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AHOTALIISA

Jlasuork A.B. BB MmoaudikyBaHHS HAHOAUCIIEPCHUMH KOMITO3MIIISIMA Ha
CTPYKTYpY Ta BJIACTHUBOCTI JUBapHUX 1 Me(OpPMOBAHMX AITIOMIHIEBHX CIUIABIB —
kBasi(ikaliiiHa HayKoBa Mpalls Ha IIpaBax PYKOIHUCY.

Hucepramiss Ha 3100yTTS HAyKOBOTO CTymeHsS HOoKTopa (Qimocodii 3a
crnemianpHicTiO 132 Marepiano3HaBCTBO, Taiy3b 3HaHb 13 — MexaHiyHa iHXKeHepis
— JIHinpoBChbKUI HallioOHaNbHUN yHiIBepcuTeT iMeHi Onecsi 'onyapa MiHicTepcTBa
OCBITH 1 HaykHu Ykpainu, M. [{uinpo, 2025.

PoGora BukoHaHa Ha Kadeapi pakeTHO — KOCMIYHHUX Ta I1HHOBAIIWHUX
TEXHOJIOT1M  (I3UKO-TEXHIYHOTO (aKkynbTeTy JIHIMPOBCHKOTO HAIlOHAIBHOTO
yHiBepcuTeTy iMeHi Onecs ['onuapa.

Hucepramiitna poOoTa MNPUCBSIYEHA  MaTEpialO3HABYMM  IUTAHHIM
cTabuTi3alii CTPYKTYpH 1 MIABUIICHHS KOMIUJIEKCY TEXHOJIOTIYHUX, MEXaHIUHHUX,
EKCIUTyaTallfHUX BIACTUBOCTEN JIMBAPHUX 1 J€(POPMOBAHUX ATIOMIHIEBUX CILIABIB
JUTs1 BUPOOIB PAKETHO-KOCMIYHOT TEXHIKH.

Mera gucepTtaliiitHoi poOOTH — MiABUIIEHHS TEXHOJIOTIYHUX 1 MEXaHIYHUX
BJIACTUBOCTEH JIMBAPHHUX Ta Je(hOPMOBAHUX AIFOMIHIEBUX CIUTaBiB cucteM Al-Si,
Al-Mg-Sc st BUTOTOBIICHHSI BUPOOIB PaKETHO-KOCMIYHOT TEXHIKH, Ha OCHOBI
BCTAHOBJICHUX 3aKOHOMIPHOCTEN (POPMYBaHHS CTPYKTYpPH 1 BIACTUBOCTEH CIUIaBIB
pu MO (DIKyBaHHI HAHOAUCTIEPCHUMH KOMILIEKCaAMHU.

[TocTiliHe 3pocTaHHs TEXHIYHUX BUMOT /10 BUPOOIB aBlalllifHOI Ta PaKETHO-
KOCMIYHOT TEXHIKH, MPAarHeHHs J0 MiIBUIIEHHS MAaCOBUX XapaKTEPUCTUK BUPOOIB
MPU3BOJISATH 10 HEOOX1THOCTI CTBOPEHHSI HOBUX Ta MOKPAIIICHHS BIACTUBOCTEN BiKE
ICHYIOUMX MaTepiajiB, iX BOPOBAKEHHS y CepliiHE BUPOOHUIITBO.

Marepiajio3HaB4Yl OCHOBHM CIIOCOOIB TIOJIMIICHHS SKOCTI, cTa0Oimi3amiii
CTPYKTYpH 1 MiJABUIIEHHS BJIACTUBOCTEW CIUIABIB BHUCBITICHO B pPoOOTax TaKHUX
BueHux, sk LII. Bomuok, O.A. Mitses, B.3. Kymosa, H.€. Kaminina, A.T.
[Tpurynosa, U. Dahlborg, K. Young-Dong Ta ix1i. Jlo 0cHOBHUX CITOCOO1B BILIUBY

Ha CTPYKTYpHY CTaOUIBHICTh CIUIABIB BIJIHOCUTHCA MoOAHM(ikyBaHHs. OJHaK y
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poboTax BITYM3HSHUX Ta 3apyODKHUX YUYEHHMX HEJIOCTaTHHO BUBYEHO MPOLIECH
MOM(DIKyBaHHS TUCTIEPCHUMHU KOMITO3UIIISIMU 11 OTPUMaHHs BUPOOIB aBialiiftHO1
Ta paKeTHO-KOCMIYHOI TeXHIKU. ToMy 1151 TucepTatiifia podoTa npucBsYeHa BIUTUBY
MOAM(IKYBaHHS HAHOJMCIIEPCHUMHU KOMITO3UIIISIMUA HA CTPYKTYPY Ta BIACTUBOCTI
JUBapHUX Ta JeOPMOBAHUX ATIOMIHIEBUX CILJIaBiB.

AJIOMIHIEB] CIUIaBH € TEPCHEKTUBHUM KOHCTPYKI[IHHUM MaTepiaioM B
aplamiiiniii Ta PKT. 3aBnsgku mamiii muToMiii Basl, BUCOKIH TEXHOJIOTIYHOCTI Ta
KOPO3iifHii CTIHKOCTI B arpeCHBHUX CEpPEAOBHUILAX, TOMY JHCEpTaliiiHa poboTa, €
aKTyanbHOI0. PoOOTa cripsiMOBaHa Ha MiIBUIIEHHS TEXHOJIOTTYHUX, MEXaHIYHUX Ta
EKCILTyaTalliiHUX BJIAaCTUBOCTEN BUPOOIB PAKETHO-KOCMIYHOI TEXHIKH. MaTepiaiom
JOCITIJIKEHHS € TUBapH1 aimtoMiHieBl criaBu cuctemu Al-Si AK94 (AJ14), AJI4C nis
BUTOTOBIICHHS JIeTallell TypOOHACOCHOTO arperary, a Takox JAeOpMOBaHHM CIUIaB
cucremu Al-MQ-Sc 1545 nns BUTOTOBIEHHS CHJIOBHX €JIEMEHTIB aBlaIiiHOI Ta
PaKETHO-KOCMIYHOT TEXHIKH.

[IpoBeneHO aHAMITUYHWM OIS CYYacHHX JDKEpeNl BITUYM3HSIHOI Ta
3apyOixkHOI 1H(GOopMarii. BuBueHo kinacuuyHi crocoOu MoAM(IKyBaHHS CILIABIB
JIETKOTIJIABKUMU COJISIMH, P1IKO3EMEIIbHUMH METaJlaMU Ta CKJIaJIHUMH KOMO3IIISIMU
Ha ocHOBI1 T1, Br, Zn, Sr Ta 1HIIIUX METaIIB.

ITpu mpoBeneHi JOCTiKEeHh BUKOPUCTAHO KOMIUIEKC CyYaCHHX METOJIB ISt
BU3HAUYCHHSI XIMIYHUX, (I3UYHUX, TEXHOJOTIUHMX 1 MEXaHIYHUX BJIACTUBOCTEH,
CTPYKTYpHHMX 1 (pa30BUX TNepeTBOpeHb. B poOOTI 3ampornoHOBAaHO HOBUM THII
KOMITJIEKCHOTO MOu(piKaTopa Ha OCHOBI TYTOIUTABKMX KOMIIO3HIIN CHITIIUIY
MarHiro Mg,Si ta kap6iay kpemuiro SiC HaHoaucnepcHoro Aianazony 50...100 HM,
OTPUMaHUN TUTA3MOXIMIYHMM CHHTE30M. BHBUEHO (i3UKO-XiIMiI4HI BIACTUBOCTI
TYrOIJIaBKUX  KOMmo3uilid. OOIpyHTOBaHO CKiag Ta crnocid BBEIEHHS
KOMILJIEKCHOTO MojaudikaTopa B amoMiHIEBI po3miaBu. Crnocid oaep:KaHHSA
BUJIMBKIB 3 AJIOMIHIEBUX CIUJIaBIB 3aXMINEHO MATEHTOM YKpaiHM Ha KOPHUCHY
mozenb Ne 157286, C22C 1/06 (2006.01) «Cmoci6 oaepxkaHHS BWIMBKIB 3
cuiyMiHiBy. [IpoBeneno pocnigHo-npomuciosi 1uaBku cmiiaBiB AK9u, AJI4C,

1545 mpu BBemeHHI pallloHaTbHOI KuTbKocTi Moaudikaropa 0,1% Bim Macu
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posmiaBy. Po3po0yieHO TeXHOJIOTIYHI mapamMeTpu MOJAU(IKyBaHHS, ITPOBEIACHO
TEepMOYacoBy 00poOKy po3ruiaBy npu temmneparypi 750°C npotsirom 10 XBuiuH.
3amponoHoBaHi B po0OoTi Kommosuiii momudikatopa MgpSi i SIC
BI/IMOBIAIOTh OCHOBHUM KpHUTEpisIM MOJAU(IKyBaHHS: BIAMOBIAHICT (i3UKO-
XIMIYHIM TPUPOAL €JIEMEHTIB, TUITY KPUCTAIIYHUX PEIITOK Ta HEPO3YMHHOCTI Y
po3mnaBi. [lopomkun Mg,Si 1 B-SiC maroTh KpuctamiuHy OyIIOBY, PEIIITKY
rpaHeleHTpoBaHoro kyba, moaiony no I'LIK pemriTku amoMiHio.

MonudikyBanas gactuakamMu MQ,Si 1 SIC 103BOMMIIO 3MEHIIUTH PO3MIP
3epHa y crutaBax AK9u, AJI4C, 1545 Bixg 2,0 no 2,5 pasiB, 1O € BUPIIIATBHUM
(dbakTopoM 3MIIIHEHHS CIUIaBiB. Po3paxyHOK po3Mipy 3€pHa NPOBOAWIMA 32
JIOTIOMOT010 MOB TiporpamyBanHsi C++. Y MmoaudikoBanomy cruiaBi AK94 Mmetogom
PCHTTCHOCTPYKTYPHOTO aHali3y BHsBIEHI HacTymHi ¢asu: a-Al, B-Si, a Takox
nonatkosi ¢aszu AlsFeSi, FeAls, B-SiC ta MQ@,Si, mo yrBopuincs B pe3yibTaTi
MO (IKYI0U0T OOPOOKH.

