im3m, a = 0,2951 um, puc. 5.1) Ta
ctabiapHOT v,-Al,Cug dasu (ctpykrypuuii Tun D83, mp. rpyma P-43m, a = 0,870230 M,
Tabm. 5.2 Ta puc. 5.2).

Intznziby 5%} 110
3133100
l (5153.100.0)
S T

8T

70 1

g0 1

s0 1

T 211

w0 L (97.68.28.5)
2,00

(587.13.9)

0 T

0T
o D 286

T T
2002 3 3 4 45 XN 55 & ey W7F B8 %8 MW 15 110

Puc. 5.1 [lobynoBaHi enemeHTapHa rpaTka 1 peHTreHiBcbka nudpakrorpama (CoK,-

BUTIPOMIHIOBaHHS) MeTacTabimpHOI HeBnopsiakoBaHoi OLIK- Al,Cug dazu

- L

T
33 030 35 40 45 S0 55 60 65 0 75 80 85 20 05 100 105 110

Puc. 5.2 TlobynoBani enemeHTapHa rpaTka 1 peHTreHiBcbka nudpakrorpama (CoK,-

BUIIpOMiHIOBaHHS) Y,-Al,CUg dasu, BiamosiaHo 10 poOit [21, 187]
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Tabmuis 5.1 CtpykTypHi XapakTepucTUKku MetacTabiipHoi HeBnopsinkoBanoi OLIK-da3u

Hazsa daszu HesnopsiakoBana Al,Cug
Tun rpaTku I

[IpocToposa rpyna Im3m

Homep nipocTopoBoi rpynu 229

[TpoToTun W

Cumsou ITipcona cl2

CTpyKTypHUU THIT A2

[TapameTpu rpatku

a,HM b, um | ¢, um | a,rpam | B,rpag | y,rpan

0.2951 0.2951 | 0.2951 | 90.0000 | 90.0000 | 90.0000

06’em rpatku V, HM®

0.02464

Koopaunaru aromiB

Enemenr X Y Z R Occ
Cu 0,5 0,5 0,5 1,57 0,5
Al 0,5 0,5 0,5 1,82 0,5
Al 0 0 0 1,82 0,5
Cu 0 0 0 1,57 0,5

Tabmuus 5.2 CtpykTypHi XapaktepucTukh y,-Al,Cug dasu

HasBa da3u Al Cug

Tum rpaTtku P

[IpoctopoBa rpymna P-43m

Homep nipocTopoBoi rpynu 215

[Tporotum Al,Cug

Cumsoin Ilipcona cP52

CTpyKTypHHUH THIT D8;

[TapameTpu rpaTKu a,um | byum | ¢, mm | a,rpan | B,rpan | y,rpan
0,8702 | 0,8702 |0,8702 | 90,000 90,000 | 90,000

06’eM rpatkn V, EM® 0,65902
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IIpooosac maba. 5.2

Koopaunatu atomis Enement X Y Z R Occ

Al 0,1144 | 0,1144 | 0,1144 | 1,82 | 1,00

Cu -0,1690 |-0,1690 | - 1,57 | 1,00
0,16900

Cu 0,3565 0 0 1,57 | 1,00

Cu 0,3142 | 0,3142 | 0,0333 | 1,57 | 1,00

Cu 0,6046 | 0,6046 | 0,6046 | 1,57 | 1,00

Cu 0,3248 | 0,3248 | 0,3248 | 1,57 | 1,00

Cu 0,8554 0 0 1,57 | 1,00

Al 0,8108 | 0,8108 | 0,5367 | 1,82 | 1,00

3Bakarouu Ha CIIBIAIHHS pe3yJIbTaTiB MOJEIIOBaHHS 13 €KClIepuMeHTaIbHuMU (puc. 3.1,
3.2, 3.7 i puc. 4.3 i 4.4), bopmyBanHs MeTacTabuTbHOI HeBnopsakoBaHoi OLIK-Al,Cug

¢a3u Ta ii BnopsaaKyBaHHs y cTabuIbHY Y2-Al4,Cug (hazy € 0OrpyHTOBaHUM 1 MOKITUBUM.