OCHOBHUMHU CTPYKTYpPHUMH CKJIAJOBHUMH aJIOMIHIEBOrO cIuiaBy 1545 €
tBepauii pozunH o-Al, B-dasa Tta imTepmeramimu Als(Sc, Zr). YV crpykTypi
HeMOAM(IKOBAaHOTO CIuaBy 1545 mpucyTHI BKJIIOUEHHS iHTepMmeTamiay MgoAls,
30CEpe/DKEeHI M0 TPAHUIIX 3€peH, BEJIMKHUMH HEMETaJeBUMH BKIIOYCHHSIMH. Y
MoaudikoBaHOMY cruiaBi 1545 He BUSABIEHO €BTEKTMYHOI CKJIAJ0BOi Ta TIOP.
Crabumizaiiisi CTPYKTYpU JIOCATA€THCS 3 JIOMOMOTOK JIOJAaTKOBUX IIEHTPIB
KpHCTai3allii, SKUMHU BUCTYIAIOTh HAHOUCIIEPCHI YaCTUHKHU Mo tudikaropa Mg, Si
i SiC.

HasBHICTh ucniepcHUX IHTEpMETANIIHUX (a3 CKIaJAHOrO CKIaay BCEpEeanHl
3epeH € OCOOJIMBICTIO MIKPOCTPYKTYPH MOAM(IKOBAHHMX CIUIABIB 1 € JOJIaTKOBUM
BHECKOM TIJBHUINIEHHS MIIIHOCHUX BIJIACTUBOCTEH. 3ampoOIrOHOBAHO MEXaHi3M
MOAM(IKYI0UOT 00pOOKHU AOCTIHKEHUX CIIJIaBIB HAHOKOMIIO3UIISIMU, L0 MOJISITaE y
KOHTPOJIIOIOYOMY 3€PEHHOMY 3MIIIHEHHI NMPU 3HAYHOMY BKJIaJAl JUCHEPCIHHOTO
3MIIIHEHHS, OOYMOBIIEHO BIUIMBOM HEPO3YMHHHX TYTOIJIABKMX YaCTUHOK

Moaudikaropa.
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Po3po6ieHo pexxuMu TEpMO3MIIHIOYO0I 00pOOKHU /IS JIMBApHUX CIUIABIB.
Hnsa cinaBiB AK94 1 AJI4C po3po6iieHo pekuM 3arapTOBYBaHHS 3a HOPMaJbHOI
temneparypu 530 °C i crapinnsa 160 °C, npu cKOpOUYEHHI 3araibHOT0 Yacy CTapiHHS
B ITOPIBHSAHHI 3 ICHYIOUHUM PEKHUMOM.

Jnsa muBapuux cuayMiniB AK94 1 AJI4C BUBUYEHI TEXHOJIOTI4HI BIACTHBOCTI:
PIIKOTEKYYICTh, CXUIBHICTh 0 YTBOPEHHS TapsuuX TPIIIUH Ta Ta30Ba MOPUCTICTb.
[TpoBeneHi ekCriepuMEHTH Ha POMUCIIOBOMY YCTAaTKyBaHH1, MOKA3aJIH MiABUIIECHHS
TEXHOJIOTIYHUX BJIACTUBOCTEH MOIM(DIKOBAHUX CIIaBiB. PiIKOTEKydiCTh CIUIaBy
AKO94 mingsumena 3 346 no 374 mm Ha 8 %, AJI4C 3 375 mo 388 mMm Ha 3,5 %,
BIJICYTHICTb rapsiuuX TPILIMH IPHU KpUCTaNi3alli, ra30Ba MOPUCTICTh 3MEHIIICHA 3 2
1o 1 Gamy.

JIOCSITHYTO ~ MiJBUIIEHHS ~ KOMIUIEKCIB ~ MEXaHIYHUX  BJIACTHUBOCTEH
MOM(IKOBAHUX CIUIABIB, OCHOBHUM IMOKa3HUKOM MEXaHIYHUX BJIACTHUBOCTEH, 1110
3aJIe’KaTh BiJl CTPYKTYpH CIUIaBIB, € MEKa TEKY4OCTi G,. [IpeacTaBieHi ricrorpaMu
MEXaHIYHUX BJIACTUBOCTEH Gy, Gr, 0, KCU, HB no Ta micias monudikyBaHHS 3
PO3paxXyHKOBUMH 3HAYEHHAMH KoedilieHTamu Bapialii. OCHOBHI CTaTUCTHYHI
napameTpu, BKIIOUAIOTh CEPEIHE 3HAYEHHS, CepeIHbOKBAIpaTUUHE (CTaHIapTHE)
BIAXWJIEHHS Ta Koediumient Bapiamii. [IpoBegeHo craTtucTuuHy O0OpOOKY
SKCTIICPUMEHTAIILHUX pe3yJIbTaTiB B cepenonuiili Microsoft Office 3 BukoprcTanasIM
nporpamu Microsoft Excel.

Y nuBapHomy MoaudikoBaHomy cmiaBi AK94 migBUIEHO KOMILIEKC
MEXaHIYHUX BJIACTUBOCTEH CIJIaBY Y MOPIBHSIHHI 3 HE MOAN(IKOBAaHIUM CTAHOM:

o IPaHUIlI MIITHOCTI G5 3 240 10 265 MIla (ua 8...10%),

. TpaHUIs TeKy4ocTi 6; 3 205 10 230 MIla (ua 10...12%),

o BIHOCHE MOA0BKeHHs 0 3 3,0 10 3,2 BimHOCHHUX BiACOTKIB (Ha 3...6%),

o ynapHa B s3kicts KCU 3 0,10 xo0 0,12 MJIx/M? (ma 10...20%),

o tBepaicTh HB 3 700 o 760 Mna (Ha 8...9%).

Y nuBapHomy wmoaudikoBaHomy cmiaBi AJI4C miABUIIEHO KOMIUIEKC

MEXaHIYHUX BJIACTUBOCTEN CIUIaBY y MOPIBHIHHI 3 HE MOAU(PIKOBAHUM CTAHOM:



) IpaHUI MIITHOCTI 65 3 230 10 250 MIla (Ha 7...9%),

o IpaHuIl TeKydocTi 6; 3 200 10 222 MIla (#a 9...11%),

° BIJIHOCHE ITOAOBXKEHHS 0 3 2,9 10 3,1 BimHOCHHX BiCcOTKIB (Ha 3...6%),

. ynapHa B’ s3kicts KCU 3 0,10 xo 0,12 MJIx/M? (ra 10...20%),

o tBepaicte HB 33 695 no 750 Mna (na 7...8%).

VY nepopmoBanHomMy Moau(piKOBaHOMY cIiaBi 1545 MiJBUINEHO KOMILIEKC
MEXaHIYHUX BIACTUBOCTEH CIUIaBIB Y OPIBHAHHI 3 HE MOIN(IKOBAHUM CTAaHOM:

o TPaHUIlI MIITHOCTI G5 3 396 10 447 MIla (Ha 12...13%),

o I'paHMII TEKYy4OCTi o, 3 269 10 315 MIla (Ha 16...17%),

° BIJIHOCHE moJioBkeHHSA & 3 15,0 mo 17,0 BiIHOCHHUX BiJICOTKIB (Ha
12...13%).

[IpoBeneHo BHUNPOOYBaHHS Ha KOpPO3lMHY CTIMKICTh JMBapHUX Ta
nedopMoBaHUX amtoMiHIEBUX CIIaBiB. MoaudikoBaHi aaroMinieBi cruiaBu AK94 ta
AJI4C MarTh BUCOKY KOpPO3iiHY CTIMKICTH NMpH BuiipoOyBaHHI B yMoBax 100%
BIJIHOCHOT BOJIOTOCTI 1 HE BUSIBJISIFOTH CXMJIBHOCTI JI0 MIKKPUCTAIITHOI KOpo3ii. [Ipu
BUNIPOOYBaHHIX Ha 3arajbHy Koposiro Moau¢ikyBaHHsS yactkamu MQpSi i SiC
NPU3BOJIUTH 0 3HMKEHHS MIBUAKOCTI KOpo3ii: cruiaBy AK9u — na 9,5...12,2 %,
criaBy AJI4C — ma 5,7...6,5%; BIAMOBIAHO MO IIKAIM KOPO3IHHOI CTIMKOCTI
amominieBi crutaBu AK9u 1 AJI4C micns MoaudikyBaHHSI BIAHOCATBCS O TPYNH
«BHUCOKOI CTIMKOCTI». JIOCHIIKEHHSI MIKKPUCTAJIITHOT, PO3IIapOBYIOYO01 KOpO3ii Ta
KOPO31HHOTO PO3TPICKyBaHHSA BHUXIAHOTO Ta MoaudikoBaHoro cruiaBy 1545
MOKAa3aJId BIJICYTHICTh MIXKKPUCTAIITHOI KOPO31i; 3HM>KEHHs 0aja po3IIapoByHOYOi
KOpo3ii 3 4 0amiB s BUXiAHOTO criaBy 1545 o 2 6aiiB B Moau(ikoBaHOMY CIIaBi
1545.

ExcnepuMeHTAIbBHUMU  JTOCTIKEHHSIMH JIOBEJICHO MPaBUILHICTh BUOOPY
KOMITJIEKCHOTO Mojaudikaropa Ta €deKTHUBHICTh MOT0 BIUIMBY HAa CTPYKTYpYy Ta

BJIACTUBOCTI y JJUBAPHUX Ta Je(hOPMOBAHUX JTIOMIHIEBUX CILJIABaX.