5.2. CtpykTypa npomixHoi i cradbinerHoi OL[T-AlL,Cu dasu

BignoBigHo 10 pe3yabTaTiB, HaBEACHUX Yy TIOMEPEIHIX EKCIEPUMEHTATIbHUX
po3ainax 3 1 4, Oyno 3adikcoBaHo GpopMyBaHHS MeTacTaOlIbHOI HeBnopsakoBanoi OIK-
Al,Cuy da3u 3a yuacti ¢asu Hmwk4oi cumerpii OLT- Al,Cu ¢a3m y mnopomkoBux
kommo3utax Al-Cu i Al-Cu/C micist MJI i B® Al/Cu micas Bigmosigaux TO. IIpo ydacts
OLUT-¢pazn y 'K — OIK/OLT nepeTBOpeHHSAX TaKOX BIAMIYAIOCH Y JIITEpaTypi B
poborax Komaroca ta I'pimBana [122, 123] mns crayeit i3 pi3HUM BMICTOM BYTJICIIO, a
Takox y podotax [40, 95] mist moporikoBux i 6aratomapoux kommnos3utis Al/CU pi3Horo
XimMiuHOTO cKJaay. BigmosigHo 10 pesynbtatiB AMP (puc. 3.8, 3.9, 4.4), nikaBum (hakTom
e te, mo OLT-Al,Cu ¢a3a npucyTHs, BiporiiHilie, y BUTIISAAI TIEBHOT HECTEXIOMETPUIHOT
Al,Cuy 4 dasu (0,012 < x < 0,059), 1110 MOKe BKa3yBaTH Ha ii «IIPOMDKHHUI» Xapakrep.

3okpema, B poboTax [12, 124, 125] Oyno nmokaszaHo, 110 Y KJIACHYHUX CTAPIFOYMX CILJIaBax
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Al-Cu cra6inena inTepmeraneBa OL[T-da3za 0-Al,Cu Moxe popmyBaTuCh Yepe3 IPOMIXKHI
MetactabinpHi 0'- Ta 0"- daszu msxom 3cyBHoro I'IIK — OILIT meperBopenns (puc. 1.18).

Mertonom, HaeaenuMm y pos3a.  2.10, moOymoBaHO eneMeHTapHI IpaTKu
MeTacTabimpHuX 0'-dazu Tumy CaF, (p. rp. Fm3m, a = 0,4041 um, ¢ = 0,58 uMm, puc. 5.3),
0'-dasu (mp. rp. 1-4m2, a = 0,4041, c = 0,58 uM, puc. 5.4) ta cradbineroi 0-Al,Cu dasu (mp.
rpyna l4/mcm, a = 0,6067 um, ¢ = 0,4877 um, puc. 5.5) 3a nanumu poOit [14, 187-189] i

BIJIMOBIIHI TEOPETUYHI PEHTT€HIBChKi AIM(PpaKTOrpaMu.

T
sty ()

Puc. 5.3 IlobynoBani enmemeHTapHa TIpaTka 1 peHTreHiBchka audpaktorpama (CoK,-

BUIIPOMIHIOBaHHS) MeTacTabiIbHOI 0'-¢asu (tuny CaF,), BianosigHo 10 podotu [14]
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Intersity (34)

ey
.20, LURRA

e ——

I s

Puc. 5.4 TlobynoBani enemeHTapHa IpaTka i peHTreHiBchka audpaktorpama (CoK,-

BUIIPOMIHIOBaHHS ) MeTacTabUIbHOI 0'-(a3u, BiAmoBiaHO 10 podoTu [187]

i e 30 e A 4= = L = = [} < i 0 O [y ¥ 1." = 1n

Puc. 5.5 [1obynoBani enemeHTapHa rpaTka 1 peHTreHiBcbka nudpakrorpama (CoK,-

BUIIPOMiHIOBaHH:) cTabinbpHOI 0-Al,Cu da3u, modynoBana BiamoBiaHo 10 pooiT [187-189]



Tabmuis 5.3 CtpykTypHi XapakTepucTUKu MeTacTadinbHoi 0'-ga3u tumy CakF,
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Ha3ra dasu 0'

Tumn rpatku CaF;

[IpocTopoBa rpyna Fm3m

Homep nmpocTopoBoi rpynu 225

[IpoToTun Cl

Cumsou Ilipcona cF12

CTpyKTypHUU THIT CaF,

[Tapametpu rpaTku aHm | b,wm | ¢, wm | a,rpam | B,rpam | y,rpan

0,4041 | 0,4041 | 0,5800 | 90,000 90,000 | 90,000

06’eM rpatku V, HM® 0.09467

Koopaunatu aromiB Enement X Y Z R Occ
Al 0 0 0 1,82 | 1,00
Al 0 0 0,5 1,82 | 1,00
Al 0,5 0,5 0,5 1,82 | 1,00
Al 0,5 0,5 0 1,57 | 1,00
Cu 0 0,5 0,25 1,57 | 1,00
Cu 0 0,5 0,75 1,57 | 1,00
Cu 0,5 0 0,25 1,57 | 1,00
Al 0,5 0 0,75 1,57 | 1,00

Tabauysa 5.4 CTpyKTypHI XapakTepUCTUKH MeTacTaOuIbHO1 0'-(ha3u

Hasga dasu 0'

Tun rpatku I

IIpocToposa rpyna [-4m2

Homep nipocTopoBoi rpynu 119

[MpoToTumn GaSh

CumBon ITipcona t14

[Tapametpu rpaTku a,um | b,um | ¢, um | a,rpax | B,rpan | y,rpan




IIpooosoic maon. 5.4
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0.4041 | 0.4041 | 0.5800 | 90.000 90.000 | 90.000