HaykoBa HOBHM3HA OTPUMAHHUX Pe3yJIbTATIiB:

1. Bnepwe ecmanosneno, mo moaudikyBaHHS PO3IUIABIB aFOMIHIEBUX
cruiaBiB cucteM Al-Si ta AI-Mg—Sc HaHoauCTIEpCHUMEU KOMITO3UIIISIMU Ha OCHOBI
cuninuay Marairo Mg,Si Ta kap6iay kpemHito SiC 3a0e3neuye 3HaUYHE 3MEHIIICHHS
po3Mmipy 3epHa Bix 280 go 110 mkm, 200 g0 100 MM y 2 — 2,5 pa3u Ta ImiIBUIICHHS
MIIHICHUX BJIACTUBOCTEH afOMIHIEBUX JIMBapHUX cruiaBiB Mapku AJI4(AK9u),
AJIAC ta nedopmoBaHoOro crutaBy Mapku 1545.

2. Bnepuwe 3anpononosanuti MmexaHi3M 3MIITHCHHSI aJTIOMIHIEBUX CIIJIaBIB
npu MoAu(piIKyBaHHI KOMIUIEKCHUM MOJU(IKATOPOM HAHOJUCIIEPCHUM KapOioM
kpemHito wmomudikamii B-SIC, MmO monsArae 'y KOHTPOJIIOYOMY 3EpEHHOMY
3MII[HEHHI TpW 3HAYHOMY BKJIAJl JUCHEPCIMHOrO 3MIIHEHHSA, OOYMOBJIEHOTO
BIJTMBOM HEPO3YMHHMX TYTOIUIAaBKUX YaCTHHOK MOJIU(DikaTopa.

3. Josedeno, mo npu MoauGiKyBaHHI aFOMIHIEBUX CIUIaBiB cuctem Al-
Si i Al-Mg-Sc ycyBaeTbcsi YTBOPCHHS CBTCKTHKH TI'DaHUIb 3€PCH, JOCITAEThCS
PIBHOMIPHUHM PO3NOAUT 3MINHIOWOYMX (a3, MO CHOpHsE MIABUIICHHIO KOMIUIEKCY
MEXaHIYHHUX BJIACTUBOCTEH.

4.  Bnepwe 6cmaHo61eHO  MEXaHI3MHU  BIUIMBY  HAHOJMCIIEPCHOTO
moaudikatopa Mg,Si i SiC Ha MexaHI4YHI Ta TEXHOJIOTIYHI BIACTHBOCTI aJTFOMiHIEBUX
muBapHux criaBiB AK94, AJI4C Ta gedopmoBanoro cruiaBy 1545, mo mossrae y
KOHTPOJIIOIOYOMY 3€pEHHOMY 3MIIHEHHI MpU 3HAYHOMY BKJaJl AMCIEPCHHOIrO

3MIIIHEHHS.

IIpakTHyHe 3HAYEHHS OTPUMAHMX pe3yJbTaTIB!

1. Po3pobneno cmoci6 00poOKM JMBapHUX QJIIOMIHIEBUX CILUIABIB
KOMITJIEKCHUM MopaudikatopoM 3 po3mipom dbacTok 50...100 HM, Ha OCHOBI
HAHOJMCIIEPCHUX MOPOIIKIB. Po3po6ieHutt crnocid 3axuiieHo naTeHToM Y KpaiHu Ha
kopucHy mozenb Ne 157286, C22C 1/06 (2006.01) «Crioci6 oaepskaHHs BUJIHBKIB 3

CUJTYMIHIBY.
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2. Po3po6rieHi TeXHOJOTIUHI MapaMeTpu MOAU(DIKYBaHHS CIUIaBiB 3
BBEJICHHSIM OIleparlii TepMo4acoBoi 00poOKu po3ruiaBy mpu temmeparypi 750 °C Ha
npots3i 10 XBuIwH.

3. Po3pobneni «Texnonoriyna iHctpykmiss TI Ne 102.25210.00377 3
IPUTOTYBaHHS aiioMiHieBOro cruiaBy AJl4, MoandikoBaHOTO KOMILIEKCHUM
HaHOMOJIM(IKAaTOPOM Ha OCHOBI CHIINMAY MarHiro Ta kapOimy KpeMHiio» (Bin
11.06.2024) Ta «Texnomoriyna iHcTpykis TI Ne 102.25210.00376 3 mpurotyBaHHS
amoMiHieBoro crutaBy 1545 cuctemu Al-Mg-Sc, MomndikoBaHOTO KOMIUIEKCHUM
HAaHOMOJIM(IKATOPOM Ha OCHOBI CHIIIIMIY MarHir0 Ta KapOily KpeMHiio» (Bij
11.06.2024), ski BOpPOBAKCHI Yy JHBapHOMY BHUPOOHWITBI JlepkaBHOTO
nianpueMcTBa «BupooHude o0'eqnanns [liBaeHHO MamMHOOYIIBHUN 3aBOJ IMEHI
O. M. MakapoBay. OTpuMaHO TOCHIIHO-TIPOMUCIIOBI TApTii BUJIMBKIB
MomudikoBanux cruiaBiB AK9u, AJI4C Ta 1545 3 BHCOKUM KOMILIEKCOM
MEXaHIYHUX Ta TEXHOJIOTIYHUX BIACTUBOCTEH. PesynbTatél poOOTH BIPOBaKEHI
IIpY OTPMMAaHHI JIUBapHUX amtoMiHieBuX cruiaBiB AK94, AJI4C ta gedpopmoBaHOrO
crutaBy 1545 y nmpomucinoBux ymoBax /[lep:kaBHoro mignpueMmcTtBa «BupoOHuue
o0'ennanns [liBgenno mammuoOymiBHUE 3aBoj iMeHi O. M. MakapoBa» (akT Bix
04.02.2025 p.).

4, Y IOCKOHAJIGHO PEXUM TEPMO3MIITHIOIOUOT 0OpOOKHM 3aroToBOK 31
crwaBiB AK94, AJI4C, momndikoBaHNX KOMIUIEKCHUM Moaugikaropom Mg.Si i
SiC, sxwuii BiZpi3HAETHCS BiJl iICHYFOUOTO 3MEHIIICHHSIM 4acy BUTPUMKH JICTAJICH IPU
TEeMIIepaTypl 3arapTyBaHHs Ta CKOPOUYCHHSM Yacy CTapiHHS.

S. Martepianu aucepranii BOPOB3XKEHO Yy HABUAJIBHUA Mpouec
JIHITTPOBCHKOTO HalllOHAJIBHOTO YHIBepcuteTy imeHi Onecsi ['onuapa (akT Bix
28.02.2025) mnpu BuB4YeHHI aucHUILIiH «TexHooriss 0O0pOOKH creIialbHUX
MatepiainiBy, «Kopo3is criaBiB aBialiifHO-KOCMIYHO1 TexXHIKN», « HaHomaTepianu 1
HAHOTEXHOJIOr», «MareMaTHyHe MOJEIIOBAHHS Ta OMTHMI3Alllsl TEXHOJOTTUYHUX
MPOLIECIB 1 MaTepialiiBy MPH MiATOTOBII OaKalaBpiB Ta MariCTPiB 3a CHELIaIbHICTIO

132 Marepiano3HaBCTBO.
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KurouoBi cjioBa: mMBapHi aroMiHI€BI CIIIaBH, 1e(OpMOBaHUHN aJTFOMIHIEBUN
CIUIaB, KOMIUIEKCHI HAaHOKOMITO3UIIli, MOIM(DIKYBaHHS, MIKPOCTPYKTYypa, (ha3oBuid
CKiajd, KapOil KPEeMHiI0, MEXaHI4HI BJIACTUBOCTI, TEXHOJOTIUHI BIIACTHUBOCTI,

KOpO3iifHa CTIHKICTh, TEPMO3MIITHIOIOYA 00pOOKa.
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ABSTRACT

A.V. Davydiuk. The effect of nanodispersed compositions modification on the
structure and properties of foundry and deformed aluminium alloys.

Dissertation for the degree of Doctor of Philosophy in specialty 132 Materials
Science, field of knowledge 13 — Mechanical Engineering — Oles Honchar Dnipro
National University of the Ministry of Education and Science of Ukraine, Dnipro,
2025,

The work was carried out at the Department of Rocket and Space and
Innovative Technologies of the Faculty of Physics and Engineering of Oles Honchar
Dnipro National University.

The dissertation is devoted to the material science issues of stabilizing the
structure and improving the complex of technological, mechanical, and operational
properties of cast and deformed aluminum alloys for rocket and space technology
products.

The purpose of the dissertation is to improve the technological and mechanical
properties of cast and deformed aluminum alloys of the Al — Si, Al — Mg — Sc
systems for the manufacture of rocket and space technology products , based on the
established regularities of the formation of the structure and properties of alloys
when modified with nanodispersed complexes.

The constant growth of technical requirements for aviation and rocket and
space technology products, the desire to improve the mass characteristics of products
lead to the need to create new and improve the properties of existing materials, and
to introduce them into mass production.

The material science foundations of methods for improving the quality,
stabilizing the structure and improving the properties of alloys are highlighted in the
works of such scientists as I.P. Volchok, O.A. Mityaev, V.Z. Kutsova, N.E.
Kalinina, A.G. Prygunova , U. Dahlborg, K. Young - Dong and others. The main
methods of influencing the structural stability of alloys include modification.

However, the works of domestic and foreign scientists have not sufficiently studied
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the processes of modification with dispersed compositions for obtaining products of
aviation and rocket and space technology. Therefore, this dissertation work is
devoted to the influence of modification with nanodispersed compositions on the
structure and properties of cast and deformed aluminum alloys.

Aluminum alloys are a promising structural material in aviation and rocket
technology. Due to their low specific gravity, high manufacturability and corrosion
resistance in aggressive environments, the dissertation work is relevant. The work is
aimed at improving the technological, mechanical and operational properties of
rocket and space technology products. The research material is cast aluminum alloys
of the Al-Si system AKO9ch (AL4), AL4S for the manufacture of turbopump unit
parts, as well as a deformed alloy of the Al-Mg-Sc 1545 system for the manufacture
of power elements of aviation and rocket and space technology.

An analytical review of modern sources of domestic and foreign information
was conducted. Classical methods of modifying alloys with low-melting salts, rare-
earth metals and complex compositions based on Ti, Br, Zn, Sr and other metals
were studied.

During the research, a complex of modern methods was used to determine
chemical, physical, technological and mechanical properties, structural and phase
transformations. The work proposed a new type of complex modifier based on
refractory compositions of magnesium silicide Mg,Si and silicon carbide SiC
nanodisperse range of 50...100 nm, obtained by plasma-chemical synthesis. The
physicochemical properties of refractory compositions were studied. The
composition and method of introducing a complex modifier into aluminum melts
were substantiated. The method of producing castings from aluminum alloys is
protected by the patent of Ukraine for a utility model No. 157286, C22C 1/06
(2006.01) “Method of producing castings from silumins”. Experimental and
industrial melting of the alloys AK9ch, AL4S, 1545 was carried out with the
introduction of a rational amount of the modifier of 0.1% of the mass of the melt.
Technological parameters of modification were developed , and the thermo-time

treatment of the melt was carried out at a temperature of 750°C for 10 minutes.
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Proposed in the work meet the main modification criteria: compliance with
the physicochemical nature of the elements, the type of crystal lattices, and
insolubility in the melt. Mg,Si and B- SiC powders have a crystalline structure, a
face-centered cubic lattice, similar to the fcc lattice of aluminum.

Modification with Mg,Si and SiC particles allowed to reduce the grain size in
the AK9ch, AL4S, 1545 alloys from 2.0 to 2.5 times, which is a decisive factor in
strengthening the alloys. The grain size calculation was performed using the C++
programming language . In the modified AK9ch alloy, the following phases were
detected by X-ray diffraction analysis: a - Al , § - Si, as well as additional phases
AsFeSi, FeAls, B - SiC and Mg, Si, which were formed as a result of the modifying
treatment.

The main structural components of aluminum alloy 1545 are solid solution a-
Al , B -phase and intermetallics Al; ( Sc, Zr). In the structure unmodified alloy 1545
are present inclusion intermetallic Mg,Als, concentrated along grain boundaries,
large non-metallic inclusions. In the modified alloy 1545 not detected eutectic
component and pores. Stabilization structures achieved with the help of additional
centers crystallization, which are performing nanodispersed particles modifier
M, Si and SiC.

Availability dispersed intermetallic phases of complex composition inside
grains is a feature microstructures modified alloys and is additional contribution
increase strength x properties. Suggested mechanism modifying processing
investigated alloys nanocompositions that consists in controlling grain strengthening
with significant deposit dispersion strengthening, due to influence insoluble
refractory particles modifier.

Developed by modes thermosetting processing for foundries alloys. For the
AKO9ch and ALA4S alloys, a hardening regime at normal temperature has been
developed. temperature of 530°C and aging of 160°C, with reduction total aging time
compared to the existing regime.

For foundry silumins AK9ch and ALA4S, technological properties were

studied: fluidity, tendency to hot cracking, and gas porosity. Experiments conducted
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on industrial equipment showed an increase in the technological properties of the
modified alloys. The fluidity of the AK9ch alloy increased from 346 to 374 mm by
8%, AL4S from 375 to 388 mm by 3.5%, there were no hot cracks during
crystallization, and gas porosity was reduced from 2 to 1 point.

An increase in the complexes of mechanical properties of modified alloys has
been achieved, the main indicator of mechanical properties that depend on the
structure of alloys is the yield strength 6 . Histograms of mechanical properties oy,
ot, 0, KCU, HB before and after modification are presented with calculated values
and coefficients of variation. The main statistical parameters include the average
value, root mean square (standard) deviation and coefficient of variation. Statistical
processing of experimental results was carried out in the Microsoft Office
environment using the Microsoft Excel program.

In the cast modified alloy AK9ch, the complex of mechanical properties of
the alloy is increased compared to the unmodified state:

o tensile strength ¢ from 240 to 265 MPa (by 8...10%),

o yield strength o {from 205 to 230 MPa (by 10...12%),

o relative elongation o from 3.0 to 3.2 relative percent (by 3...6%),

o impact strength KCU from 0.10 to 0.12 MJ / m?(by 10...20%),

o hardness of HB from 700 to 760 MPa (by 8...9%).

In the cast modified alloy ALA4S, the complex of mechanical properties of the
alloy is increased compared to the unmodified state:

o tensile strength ¢ from 230 to 250 MPa (by 7...9%),

o yield strength o  from 200 to 222 MPa (by 9...11%),

o relative elongation 6 from 2.9 to 3.1 relative percent (by 3...6%),

. impact strength KCU from 0.10 to 0.12 MJ / m? (by 10...20%),

o hardness of HB from 695 to 750 MPa (by 7...8%).

In the deformed modified alloy 1545, the complex of mechanical properties
of the alloys is increased compared to the unmodified state:

o tensile strength o from 396 to 447 MPa (by 12...13%),
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o yield strength o  from 269 to 315 MPa (by 16...17%),

o relative elongation 6 from 15.0 to 17.0 relative percent (by 12...13%)).

The corrosion resistance of cast and deformed aluminum alloys was tested.
Modified aluminum alloys AK9ch and AL4S have high corrosion resistance when
tested under conditions of 100% relative humidity and do not show a tendency to
intergranular corrosion. In tests for general corrosion, modification with Mg,Si and
SiC particles leads to a decrease in the corrosion rate: for the AK9ch alloy - by
9.5...12.2%, for the AL4S alloy - by 5.7...6.5%; according to the corrosion resistance
scale, the AK9ch and AL4S aluminum alloys after modification belong to the "high
resistance” group. Studies of intergranular , exfoliation corrosion and corrosion
cracking of the original and modified alloy 1545 showed the absence of intergranular
corrosion; a decrease in the score exfoliation corrosion from 4 points for the original
alloy 1545 to 2 points in the modified alloy 1545.

Experimental studies have proven the correctness of the choice of a complex
modifier and the effectiveness of its influence on the structure and properties of cast
and deformed aluminum alloys.

Scientific novelty of the obtained results:

1. For the first time it is established that modification aluminum melts
alloys of the Al — Si and Al — Mg — Sc systems nanodispersed compositions based
on silicide magnesium Mg , Si and carbide silicon SiC provides significant reduction
grain size from 280 to 110 microns, 200 to 100 microns in 2 - 2.5 times and increase
strong properties aluminum foundry alloys of grade AL4 (AK9ch), AL4S and
deformed alloy grade 1545.

2. The mechanism was first proposeda mechanism for strengthening
aluminum alloys when modified with a complex modifier of nanodispersed silicon
carbide of the - SiC modification has been proposed , which consists in controlling
grain strengthening with a significant contribution of dispersion strengthening due
to the influence of insoluble refractory particles of the modifier.

3. It has been proven that when modifying aluminum alloys of the Al - Si

and Al - Mg - Sc systems, the formation of grain boundary eutectics is eliminated ,
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and a uniform distribution of strengthening phases is achieved, which contributes to
an increase in the complex of mechanical properties.

4, First installed the mechanisms of the influence of the nanodispersed
modifier Mg , Si and SiC on the mechanical and technological properties of aluminum
casting alloys AK9ch, AL4S and deformed alloy 1545 have been established , which
consists in controlling grain strengthening with a significant contribution of
dispersion strengthening.

Practical meaning of the results obtained:

1. A method for treating cast aluminum alloys with a complex modifier
with a particle size of 50...100 nm, based on nanodispersed powders, has been
developed. Developed way protected by patent of Ukraine for utility model No.
157286, C22C 1/06 (2006.01) “Method for producing castings from silumin”.

2. Developed technological parameters modification alloys with the
introduction operations thermo-temporal processing melt at a temperature of 750 °C
for 10 minutes.

3. Developed technological parameters modification aluminum alloys:
«Technological Tl instruction No. 102.25210.00377 for preparation aluminum alloy
AL4, modified with a complex nanomodifier based on silicide magnesium and
carbide silicon " (from 11.06.2024) and "Technological TI instruction No.
102.25210.00376 for preparation aluminum alloy 1545 system Al-Mg-Sc, modified
comprehensive nanomodifier based on silicide magnesium and carbide silicony»
(from 11.06.2024), which confirmed in the foundry production State enterprises
Factory association South O. M. Makarov Machine- Building Plant. Received
experimental and industrial parties castings modified alloys AK9ch, AL4S and 1545
with a high complex of mechanical and technological properties. Results works
implemented upon receipt foundry aluminum alloys AK9ch , AL4S and deformed
alloy 1545 in industrial conditions State enterprises In production association South
O. M. Makarov Machine-Building Plant (act dated 04.02.2025).

4.  heat-strengthening treatment regime for workpieces made of AK9ch,

ALA4S alloys modified with a complex modifier of Mg,Si and SiC has been
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improved, which differs from the existing one by reducing the holding time of parts
at the hardening temperature and reducing the aging time.

5. The materials of the dissertation were introduced into the educational
process of Oles Honchar Dnipro National University by act dated (28.02.2025) when
studying the disciplines "Technology of processing special materials”, "Corrosion
of alloys of aviation and space technology", " Nanomaterials and nanotechnologies™,
"Mathematical modeling and optimization of technological processes and materials"
in the preparation of bachelors and masters in the specialty 132 Materials Science.

Keywords: foundry aluminum alloys, deformed aluminum alloy, complex
nanocompositions , modification, microstructure, phase composition, silicon
carbide, mechanical properties, technological properties, corrosion resistance, heat-

strengthening treatment.
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BCTVII

AKTYJbHicTh TeMH. 3a0e3eueHHs] BUCOKOTO KOMIUIEKCY MEXaHIYHHMX Ta
TEXHOJIOTIYHUX BJIACTUBOCTEH KOHCTPYKIIIMHUX MaTepiajiB — aKTyaJibHa mpobiiemMa
CY4acHOT'O BUPOOHUIITBA SIK B aBlalliiHiM{, TaK 1 y KOCMIYHIN rary3sx.