06’em rpatku V, HM® 0.07704

Koopaunatu atomis Enement X Y Z R Occ
Al 0 0 0 1,82 | 1,00
Al 0 0 0,5 1,82 | 1,00
Cu 0 0,5 0,25 | 157 | 1,00

Tabnuya 5.5 CTpyKTypHI XapakTepucTuku ctadbinmpHOi 0-Al,Cu da3u

HazBa da3u 0-Al,Cu

Tum rpaTku I

[IpocTopoBa rpymna 14/mcm

Homep nipocTopoBoi rpynu 140

[IpoToTun C16

CumBon ITipcona tl12

[Tapametpu rpaTku aum | b, um | ¢, wm | a,rpang | B,rpan | y,rpan

0,6067 | 0,6067 | 0,4877 | 90,000 90,000 | 90,000

0O6’eM rpatku V, HM® 0,17954

Koopaunatu aromiB Enement X Y Z R Occ
Al 0,1581 | 0,6581 0 1,82 | 1,00
Cu 0 0 0,25 | 1,57 | 1,00
Al 0,8419 | 0,3419 0 1,82 | 1,00
Cu 0 0 0,75 | 1,57 | 1,00
Al 0,3419 | 0,1581 0 1,82 | 1,00
Al 0,6581 | 0,8419 0 1,82 | 1,00
Al 0,8419 | 0,6581 0,5 1,82 | 1,00
Al 0,6581 | 0,1581 0,5 1,82 | 1,00
Al 0,1581 | 0,3419 0,5 1,82 | 1,00
Al 0,3419 | 0,8419 0,5 1,82 | 1,00
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Ilpooosoic. maba. 5.5

Cu 0,5 0,5 0,75 | 1,57 | 1,00

Cu 0,5 0,5 0,25 | 157 | 1,00

I3 pucyHkiB 5.3, 5.4 1 5.5. BuAHO, 110 TOJI0KEHHS MmiKiB Bia cTabimsHOi OLIT-Al,Cu
dazu (p. rp. 14/MmCcM) NOBHICTIO CIIBMAAIOTh 13 eKCIIEpUMEHTAILHUMU AaHuMH (puc. 3.1,
3,2,3.7 ta4.2,4.3). B toii e gac nmonoxxenns mikis (112), (200), (220), (204) 1 (312) Bixg
MeTacTabinpHOT 0'-azu (tury CaF,) € Oau3pkumu 1o mikiB npu 51,67, 76,19 ta 98,01° Big
MetactabuTbHOI HeBnopsinkoBaHoi OLIK-¢asu. 3 ypaxyBaHHAM TOro, 110 y po0oTi [51]
Oyno mMoKa3aHO MOXJIMBICTH (hopMmyBaHHS HecTexioMeTpuuHOi AlsClUg y mmpoxomy
KOHIIGHTpAIlIHHOMY Jlalla30Hl, YTBOPEHHS SIKOI MOXKE€ KOHKYpyBaTH 13 (opMyBaHHSIM
MeTacTabimpHuX 0' Ta 0-asa, y MmaTepianax Ha ocHOBI cruiaBiB Al-Cu i3 GLIBITUM BMICTOM
Al micns 1HTEHCUBHOI IUIACTUYHOI Aedopmaliii, To popMyBaHHA MeTacTabUIbHOI 0'-dasu
(tuny CaF,) Ha «mpomikuauX» cramisx MJI mopomkie Ta Biamaiaiz b® Al/Cu moxuBe,

Mae OpaTUCh 10 yBaru, ajie motpedye maTBEepAKEHHS JOAATKOBUMHU JOCIIPKEHHIMU.

5.3. MoXJIMBI CXeMH TIEPETBOPECHB Y MOPOIIKOBUX 1 OararomapoBux Al/Cu xommo3urax

Ak BimMivanoch y po3aun 1 (ormsig jitepaTypu), 3TiIHO 13 KpuctajorpadiyHuMU
MOJICJIIMA MapTEHCUTHHX MEPETBOPEHb Y CTAISIX 13 BMiCTOM Byruielo 1o 2 Bar. %. [120,
122, 179, 180, 184], BoHo BigdyBaeThcs nuiaxoM aedopmartii I'TIK rpatku y —hasu 3aiiza
y OIIK rpatky « -da3u BiAnoBiHO A0 opieHTatiiiHoro chiBBigHomeHHs Mix ['TK 1 OLIK
rpatkamu. Okpim Toro, y 30-40 poxku XX cr. JL.I'. Xannpoc pasom i3 I'.B. KyparomoBum
BIJIKPHJIM TEPMOINpYKHE MapTeHcuTHe neperBopeHHs B Cu-Al craBax. €nuHa Mojemb
takoro ['TIK-OLK neperBopenns Ha npukiani cucremu Al-Cu y moaiOHUX mOpOIIKOBHX
00’extax Oyna 3ampornioHoBana becconom Tta iH. [40, 47, 51]. Hemonixom 11i€i moxeni €
BIJICYTHOCTh BpaxyBaHHS (opmyBaHHs HeBrnopsakoBanoi OIIK-Al,Cug dazu, a Takox
yaacti OL[T-Al,Cu ¢a3u y npbomy 3cyBHOMy nepetBopenni I'IIK—OILIK.