[TocriifHe 3pOoCTaHHS TEXHIYHMX BHUMOT JI0 BUPOOIB aBialliifHOI Ta paKeTHO-
KOCMIYHOI TeXHIKH, IParHEeHHs /10 MiJBUIICHHS MAaCOBUX XapaKTEPUCTHK BUPOOIB
IPU3BOJATH A0 HEOOXITHOCTI CTBOPEHHS HOBHX Ta MOKPAIIEHHS BIACTUBOCTEH BiKe
ICHYIOUHMX MaTepiaiiB, iX BIPOBAHKEHHS Yy cepiiiHe BUpOOHHUIITBO. B TenepimHii
yac CTBOpPEHA BEJIMKAa HOMEHKJIATypa JUBApHUX Ta JAE(POPMOBAHHUX AITFOMIHIEBHX
crutaBiB. Ha mammHoOy1iBHHX 3aBo/ax YKpaiHM MIMPOKO 3aCTOCOBYIOTH JIMBApHI
CHWJIYMIHHM 3aBJISIKM BUCOKUM TEXHOJIOTTYHUM XapaKTEPUCTUKAM, TUTOMIM MIIIHOCTI
Ta KOPO31iH1! CTIHKOCTI.

AJIOMIHIEB] CIUIaBH € TEPCHEKTUBHUM KOHCTPYKIIWHUM MaTepiajioM B
aBlalllifHIil Ta PaKeTHO-KOCMIYHIM TEXHILI, aje€ MalTh HEBUCOKY TEMIIEPaTypy
TJIABJICHHS 1 HEOCTATHIO MIIHICTb.

AKTyaJbpHICTh JaHHOI pOOOTH TMOJSATa€E y BUPIMICHHI 3aJadl OTPUMAaHHS
JUBapHUX amoMmiHieBux cruaBiB cuctemu Al-Si mapku AJI4 (AK9u), AJI4C Tta
nehopMoBaHOTO alrOMiHI€BOTO ciuiaBy cuctemu Al-Mg-Sc mapku 1545 3 Bucokumu
TE€XHOJIOTTYHUMH, MEXAaHIYHUMU Ta KOPO31IMHOCTINKUMU BJIACTUBOCTSIMH, & CaMe:

- MIJBUILECHHS pecypcy poOOTH TypOOHACOCHOTO arperary 3 JIMBapHUX
anmomiHieBux cruiaBiB cuctemu Al-Si mapku AJl4 (AK94), AJI4C 3a paxyHOK
MOJIIMILIEHHS TEXHOJIOTTYHUX 1 XapaKTEPUCTUK MII[HOCTI;

- TIIBUINCHHS MIIHOCTHUX BJIACTMBOCTEH Ta IOJIIIICHHS 3BaplOBaHOCTI
neGopMOBaHOrO  aitoMiHieBoro cruiaBy cuctemu Al-Mg-Sc  mapku 1545,
JIOCSITAETHCS MIKPOJIETYBaHHSM MepexiTHUMH MeTanamMu. CKaHIii — MepexiTHuM
MeTaj, KU € MOAU(PIKaTOPOM CTPYKTYpH Ta 3MIIHIOBaUYE€M 3BapHUX 3'€THAHb.
OCHOBHOIO TEPEBArol0 aJOMIHIEBUX CIUIABIB, 10 MICTATh CKaHIIHA, € BHUCOKa
MILIHICTb, TJIACTUYHICTh, KOPO31iiHA CTIHKICTh y MO€JHAHHI 3 BUCOKOIO MUTOMOIO

MILHICTIO;
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- TMOIIIYK palliOHAIbHUX CIIOCOOIB BIUIMBY HA PIJIKUH aTIOMIHIEBHI PO3ILIaB 3
METOI0 MOAU(IKYBaHHS;

- TIJABUIICHHA MIUIBHOCTI, OJHOPITHOCTI Ta cTabimi3alii BIACTUBOCTEH
BUJINBKIB;

- YIOCKOHAJIEHHS TePMidyHOI 0OpOOKH BUIIMBKIB.

CknamHosieroBani amomiHieBl crutaBu cucteM Al-Si ta Al-Mg-Sc maroThb
OCOOJIMBOCTI  CTPYKTYPOYTBOpPEHHS Ta (ha30yTBOPEHHS B PI3HUX yMOBax
TepmoaeopMalliiHoro BIUIMBY. ToMy HEOOXimHWN aHajmi3 BKJIAAy pPI3HHUX
CTPYKTYPHHUX CKJIQJJOBUX y MEXaHI3M 3MII[HEHHS Ta MIJBUIICHHSI MEXaHIYHUX Ta
TEXHOJIOTIYHUX BJIACTUBOCTE.

PamionansHuM crocoOOM TMIABUINEHHS SKOCTI aJIOMIHIEBUX CIUIaBIB €
MoAM(IKYBaHHS, 110 JO3BOJISIE MIABUIIUTH KOMIUIEKC MEXaHIYHUX, TEXHOJIOTTYHUX
Ta eKCIUTyaTal[liHUX BIACTUBOCTEW FOTOBUX JECTAJICH.

JJist TiIBUILIEHHS] XapaKTEPUCTUK JTUBAPHUX ATIOMIHIEBUX CIUJIaBIB CUCTEMHU
Al-Simapku AJ14 (AK94), AJI4C Ta neopMOBaHKX aTFOMiIHIEBUX CIUIABIB CUCTEMH
Al-Mg-Sc mapku 1545 y nuceprariiHii poOOTI TPOMOHYEThCS MOIU(IKALIs
KOMILUIEKCHUM Mojudikatopom Mg,Si 1 SiC. Baromuii BHECOK y JOCHIKCHHS
3aKOHOMIpHOCTEH B3aeMojli MoaudikaTopiB Ta MeTany — ocHoBu BHeciu [.II.
Bouuok, O.A. Mitses, B.3. Kynosa, H.€. Kaninina, A.I". [Ipurynosa, U. Dahlborg,
K. Young-Dong Ta iu1m1i BueHi.

3B'130K p0o00TH 3 HAYKOBMMH NIPOrpaMaMHu, IVIAHAMH, TEMaAMH

Hucepramiitna poOoTa BUKOHYBaJacs Yy paMKax HAayKOBHUX JIOCIIIKEHb
JIHITPOBCHKOIO HallOHAIBHOTO yHiBepcuTeTy iMeHi Ouecs ['oHuapa Ha kadeapi
TEXHOJIOT1i PaKeTHO — KOCMIYHHMX Ta IHHOBALIMHUX TEXHOJIOTIH 0 IePKOI0IKETHIM
temi: Ne0120U102240 «CTBOpEeHHS Ta yIOCKOHAJIECHHS KOMIUIEKCY 1HHOBAIIWHUX
TEXHOJIOTTYHUX METO/IIB Ta MaTepiajiB Jyisl BUPOOIB PaKETHO-KOCMIYHOT aBlalliiHO1
Ta oOopoHHoi TexHikM»;, Ne0123U101855 «CrtBopeHHS 1 YAOCKOHAJIECHHS
TEXHOJIOT1H 1 MaTepiaiiB JJi1 paKeTHUX 3aC001B ypaKE€HHS HA OCHOBI IHHOBALIIMHUX
KOHCTPYKTOPCHKO — TEXHOJIOTIYHHX PIIlICHb». ABTOP € CIIBBUKOHABIIEM BKa3aHUX

JEePKOIOJKETHUX TEM.
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Merta i 3aga4i 10CTiTKEHHS.

Meta qucepraniiiHoi po00TH — TiABUIIICHHS TEXHOJIOTITYHUX 1 MEXaHIYHUX
BJIACTHBOCTEH JIMBApHUX Ta JIe(OPMOBAHUX AIIOMIHIEBUX CILIaBiB cucteM Al-Si,
Al-Mg-Sc n1s1 BUTOTOBJICHHSI BUPOOIB PaKETHO-KOCMIYHOT TEXHIKH, Ha OCHOBI
BCTAaHOBJICHUX 3aKOHOMIPHOCTEH (hopMyBaHHS CTPYKTYpH 1 BIACTUBOCTEH CIUIaBiB
npu MOJIM(DIKyBaHHI HAHOAUCTIEPCHUMH KOMILIEKCaMHU.

Jl7is AOCATHEHHSI MOCTaBJIEHOT METH B poOOTI MOCTaBJICHI Taki HAyKOBI Ta
MPUKIIATH] 3a/a4i:

1. [IpoBecTn aHali3 CydyacHHX CIIOCOOIB TIJBMINCHHS SKOCTI Ta
BJIACTUBOCTEN JIMBAPHUX Ta A€(POPMOBAHUX AITIOMIHIEBUX CIUIABIB.

2. OOrpyntyBatu  BuHOIp  cmocoOy — BBEJEHHS  KOMIUIEKCHOTO
HaHOJMCIIEPCHOTO Mo tudikaTopa.

3. BusnaunTi MexaH13MH 3MIITHEHHS ajlfoMiHIeBUX cruiaBiB AK94, AJI4C
1 1545, moaundikoBaHMX HAHOAUCTIEPCHUMH KOMIIO3UIIISIMH.

4, BcTaHOBHUTH BIIMB KOMIUIEKCHUX MOAM(IKATOPIB HA TEXHOJIOTIYHI Ta
MEXaHI4H1 BJIaCTUBOCTI IOCTI)KYBaHUX CILJIaBiB.

S. Po3pobutu TexHosoTiuHI napamerpu MoaudikyBaHHs cruiaBiB AK9y,
AJIAC ta 1545.

6. [IpoBecTn  MOCHIAHO-TIPOMHCIIOBE  OMPOOYBaHHS  PO3POOJICHOT
TEXHOJIOT1i MOJU(DIKYBaHHS aTIOMIHIEBUX CILJIABIB.

00’exT pocaixxenHs — rnpoiecu (GOpMyBaHHS CTPYKTYPHU Ta BIACTHUBOCTEH
JMBApHUX aJTOMiHIEBUX CIuiaBiB cuctemu Al-Si ta nedopmoBaHMX aTFOMiHIEBUX
cruiaBiB cucremMu Al-Mg-Sc npu MmoandikyBaHHI.

IIpeaMer pgocaigkeHHss — 3aKOHOMIPHOCTI (OPMYBaHHS CTPYKTYpH,
MIJBUINCHHS TEXHOJOTTYHUX, MEXaHIYHUX BJIACTHMBOCTEH AJIFOMIHIEBUX JIMBAapHHX
crutaBiB AK9u4, AJI4C ta nedopmoBanoro cruiaBy Mapku 1545 npu MmoaudikyBaHHi
HAHOAMCTIEPCHUMH KOMITO3HITISIMHU.

Metoau paociaimxkenHsi. [Ipy BUKOHaHHI JOCTIIKCHb BHKOPHUCTOBYBAJIH
KOMIUIEKC CYy4YaCHMX METOJIB JOCHIPKeHb. METOJ0M ONTUYHOI MIKPOCKOMIT

OIIHIOBAJIM MIKPOCTPYKTYPY QIIOMIHIEBHX JUBApHUX Ta JE(POPMOBAHOTO CILJIABIB
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70 Ta micas MoaudiKyBaHHS. BU3HaueHHI TEXHOJOTIYHI BJACTUBOCTI CIUIABIB 1 1X
PO3IUIABIB: PIAKOTEKYYOCT], TPIIIMHOCTIMKOCTI, Ta30BOT MMOPUCTOCTI, 3BaAPIOBAHOCTI.
CepenHili po3mip 3epHa BHU3HAYEHO METOJOM CTEPHOMETPHYHOI MeTanorpadii.
XIMIYHMM CKJaJ CIUIaBiB BHU3HAYEHO METOJOM CIIEKTPaJIbHOTO aHaji3y Ha
kBanToMeTpi Tty M®C-4. BusznadeHHs ($a30BOTo CKIaay CIUIABIB MPOBEACHO 3
BUKOPUCTAHHSAM  PEHTTEHOCTPYKTYPHOTO  aHajizy Ha  yHIBEpCAJIbHOMY
mudppaktomerpi  JJPOH-2.0. BumpoOyBaHHS MEXaHIYHHMX, TEXHOJOTTYHHX
BJIACTUBOCTEH CIUIaBIB MPOBEICHO 3TITHO 3 JifounMu cTtaHmaptamu. [IpoBeaeHo
CTaTUCTUYHY 0OpOOKY €KCIIEPUMEHTAIbHUX Pe3yJIbTaTiB B cepeaoBuIli Microsoft
Office 3 BukopucTannsm nporpamu Microsoft Excel. [IpoBeneno BunpoOyBaHHs Ha
KOPO3iiHY CTIMKICTh JUBApHUX Ta Je(OPMOBAHUX ATIOMIHIEBUX CILJIaBIB.

OOrpyHTOBAHICTD i TOCTOBIPHICTh HAYKOBHUX Pe3yJbTATIB HABEACHUX Y
AUCepTAIlil.

JIOCTOBIpHICTh HAYKOBUX MOJIOKE€Hb, BUCOKA TOYHICTh €KCIIEPUMEHTAIbHUX
pe3yabTaTiB, PEKOMEHJAAI[Il Ta BHUCHOBKIB JUCEpTalLlIHOI pOOOTH 3a0e3NneueHo
BUKOPHUCTAHHSAM CTaHJApTU30BaHOTO oOnamHaHHsA JlepkaBHOTO MiAMPHEMCTBA
BUPOOHHNYOTO OO0'€HaHHS TIIBJICHHO MAaIIMHOOYAIBHOrO 3aBoay iMeni O. M.
MakapoBa Ta JIHIIPOBCHKOTO HaliOHaNbHOTO YyHiBepcutetry imM. O. I'oHuapa 3
BUKOPHUCTAaHHSM BCEOIYHMX METOJIIB BUBUYEHHS Cy9aCHUX METOIB JIJIT BU3HAUCHHS
XIMIYHUX, (DI3UYHUX, TEXHOJOTIYHUX 1 MEXaHIYHUX BJIACTUBOCTEH, CTPYKTYPHHX 1
¢dazoBUX TEPETBOPEHb, IHTEPIPETALIEI0 OJEPKAHUX EKCIEPUMEHTAIHLHUX
PE3YNbTATIB, IO Y3TrOKYIOTHCS 3 ICHYIOUUMHU TEOPETUIHUMHU YSBICHHIMH B TalTy31
MaTepiajio3HaBCTBA, ATFOMIHIEBUX CIJIABIB.

HaykoBa HOBHM3HA OTPUMAHUX Pe3yJIbTATiB:

1. Bnepwe ecmarnosneno, mo moaudikyBaHHS PO3IUIABIB aTIOMIHIEBUX
craBiB cucteMm Al-Si ta AlI-Mg—Sc HaHoUCTIEpCHUMY KOMTIO3HITISIMUA Ha OCHOBI
cuninuay marHito M(,Si ta kap6iny kpemuito SiC 3abe3nedye 3HaUHE 3MEHIIICHHSI
po3mipy 3epHa Big 280 10 110 mxm, 200 10 100 Mmxm y 2 — 2,5 pa3u Ta miABUIIECHHS
MILIHICHUX BJIACTUBOCTEN alIOMIHIEBUX JUBapHUX ciuiaBiB Mapku AJI4(AK9y),

AJI4C Ta nedopMoBaHOTrO CriiaBy Mapku 1545.
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2. Bnepwe 3anpononosanuti MexaHi3M 3MIIIHEHHS aTFOMIHIEBUX CIJIaBIiB
npu MoAM(]IKyBaHHI KOMIUIEKCHUM MOJAM(}IKATOPOM HAHOJIMCIEPCHUM KapOinom
kpemHito wmomudikamii B-SIC, MmO monsArae 'y KOHTPOJIIOYOMY 3€pEHHOMY
3MIIHCHHI TpPU 3HAYHOMY BKJaAl JUCHEPCIHHOTO 3MIIIHEHHSA, OO0YMOBJIECHOTO
BIUTMBOM HEPO3UYMHHUX TYTOIUIABKUX YACTHHOK MOAM]IKaTOpa.

3. Jloseoeno, mo npu MoaudikyBaHHI alfOMiHIEBHX CIUiaBiB cuctem Al-
Si i Al-Mg-Sc ycyBaeTbcsi YTBOPEHHSI €BTCKTHKH TPAaHUIb 3€PEH, OCATAETHCS
PIBHOMIPHUN PO3MOALT 3MIIHIOIOUNX (a3, M0 CIPHIE MiABUIIEHHIO KOMIUIEKCY
MEXaHIYHUX BJIACTUBOCTEH.

4.  Bnepwe 6cmano6ieHO  MEXaHI3MH BIUTUBY  HaHOAMCIIEPCHOTO
moudikaTopa Mg,Si i SiC Ha MexaHIUHI Ta TEXHOJIOTIYHI BJIACTUBOCTI AJTFOMIHIEBUX
muBapHux ciuiaBiB AK94, AJI4C ta nedopmoBanoro crutaBy 1545, mo nossrae y
KOHTPOJIFOIOYOMY 3€PEHHOMY 3MIIHEHHI MpU 3HAYHOMY BKJaJAl JAMCIIEPCHHOIrO
3MIITHEHHSI.

IIpakTyHe 3HAYEHHSI OTPMMAHMX Pe3yJIbTATIB!

1. Po3pobneno cmocid6 o00poOKKM JHMBapHUX aJIIOMIHIEBUX —CILUIABIB
KOMIUJIEKCHUM MopaudikatopoMm 3 po3Mmipom yactok 50...100 HM, Ha OCHOBI
HAHOJMCIIEPCHUX MOPOIIKIB. PO3po6ieHuit crnocid 3axuiieHo naTeHToM Y KpaiHu Ha
kopucHy Mozenb Ne 157286, C22C 1/06 (2006.01) «Crioci6 oaepskaHHs BUJIMBKIB 3
CUJTYMIHIBY.

2. Po3poOsnieHl TexHONOriYHI TnapamMeTpu MoAU(]iKyBaHHA CIUIaBIB 3
BBEJICHHSM OIlepallii TepMo4acoBoi 00poOKu po3riaBy mpu Temreparypi 750 °C Ha
npoTs3i 10 XBUIUH.

3. Po3pobneni «Texnonoriuna iHcTpykmis TI Ne 102.25210.00377 3
OPUTOTYBaHHS ajioOMiHI€BOTO crutaBy AJl4, MoauQikoBaHOT0 KOMIUIEKCHUM
HAaHOMOJIM(PIKATOPOM HA OCHOBI CHIILMIY MarHioo Ta KapOixy KpemHito» (Bil
11.06.2024) Ta «Texunomoriyna inctpykiis TI Ne 102.25210.00376 3 npurotryBaHHs
anoMiHieBoro cruiaBy 1545 cuctemu Al-Mg-Sc, MoandikoBaHOTO KOMILIEKCHUM
HAaHOMOJIM(IKATOPOM HAa OCHOBI CHJILMIY MAar”iro Ta KapOimy KpemHito» (Bil

11.06.2024), ski BOPOBAJKCHI Yy JMBAapHOMY BHUPOOHHUITBI JlepkaBHOTO
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nianpueMcTBa «Bupoonude o0'eqnanns [liBneHHU MalmnHOOY 1IBHUM 3aBOJ] IMEHI1
O. M. MakapoBay. OTpUMaHO JOCHITHO-IPOMHUCIIOBI MapTii BWJIKUBKIB
moaudikoBannx crmaaBiB AK9u, AJI4C Ta 1545 3 BHCOKHM KOMILJIEKCOM
MEXaHIYHUX Ta TEXHOJIOTIYHUX BIACTUBOCTEH. Pesynbratéi poOOTH BIPOBAIKEHI
IpU OTPUMAaHHI JIMBapHUX amtoMiHieBux cruiaBiB AK94, AJI4C ta nedopmoBaHOro
crutaBy 1545 y nmpomucinoBux ymoBax /[lepskaBHoro mignpueMmctBa «BupoOHuue
o0'ennanns IliBgennnii mammuoOyaiBHUM 3aBoA iMeHi O. M. MakapoBay (axT Bix
04.02.2025 p.).