BiamoBimHO 10 eKCIepUMEHTAIbHUX pPE3yJbTaTiB, HABEAECHUX Yy TMOMEPeIHIX

po3autax 3 1 4 ta HaBeneHoi y po3aun 2.10 meroguku, Oynu moOynoBaHI €JIeMEHTapHI
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rpatku TBepaoro po3unHy Al(Cu) i3 BmictoMm Mimi 4,94 at. % (tabu. i puc. 5.6) Ta Cu(Al)
13 BmicToM amtoMminiio 13 at.% (tabn. 5.7 1 puc. 5.7). Takok, BUKOPUKOPHCTOBYIOUU
ymoBY Bynbda-bperrie 3 00paHO0 JTI0BXXKMUHOI XBUJIl PEHTTEHIBCHKOTO BUIPOMIHIOBAHHS
(Aco k, =0,179021 nm), BU3HAYATMCH 3HAYEHHS MKIUIONIMHHUX BiCTaHeH i OyayBanuch
BIJIMOBIAHI PEHTreHIBChKI AiudpakTorpamu. I3 pucynkiB 5.7 1 5.8 BugHo, 1110
3MO/ICTTHOBaHI AU(PPAKTOTPAMH Yy IIJIOMY CIIBIAJAIOTh 13 €KCIIEpUMEHTATBHUM (puc. 3.1,
3,2, 3.7 ta 4.3, 4.4), Tomy popMyBaHHS MIEPECUUCHUX TBEPJUX PO3UYHMHIB 13 BIJMIOBIIHOIO
CTPYKTYPOIO € OOTPYHTOBAHUM 1 MOKJIBHM.

Ha puc.5.9. 300paxeno enementapHi 1patku  «mpomikaoi» OIT ¢da3um Ha ocHOBI
I'IK-rpatok AlI(Cu) i Cu(Al). Oueunno, mo cradinmeHa OL[T-Al,Cu ¢asza (mp. rpyna

[14/mcm, a = 0,6067 am i ¢ = 0,4877 HM) MOKke OyTH OTpUMaHa MUIIXOM po3TATy Ha 4,25 %

1 1
B3JIOBXK HAamNpsMiB E[llo]rw« i E[—llO] e Ta Ha 17,02 % B3nosx [001],, «mopomixHOI»

OLT-rparku 13 mapametpamu a = 0,58 um 1 ¢ = 0,4041 um. OkpiM TOro, IPETBOPEHHS 13
dbopmyBanusaMm cradimeHoi 0-Al,Cu dasm (mp. rpyma l4/mem) 3 OIT-rpatkoro Moxke
pearizoByBaTuch Tako Ha ocHOBI ['IIK-rparku Cu(Al), ane cnoTtBopeHHs rpatku Oyiu
6u OupimMu. 13 «pomickaoi» OL[T-rpatku 13 mapamerpamu a = 0,257 um 1 ¢ = 0,3638
oM Ha ocHoBi ['TIK-rpatkm Cu(Al) wmoxyTh BiZOyBaTHUCh TIEPETBOPCHHAM 13

dopmyBanusam meractabiapHoi OIK-Al,Cug dazu (mp. rp. Im3m, ¢=0,2951 uwm) 1uisixom

K

1 1
postsry Ha 11,5 % B310BX HampsIMiB 5[110] e 1 E[—llO] e Ta Ha 25 % B3mosx [001]

«apomixHoi» OLT-rpatku . B Toii e yac, 13 «mpomixkaoi» OL[T-rpaTku 13 napameTpaMu
a=0,58 am i ¢ = 0,4041 um Ha ocHoBi ['l[K-rpatku Al(Cu) Moxke Takox BigOyBaTHCS

nepeTBopeHHs 13 ¢popmyBanHaM MeTacTtabimbHOl OIK-Al4Cug ha3u nuisxom posTsary Ha

TLK

1 1
1,54 % B3mOBX HampsMiB E[llO]FHK i E[—llO]MK ta Ha 50 % B3moBx [001]

«apomixkuo1» OL[T-rpatkn . Takum umHoM, «mpomikHa» OIIT- rpatka Gepe y4actsh y
scyBaoMmy mipetBopenni [TIK — OIIK, ane yrtouHeHHs Toro, 4Yu (HOPMYIOTHCS

metacTtabimpHa OLIK-Al4Cug daza 1 crabinera OL[T-Al,Cu dasza mocimigoBHO ogHa Ha
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ocHoBi onHoi i3 Al(Cu), un BoHUM dopmyroThesi mapanenbHo oouasi Ha ocHoBi Al(Cu) i
Cu(Al), motpebye m101aTKOBUX €KCIIEPUMEHTAITLHUX JOCIiKCHb.

BiamoBigHO 10 cy4acHHX KpUCTaIOTpadidyHUX MOAENeH MapTEeHCUTHUX MMPETBOPEHD

y CTalsiX 13 PI3HUX BMICTOM BYTJICLIO, BUCBITJICHUX, HANPUKJIaA, y poboTax Myenbmana

[120] ta T'ao [184], Oyno mnokaszano, mo neperBopeHHs ['TIK — OLIK/OLT wmoxe

BiAOyBaTUCh IUISIXOM beliHiBChKOI nedopmanii 13 1HBapiaHTHOK IUIOMMHOW (111)rpx y

HarpaMmi [10-1]rx moraxom koB3aHHA Ta ABiiHUKYBaHHA OLT-rpatku y Hampsmi [11-2]

13 opmyBanHsaM (111) [11-2] nucnokariii ta [110] nBiitaukiB. Tak, Bektopu ['LIK-rpaTku

MokHa TpaHchopmyBatu y BekTopu OIIK-Tpatkm 3a J0mMOMOTO0 BiAMOBIIHOI MaTpHIIi

(B), mo onmcye belHiBechbKy aedopmariiro:

B 0 0

B, = (o a 0) (5.1)
0 0 «a
a 0 O

B, = (o B o> (5.2)
0 0 «
a 0 O

B; = (0 a 0) (5.3)
0 0 pB

% Taf = ai, ao — napametp rpatku ['LIK. IIpu ¢ = a npoaykt nepeTBOpeHHs -
0 0

e a =
OLT d¢a3za, a c = a — OLK ¢a3za.
MapTeHCcuTHE MPEeTBOPEHHS MOYKHA OMUCATH HACTYITHUM YUHOM:

T = RB; (5.4)
Jdei=1,2,3,a i —MaTpuili MEPETBOPCHHS 1 [IOBOPOTY, BIAMIOBIIHO.

[Ipuyomy, 3a Takoro mnepeTBOpeHHs cdepa 13 ayCTEHITY NEePEeTBOPIOETHCS Ha
eirncoil 00epTaHHs 1 HUIIXOM KOMOIHAIIIi TOCIIOBHUX NIepeTBopeHb B Ta moBopoty R Ha
MEeBHUM KyT MOKHA BIJIIYKAaTH TEPETBOPEHHS 13 T.3. IHBapiaHTHOK JIHIEID, TOOTO
HeZe(hOpMOBaHOI a00 HEMOBEPHYTOIO.

3Bakal0oud Ha BIIHOCHO INBUIKE MPOXOHKCHHS TEPETBOPEHHS Y OJIHAKOBOMY
temnepaTypaomy intepsaii 120 — 280 °C sk B mopomrkoBux kommosutax Al-Cu i Al-Cu/C

micis MJL, Tak i B B® Al/Cu micns Biamanis (puc. 5.10, 5.11 ), popmyBaHHS nepecHueHUX

tBepaux po3unHiB Al(Cu) abo/i Cu(Al) Ta HasiBHICTH MiKpOCTIOTBOPEHD rpaTku 10 0,79 —
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0,82 % (puc. 5.12), a TakoX HASIBHOCTI OpIEHTAI[IHHUX CIIBBIIHOIICHHb MIX
kpuctaiitamu BuxigHoi ['TIK i kirmeBoi OLIK-rpatku (puc. 5.13), 3po6iieHo mpuIrymeHHs
npo pi3ui mexanizmu ['TIK — OIIK neperBopenHsi: 3cyBHuil y b®, nudysiiinuii — y
MTOPOIITKOBUX KOMITO3UTAX.

Oxpim Toro, mias mopomkoBux kommno3uTiB Al-Cu/C i3 Bmicrom migi 80 Bar. %
KOJTHUX EKCIIEpUMEHTATbHUX ¢dakTiB po IPUCYTHICTb CIPOMIKHUX
Hu3bkocuMmeTpuuHnx ¢az  (mampukian, OIIK-AlL,Cu) B mpomeci BHOpSIKyBaHHS
MmetactabibHOI HeBnopsiakoBanoi OLIK-Al,Cuy dasu y y,- Al,Cug dasy (ctpykrypHOro
tunty D83) mpu temneparypi 500 — 900 °C BusiBneHo He Oyno. CrhiBCTaBIsiOYM LIl
eKCIIEPUMEHTAIILHUN pe3ynbTaT 13 JaHuMu podotu [120], moOy10BaHUMU €IeMEHTapHUMU
IpaTKaMH Ta po3paxoBaHUMHU AudpakTorpamamu (tadu. 5.1 1 5.2, puc. 5.1 1 5.2), nokazano
MOKJIUBICTB TIpsiMoro niepetBopeHHst A2 — D83 y mopomkoBux xommosutax Al-Cu/C. B
toit ke yac st b® Al/Cu i3 Bmictom miai 80 Bar.% micias Bianmany mpu 500-900 °C
IEPETBOPEHHS BimOyBaeThes 3a ydacTi (a3 Hmwk4uol cumerpii: OLIT-Al,Cu i MOHOKTIHHOT

AlCu o Turry A2 + B2 — D8s.