4, YIOCKOHAJIGHO PEXUM TEPMO3MIITHIOIOU0T OOpOOKM 3aroToBOK 31
craBiB AK94, AJI4C, momugikoBaHNX KOMIUIEKCHUM Moaugikaropom MQ.Si i
SiC, sxwuii BiZIpi3HA€THCS BiJl ICHYFOUOT'0 3MECHIIICHHSM Yacy BUTPUMKH JIeTalleH pu
TEeMIIepaTypl 3arapTyBaHHs Ta CKOPOUYCHHSIM Yacy CTapiHHS.

S. Marepianu aucepranii BIOPOBA/)KEHO Yy HAaBUAJIBHUW MPOLEC
JIHITTPOBCHKOTO HalllOHAIBHOTO YyHIBepcutery imeHi Onecs ['onuapa (akT BiA
28.02.2025) npu BuBYeHHI aucHUILIH «TexHONOTIS OOPOOKM CHEIliaTbHUX
MatepiaiiBy, «Kopo3is criaBiB aBialiifHO-KOCMIYHO1 TexXHIKN», « HaHomaTepianu 1
HAHOTEXHOJOT1», «MaTeMaTnyHe MOJIETIOBaHHS Ta ONTHUMI3AIlisl TEXHOJOTTYHUX
IPOLIECIB 1 MaTepialiB» MPHU MIATOTOBII OaKanaBpiB Ta MAriCTPiB 3a CHEL1ATbHICTIO
132 Marepiano3HaBCTBO.

Oco0ucruii BHecok 3100yBaya. OCHOBHI pe3yJbTaTh €KCIEPUMEHTAIBHOI
pobotu Oynu oTpumaHi 3100yBaueM OCOOMCTO Ta 3 MOro Oe3nocepeHbOi y4acTi.
ABTOpPOM TMPOBEJAEHO aHali3 JITePaTypHUX JDKEpEd, PO3pO0JICHO METOAUKU
IIPOBEJICHHSI €KCIIEPEMEHTY, IPOBEICHO 0OPOOKY Pe3yJIbTATIB Ta iX y3arajabHEHHS,
MIJTOTOBJICHI HAYKOBl CTATTI Ta JOMOBIAI JUIsi MIKHApOIHUX KOH(MEpEHIIIH.
ABTOPOM TIPOBEJICHO aHaji3 CTaHy MpoOJeMHd TIABUIICHHS KOMILUICKCY
TEXHOJIOTIYHUX, MEXAHIYHHUX 1 eKCIUTyaTalliiHMX BJIACTUBOCTEW JIMBApHUX 1
nedhopMoOBaHUX aTOMiHIEBUX cIiaBiB. OCHOBHI HayKOB1 Pe3ylbTaTH JTOCHIIKEHbD,
EKCIIEpUMEHTAJILHUX 1 IPOMHUCIOBUX BUIIPOOYBaHb OTpUMaH1 NpH Oe3nocepeaHii
y4acTi aBTopa po06oTH. TeopeTuuHi y3araJbHEeHHsS Ta BACHOBKM BUKOHAHI aBTOPOM

CaMOCTIHHO.
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Amnpobauis pe3yabraTtiB aucepramii. OCHOBHI pe3yJbTaTH AUCEPTAIIAHOI
poGoTu Oynu ONpUITIOAHEHI Ha: MiIXKHAPOIHUX MOJIOAKHUX HAYKOBO-TIPAKTHUHUX
koHbpepenuisx «Jlroguna 1 Kocmoc» (Hduinpo, 2016, 2019, 2022-2024 pp.);
MixHapogHomy ¢opyMi CTYJICHTIB, acIipaHTiB 1 MoJjiogux BYeHuX (JHImpo
2017p.); Mixknapoana xkoHpepeHIlis «/HHOBaIiHI TEXHOJIOTiI B HAyIll Ta OCBITI.
€sponeiicbkuit gocBiay ([Juinpo-Binens, 2017 p.); JninpoBcbka opdita ([IHimnpo,
2016 p.); AKTyajbHI HampsSMKH MaTepepiajo3HaBCTBA: 30UIBIICHHS PECypCy
KOHCTPYKIIA HAa OCHOBI KOHBEPIEHIII Cy4acHHX TEXHOJIOTiH 00poOKM maTepiajiB
(Xapkis, 2020 p.); Buxiuku ta npo6iiemu cydacHoi Hayku ([uimpo, 2023 p.)

Ily0uaikanii Ta ocoducTnii BHecok 3100yBavya. Matepianu qucepTaiitHoi
pobotu omyb6mikoBaHi B 21 HaykoBUX pobOorax: 1 crarrs y BHIaHHI, IO
IHJIEKCYIOThCSl Y HayKoMeTpuuHid 6a31t Scopus, 10 craTedt y HayKOBUX (axOBHX
BUJIAHHAX YKpaiHu, 9 Te3 J0MoBiJied B mMaTepianax BITUM3HAHUX 1 MIKHAPOIHHUX
KoH(pepeHiid, 1 mareHT YkpaiHu Ha KOPUCHY MOJIETb.

Ctpykrypa i 06'em podoTu. J[ucepraitis 3ararbHIM o0csarom 112 cTopiHok
CKJIQJAETHCS 3 aHOTAllli, BCTYIY, I’ SITH PO3/1JI11B, BACHOBKIB, CIIUCKY BUKOPUCTAHUX
mxepen, 4 nonatkiB Ha 15 cropiHkax siki MICTATH 2 Tabmuill. lucepTariiiina po6oTa
mictuth 30 Tabmuib, 43 pUCYHKA, CIUCKOK BHUKOpPUCTaHUX Jkepen 13 107

HaliIMEHYBaHb.
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1. JMBAPHI TA JE®OPMOBAHI AJTIOMIHIEBI CIUIABH, 1O
BUKOPUCTOBYIOTHCS B PAKETHO — KOCMIYHIN TEXHILII

1.1 AmtoMiHI€BI CIIJIaBU, 110 BUKOPUCTOBYIOTHCS Y PAKETHO — KOCMIUHIN
TEXHIII

AJIOMIHIEB] CTUTaBH 3aJIMIIAIOTHCSI OCHOBHUM KOHCTPYKIIHHIM MaTepiajaoM
aBiarfii 1 peakTuBHOI TexHiKM XXI ctomiTra. OOcar iX BXKUBaHHS Ha ChOTOJHI
ckianae 6au3pko 70% Bia 3arajibHOI KUIBKOCTI KOHCTPYKIIMHUX MaTepialiB, IO
BUKOPHUCTOBYIOTBHCS B JIITAKO- 1 paKeTOOy1yBaHHI. J{11 OTpMaHHs XOpOILIOi BaroBoi
e¢(eKTUBHOCTI B IMOEJHAHHI 3 TPUBAIUM pPECypcoM poOOTH 1 HaIIAHICTIO B
eKCIUTyaTallli aJlOMiHIEBI CIUIaBM TIOBMHHI MaTH KOMIUIEKC HEOOXITHUX
XapaKTEPUCTHK: BHUCOKY NUTOMY MILHICTb, JOCTaTHIO KOPO31IMHY CTIMKICTb,
BUCOKHM OIIp IUKIIYHUM HABAHTAKEHHSAM 1 MaJly MIBUAKICTb PO3BUTKY TPIIUHU
BiJl BTOMJIEHOCTI [1].

B aBiakocwmiuHii TexHIlI YKpaiHU HIMPOKO BHUKOPUCTOBYIOTHCS JIMBApHI 1
nedopMiBHI CKJIaIHOJIETOBaH1 aTtOMiHi€BI cIiaBu. HalinepcreKTUBHIIIMMU 3 HUX €
crutaBu cucteMu Al-Zn-Mg-Cu, amoMiHi€eBo - JiTieBi criaBu cuctem Al-Mg-Li, Al-
Cu-Li-Mg, Al-Cu-Li, a Takox crutaBu jgeroBani ckaumiem [2].

[lepcriekTUBHI CIIaBH, IO CKJIAAAIOThCS 3 TOHKUX AJIOMIHIEBUX JIUCTIB 1
MpOoIIapKiB KieioBoro mpenpera 31 ckissaHuMu BoiokHamu CIAJL (C-ckio 1 AJl-
almoMiHIi). AHanoriunuii Matepian 3a koppoHom mae mapky [JIEP (GLARE).
CIAJI xapakTepu3y€eTbCsi BUCOKOK MUTOMOIO MIITHICTIO 1 5KOPCTKICTIO, 33/I0BUTBHOIO
KOpo3iiiHOIO cTiiikicTio. lleii mMarepian TEXHOJOTIYHO JOCTATHHO OCBOEHHM; Yy
BITUM3HSHIA MPOMUCIOBOCTI € MOXJIMBOCTI BUTOTOBJSTH 3 HBOTO BIJICIKH
Gbro3esKy NpakTUYHO OyAb-sIKUX HEOOX1AHUX po3MipiB [3].

VY 1ol xe Yac MOXKe PO3IJIANATUCA BaplaHT BUTOTOBJICHHS (DIO3EITSIKIB 3
HIMPOKUX TOHKHMX IMaHeNel, 3BapIOBAHUX MK COOOIO JIa3epHUM 3BaproBaHHsM. B
bOMY BHIAJKy KOTYIOThcs cruiaBu 1441 1 A[I37 (6013). Cninx 3a3HauuT, 110 y

cruiaBl 1424 3HWKYETbCS B SA3KICTh PYHWHYBaHHS Micis BUNPOOYBaHb MPOTATOM
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4000 romun mpu 85 °C, Kl IMITYIOTh J[IF0 COHSYHUX HarpiBiB 3a BeCh IeEpion
eKcruTyaTallii jitakiB. OKpiM LBOTO, PI3KO 30UIBIIYETHCS MIBUIKICTH PO3BUTKY
TPIIIMHY BiJl BTOMH B CIUIaB1, SKUI TOMIIIICHHUI B KOPO31iHE CEpeIOBUIIIC. Y 3B’ SA3KY
3 IIUM MPOBOATHCS TOCTIHKEHHS IPUYUH IILOTO SBHINA 1 POOOTH MiA00PY PEKUMIB
TEpPMiuHOT 00pOOKH, 110 cTab1II3y€e BIACTUBOCTI criaBy 1424 [4, 5].