Intensirr (Ya) 11,1

20 25 30 35 40 435 =0 55 50 &5 T0 75 &0 B3 &) ] 100 105
Puc. 5.7 IloOynoBaHi enemeHTapHa rpaTka 1 peHTreHiBcbka audpakrtorpama (CoK,-

BUTNIPOMiHIOBaHHs) TBepaoro poszurny Al-4,94 at.% (11Bar. %) Cu



O 41_100.0)

Puc. 5.8 [TobynoBani enemeHTapHa IpaTka i peHTreHiBcbka audpaktorpama (CoK,-

BUTIPOMiHIOBaHHS) TBepA0ro po3urHy Cu-16 at.%Al (7,5 Bar. %).
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Tabnuysa 5.7 CTpyKTypHI XapakTepucTUKu TBepaoro po3unny Al-4,94 ar.% (11 Bar. %)

Cu.

HasBa da3u Al(Cu)

Tum rpaTku F

[IpoctopoBa rpymna Fm3m

Homep nipocTopoBoi rpynu 225

[TporoTumn Cu

Cumsou Ilipcona cF4

[TapameTtpu rpaTku aum | b,um | ¢, mm | a,rpam | B,rpan | y,rpan

0,4041 | 0,4041 | 0,5800 | 90,000 90,000 | 90,000

06’em rpatkn V, HM® 0.06599

Koopaunatu aTromiB Element X Y Z R Occ
Al 0,5 0,5 0 1,82 | 1,00
Al 0 0,5 0,5 1,82 | 1,00
Al 0,5 0 0,5 1,82 | 1,00
Al 0 0 0 1,82 | 1,00
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Tabnuysa 5.8 CTpyKTYpHI XapaKTEpUCTHKH TBepaoro po3unHy Cu-13 at.% Al.( 6 Bar. %)

Ha3ra dasu Cu(Al)

Tun rpaTku F

[IpocTopoBa rpyna Fm3m

Howmep npocTopoBoi rpynu 225

[IpoToTun Cu

Cumsou Ilipcona cF4

[TapameTtpu rpaTku a,um | b,um | ¢, um | a,rpax | B,rpan | y,rpan

0,3638 | 0,3638 | 0,3638 | 90,000 90,000 | 90,000

O6’em rpatku V, HM® 0,04815

Koopaunatu atomiB Element X Y Z R Occ
Cu 0,5 0,5 0 1,57 | 1,00
Cu 0 0,5 0,5 1,57 | 1,00
Cu 0,5 0 0.5 1,57 | 1,00
Cu 0 0 0 1,57 | 1,00

4] uM

O
O

Puc. 5.9 OLT enementapsi rpatku Ha ocHOBI I'TIK rpaTok nmepecu4eHoro TBepaoro

posuuny Al(Cu) (a) i Cu(Al) (0) i3 mpomizkaumu OL[T-rpatkamu y HUX




3.2

2,8
2,44
2,0
1,6
1,24
0,8+
0,4
0,0

TermuoBuii notik, MB1/mMr

T =187,6°C

———

50

100 150 200 250 300 350 400 450 500 550

Temneparypa, ©

TenoBuii norik, MBt/mMr
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3,2

28] MJI 8 ronun 6
2,4] = Al-33Cu

2,0 e A1-33Cu/5C T =192,0°C

1’6_ max

1,24

T _=2023C

0,8
bt _N
0,04

50 100 150 200 250 300 350 400 450 500 550

Temneparypa, C

Puc. 5. 10 JICK xpusi b® Al/Cu i nopomikiB Al-Cu ta Al-Cu/C nicis MJI 8 roaun

€BTEKTUYHOTO CKJIa/1y, 3HATI B YMOBaxX HerepepBHOro HarpiBy 110 530 °C

®Cu

a

IHTEHCHBHICTB, BifH. OX

o
Temneparypa,

IHTEeHCUBHICTB, BigH. OX

OAl

a AlzCu *Al4Ct19 oCu

TeMnepaTypa,OC

Puc. 5.11 ®parmentu nudpaktorpam 3paskiB 13 BMicToM Miai 33 Bar. %, 3HSTI B yMOBax

uHenepepsuoro Harpisy 0 530 °C: a — b® Al/Cu, 6 — nopomuiku Al-Cu/C micas MJI 8

TOJINH
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Puc. 5.12 3anexnocti mapamerpy rpatku Al, KoHIEHTpamii mepecHueHOro TBEPAOTOo

po3zuuny Al(Cu), po3mipy KpHCTaTiTiB Ta MikpocrmoTBopeHb rpatku Al Big gacy MJI y

noporikoux kommo3utax Al-Cu (a) i AI-Cu/C (6) Ta Temneparypu Bianainy y b® Al/Cu

(B) €BTEKTUYHOTO CKJIaly

1. YTouHEHO CTpPyKTYypy MeTacTaOlIbHOI

dbopMyeThCsl 'y IIMPOKOMY KOHIEHTpAIIfHOMY Jiana3oHi

BucnoBku 10 po3ainy 5

uesnopsakoBanoi  Al,Cuy  dasm,

B

1o

MOPOIIKOBHUX

kommno3utax Al-Cu i Al-Cu/C ta B® Al/Cu micist BiAMoBiAHUX 00pOOOK, y BUTIA I

OLK-rpatku 13 napameTtpoM a = 0,2951 um (cTpykTypuuii Tun A2, np. rpyna Im3m,

a =0,2951 um), mo nomidbnHa no B-dasm.
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2. Tlokazano moxiuBicTh popmyBannas OL[T 0-Al,Cu da3wu, sk y Burmsai cradbiibHOT
0-Al,Cu (mp. rpyma 14/mcm a = b = 0.6067 um, ¢ = 0.4877 HM), Tak 1 «IIPOMIXKHOI»
0'-¢asu (mp. rpyna Fm3m, a = b = 0.4041 um, ¢ = 0.58 um), mo 6epe yuacts y I'LIK
— OLIK mepeTBOpeHHI Ha MPUKIAJI 3pa3KiB €BTEKTHYHOTO CKIaAy (TIOPOIIKOBHUX
kommo3utiB Al-Cu i Al-Cu/C micias MJI ta B® Al/Cu mics Biamanis).

3. TlobynoBaHi eneMeHTapHI I'PaTKH 1 pEHTTeHIBChKI AUdpaKkTOrpaMu iHTepMeTalIeBUX
¢da3 Ta mepecHYeHHX TBEPAUX PO3UYUHIB, a TAKOXK EKCIIEPUMEHTANIbHI JaHl 11010
BIJIMIHHOCTEH Yy TMOCIIJIOBHOCTI (a30BHX IE€PETBOPEHb, 3AICKHOCTI PO3MIPIB
KPUCTAJIITIB Ta MIKPOCIIOTBOPEHb TIpaTKd TMiClsA BIAMOBIAHUX OOpPOOOK Y
nopoikoBux kommo3utax Al-Cu i Al-Cu/C ta 6aratomaposux ¢omsrax Al/Cu, a
TaKO>X HasIBHICTh OpIEHTAIIIMHKUX CITIBBIIHOIIICHD M1 KpHucTamiTamu BuxigHoi ['TK-
1 OLK-¢pa3 B OararomapoBux (osaprax micis BIANATIB CBiAY4aTh MpPO Pi3HI
MEXaHI13MH MEePETBOPEHB Y MOPOIIKOBUX KOMIO3UTaX Ta faraTomapoBux (pojsrax —

nudy31iHUA Ta 3CYBHHM, BIAMOBIIHO.
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BUCHOBKHA

B nucepraumiiiHii  poOOTI  ojepkaHi  HOBI  pe3yiabTaTH  MpO  BIUIMB
BUCOKOCHEPTETUYHOTO MEXaHOAKTUBAIIHHOTO 0OpOOJICHHS eJIeMEHTapHUX MOPOIIKiB Al 1
Cu 6e3 1 3 moOaBkow rpadiTy, a TakoX BiamanmiB OaratomapoBux ¢omsr Al/Cu,
OTPUMAHUX EJIEKTPOHHO-NIPOMEHEBUM OCA/P)KEHHSAM, Ha MPOXOHKEHHS TBEpao(ha3zHUX
peakiliii CUHTE3y MeTaJoOMaTpUYHUX KOMIIO3UTIB, iX CTPYKTypHO-(a30BUil CTaH 1
MEXaHIYHI BJIACTHBOCTI:

1. Bnepiie Bu3HaueHO yYMOBH (popMyBaHHS MeTacTaOiIbHOT HeBmopsiakoBaHoi AlsCug
¢a3u B mopomkoBux kommno3utax Al-Cu i Al-Cu/C i3 Bmictom Cu 17, 33 1 80 mac.% micins
MEXaHIYHOTO JIETYBaHHA BIPOJOBXK 1-8 roauH, a Takox y gosbrax Al/Cu 13 BMicTOM MiIl
33 1 80 mac.% micna Bianany npu temmneparypi 150 °C. BceranoBieHo, 1m0 ajisi 3pa3KiB
JOEBTEKTHUYHOTO 1 EBTEKTUYHOTO CKIIAY CIIOCTEPITaeThCsl TAKOXK YTBOPEHHS (Pa3u HIHKUOI
cumetpii OL[T 6-Al,Cu.

2. YTOUHEHO CTPYKTypy MeTacTabuibHO1 HeBnopsakoBaHoi Al,Cuy dazu y Burmsaai OLK-
rpatku 13 mapamerpom a = 0,2951 um (ctpykrypHoro tuny A2). [Tokazano, mo y 3pa3kax
13 BmicToMm miai 17 1 33 mac.% ii xiMiuHUN CKJIa] HE BIAMOBIAA€ PIBHOBAXKHOMY, a II1CIIA
Bignamy npu Temneparypax Buile 250-280 °C Bona 3Hukae. [ns 3paskiB 13 OUIBIIUM
BMICTOM MiJi 11 CKJaa € OJU3bKUM 70 PIBHOBKHOTO, a MICTS BIJMNANy MPU TeMIlepaTypi
500 °C i Buiiie BoHa BIOPSAKOBYEThCs Y ¥2-Al,Cug hasy (ctpykrypHoro tumy DS83).

3. Otpumano 3anexxHocti napametrpiB rpatku Al 1 Cu BiJg yaCcy MEXaHIYHOIO JIETYBaHHS
BIJINOBIJIHUX €JIEMEHTApHUX MOPOIIKIB 6€3/3 700aBKot0 rpadiTy Ta TeMIepaTypu Biamaty
b® Al/Cu, sixi HOCATh HEMOHOTOHHHI XapakTep, 0 CBIAYUTH PO T€, 110 (Pa30yTBOPEHHS
BIIOYyBa€ThCS LUIIXOM (OPMYBaHHS TMepecuueHux TBepaux po3uuHiB Al(Cu) 13
po3unHHIcTIO Miai 10 11 mac.% (4,9 at.%) ta Cu(Al) 13 pO3UMHHICTIO aTIOMiHIO 710 7,5
Mac.% (16 at1.%).

4. Briepmie moka3aHo, 110 1o6aBka 5 mac. % rpadity go enementapuux nopomkis Al 1 Cu
MiJ Y9ac MEXaHIYHOTO JIETYBaHHS CHpPHSE iX Kpamomy MOAPIOHEHHIO Ta HACUYEHHIO
nedexkramu. Kpucrtamiunuii rpadit, nepeTBOPIOIOYMCh Ha aMopdHUN 1 OOBOIIKaOUU
MeTaJeBl YACTUHKH, MEPENIKOKAE iX arjioMeparlii Ta YMOBUIBHIOE PEAKIIHI MPOIIECH.

Mopaudikaiiisi CTpyKTypHO-(a30BOro ctany nopomkoBux kommno3uTiB Al-Cu/C i3 BMicTOM
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migi 33 1 80 mac.%, OTpUMaHHUX MEXaHIYHUM JIETYBaHHSIM BIIPOJOBX 8§ TOIUH 3
HacTynHuM crikaHasaM rpu 30 MIla 1 remneparypax 480-510 °C 1 850 °C, oOymoBmioe
cyTTeBe (B 2-3 pasm) miaBuieHHs piBHSA MikpoTBepaocti Hy = 5,5 I'Tla (E=180 I'Tla) Ta
6,2 I'Tla (E=148 I'lla), BignoBiaHO, i3 30epexeHHsM ractuaHocTi 0,75-0,8 B mopiBHSAHHI
13 TPAIULIIMHUMU CIJIABaMHU aHAJIOTTYHOTO CKJIATy.
5. BcranosieHo, mo GopMyBaHHs MeTacTabiibHOT HeBnopsakoBaHoi OLIK-Al,Cug da3u y
nopomkoBux kommno3utax Al-Cu/C i3 BMmicrom wmigi 33 mac.% micias XOJIOJAHOTO
npecyBanHs npu 8 ['Tla 1 Ty, cipusie 30inbmenHt0 MikpoTBepaocti Hy 1o 2,8 I'Tla (E =
110 I'Tla), a y 6araromapoBux ¢onbrax Al/Cu i3 Bmictom mini 33 1 80 mac.% mics
Bianany npu 150 °C — go 5,3-5,6 I'Tla (E = 147 I'Tla). Iloka3ano, 1m0 TMiJIBUIICHHS
MEXaHIYHUX BJIACTUBOCTEN 3pa3KiB 0OYMOBJIEHO KOMIUIEKCHOIO JII€I0 3€pHOTPAHUYHOIO i
JUCHEPCITHOrO MEXaH13MIB 3MILIHEHHS. BusiBieHO B ~2 pa3u OUIbIY peakUiiHy 31aTHICTh
OararomrapoBux ¢oJIbI y MOPIBHAHHI 13 TOPOIIKOBUMHU KoMiio3utamu Al-Cu aHanorivHoro

CKJIafy, sika Moke csaratu 236,8 JIx/r y Bunaaxy ¢oisr i3 BMmictom miai 80 mac.%.
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