[Ilo cToCcyeTbCsl MIMAHTOYTIB, TO BOHU ISl OLIBIIOCTI THIIB JITaKiB
BUTOTOBIIAIOTHCS 13 cruiaBiB B93 1 1933. Jlume 3pigka mist 11bor0 BUKOPUCTOBYIOTh
cruiaB AK6, skuii SIBHO TMOCTYMA€ThCS 32 MEXAHIYHMMM BIACTHUBOCTSIMH 1
KOpo3iiiHOw cTiiikicTio criaBaM B93 1 1933, CrmaB 1933 mae BHCOKY B’SA3KICTh
pYWHYBaHHS 1 TMEpeBepIIye 3a II€I0 BIACTHBICTIO AMEPHUKAHCHKI CIUIaBU
aHajnoriydoro nmpusHadeHust — 7050 T74, 7175 T73, a Takox HOBUI (paHILy3bKHIi

crutaB 7040 (tabmn. 1.1) [6].

Tabnuusg 1.1 — Tunosi BnactuBocti MacuBHUX HamiB(adpukaris (h= 150 Mmm)

3 BUCOKOMII[HUX CILJIABIB, K1 3aCTOCOBYIOTHCS JUISl I€Talel TUIY IIIAHTOYTIiB

Cmnas, O Go.2 3, % Kie,
CTaH MIla MIla-m*?

1933 T3 500 450 10 48
470 440 5 32
7040 TXX - 450 - 335
440 26,0

7050 T74 500 450 8 30
470 440 5 25

7175 T73 450 370 7 40
350 350 5 28

Ipumimku: 1. Gs, Go2 1 0 BU3HAYaIM B TMOB3/J0BXKHHOMY HampsiMi (YHCENbHHK) 1 Y
BHUCOTHOMY (3HAMEHHUK).
2. Kic ouiHIOBaIu B MO3J0BKHBO — MONEPEYHOMY HaAmpsiMi (YUCENIbHUK) 1y
BUCOTHO — MTOB3/IOBXXHHOMY (3HAMEHHUK).

CTBOpeHHSI TIEPCIEKTUBHUX JITAJBHUX amapariB aepOKOCMIYHOI TEXHIKU

HEpPO3pUBHO  TMOB'S3aHE 3  BHUPIMIEHHSAM  TPhOX  OCHOBHHX  MpoOJeM
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MaHII/IHO6y,ZLYBaHH$[: SMCHIICHHA MacCH, 3HHNXKCHHA BapTOCTi Ta Hi,ZIBPIHleHHSI

eKCIUTyaTariiHuX xapakrepucTtuk [7] (tabm. 1.2, 1.3).

Tabmums 1.2 — XapakTepuCTUKH, BU3HA4YarO4i Mpale3laTHICTh 3BapHOl

KOHCTPYKIIi1
Excrmyarariiiai BunpoOyBanus Xapakrepucrtuka
BJIACTHBOCTI
HedbopmoBaHnicTh | Po3TsaryBanHs Bignocne (py¥iHiBHE)
y  XOJIOHOMY IIOJIOBKEHHSI, PIBHOMIpHE
CTaHi OJIOBKEHHS
3BapIOBaHICTb Texuonoriuni nmpodu ("pud'sumnii | CXUIBHICTH 10 YTBOPEHHS
ckeneT", XpecTonoAiOHI 3pa3ku) | rapsiuux  TpiliuH. Bun
MOBEPXHI 3JIaMy
Omip Po3Tdr y HanpsIMKy TOBILIMHU [Tonepeune 3ByKeHHs
pO3IIapyBaHHS
PyitnyBanHs VY napHuii BUTHH 3 HAAP130M Po6ora nedopmariii
(Kpuxke a0o | Burun 3BapHoro 1msa Buja noepxHi 3mamy
B’S3KE) Po3Tsr abo BUTHH 3 HaIp130M Kyt Buruny
BunpoOyBannss 3  mexaniku | Temmneparypa
pyHHYBaHHS CTparyBaHHs TPIILIUHU
Kic(Ke), 01c (&), J-iHTerpan

Tabmuus 1.3 — EdexTuBHICTh 3aCTOCYBaHHS HOBUX QJIFOMIHIEBUX CILUIABIB Y

KOHCTPYKIIISIX JIITAKiB

Bupi6 3aranbHa Marepian 3meHuieHHsT | CKOpOYeHHs
Bara, Kr Baru, Kr BUTPATHU
MaJILHOTIO,
KI/KM
Pi3Hi mrrammyBaHHS 910 7073-T73 (B93) 136 18800
[IpecoBani 2270 7075-T76 (B9S) 182 25400
HamiBpabpukaTu
(TopuU30HTAIbHUH
cTabi1i3aTop Ta MOJIMII
0aJIoK)
Onopui  koHcTpykii | 1360 7075-76 (B95) 68 9500
H1710TU (PIO3EIIKY
O6mmBKa (pro3ensoKy 410 7075-76 (B95) 36 5000
Oo6mmBka Bepxy kpwna | 2700 7075-T76 (B9S) 245 31000
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3HMKEHHS Macu J03BOJISI€ 3MEHIIUTH MAaTePiaJIOMICTKICTh KOHCTPYKIIiT
amapary, CIipusie 301JIbIIEHHIO KOPUCHOTO HABAHTAXKCHHS Ta MOJITIIICHHS JTITATBHO-
TAaKTUYHUX XapaKTepUCTHK TMpPH CKOPOYYyBaHHI MaTepiaibHUX BHUTpaT Ha
BUPOOHUIITBO Ta EKCILIyaTaIlio.

Ile, y cBow uepry, mpu3BeiO A0 TMOLIYKY albTepHATHBHUX MaTepiajiB
OCHOBHHM aepOKOCMIUHHMM Ha allfoMiHi€Bii ocHOBI — J[16, /{19, B95 1 B96, 1201,
IO TPAJUIIITHO BUKOPHUCTOBYIOTHCS B KOHCTPYKIIi IJIaHepa JITaKiB IHUBUIBHOTO
draory. [limpaxoBaHO, 3HIKEHHS MacH ITMBUILHOTO JTaka Ha 1 Kr JI03BOJISE
3aomaauTu 125-165 1 nanuBa Ha piK, a 32 BeCb TEPMiH HOTO eKCIUTyaTallii eKOHOMIs
CHOKUBAaHHS CTaHOBUTH 3-4,8 muiH. noi. IIIupoki MOXKIMBOCTI y LIbOMY HAmpsMi
BIJIKPUB HOBHH KJIaC BUCOKOMIITHUX aJIFOMIHIEBUX CIUIABIB, 1[0 MICTATh CKaHIIi.

Cy4acHi JTakd €KCIUTyaTylOThCS NEPEBAXKHO B yYMOBaxX IHTEHCHBHHMX Ta
eKCTpEMaJIbHUX HABAaHTA)KEHb, TOMY OCHOBHI BUMOTH JI0 iX MaTepialiB BKIIOYAIOTh
NOBHUM CIEKTp aepoAMHAMIYHUX YMOB, BIUIMB HABKOJUIIHBOIO CEPEJOBHILA,
0e3MeKy MoJIbOTY Ta BapTiCTh. [Ipu MOJLOTI BUKOPUCTOBYIOTHCS HECYUl MMOBEPXHI
KOHCTPYKIi /1711 CTBOPEHHS 32 JOTIOMOT' 00 TOBITPSIHOTO CEPEIOBHUILA IT1THOMHOI Ta
KEpPYIOUHX CHJI 1 CHJIOBAa YCTAHOBKA, 110 MPALIOE 3a PaXyHOK E€HEprii pearcHTiB
naymBa (PiIKOro BOJHIO), IO 3HAXOAUTKLCS Ha OOpTYy JiTaka [8].

[IpaBunpHuil BUOIp Marepialdy €JIEeMEHTIB KOHCTPYKII MOXKE CYTTEBO
MOKpAIIMTH BaroBl Ta JITAJIbHO-TAKTUYHI XapaKTEPUCTUKU JIITAJILHOTO amapary.
Oco6n1Ba yBara npuAUISETHCS 3a0€3MEUSHHIO0 HE00X1JHOT MIITHOCTI Ta KOPCTKOCTI
KOHCTPYKIIii 32 MIHIMQJIbHOI MacH, a TaKOX MacoBOi €(EeKTUBHOCTI MaTepiaiy, 110
BU3HAYAETHCS CIIBBIAHOMIEHHAM IUTOMOI MIIHOCTI Guon/p 10 BapTOCTI 1 KI
Marepiaiy.

Benmuuuna G,0,/p € BIAHOIIEHHSM JOMYyCTUMHUX HAMpyT A0 HIIJIBHOCTI, a
BIJIHOIIEHHSI MOJYJII NPYXHOCTI Marepiany Ao ioro uiibHocTi (E/p) cTaHOBUTH
UTOMY YKOPCTKICTb. Y pa3i pO3TATYBaHHS Guon/p = Gs/p, 3a 3arajibHOi BTpPATH

CTIMKOCTI 32 YMOB CTHCHEHHS — E/p; mipu 3cyBi — T,/p, B yMOBax BTpaTu CTIHKOCTI

1pu 3¢yBi — 1/ E /p, Ipu 3ruHanui Ta KpydeHHi — 6,2°/p ta 1,2°/p, Binnosiguo. [pu
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MOBTOPHUX HABAHTAXKEHHSIX KPUTEPIEM CIIYKUTh BEJIMYUHA Gmax/ P, € 3HAUECHHS G on
IpY 33J]aHOMY PeCcypci BTOMU KOHCTPYKIIiT TPUHMAIOThCS PIBHUMH Gmax/p [9].

Ha migBumenHas MacoBoi e€(QEKTUBHOCTI 3BapHOiI KOHCTPYKIli CHIBHO
BIUIMBAIOTh SIKICTh HamiBpaOpHKaTiB Ta BUJ CIOJIYK KOHCTPYKTHBHUX €JIEMCHTIB,
0 YacTO BHU3HAYAETHCS HE JIUIIE KOHCTPYKTUBHUMH 3aBIAaHHSIMH, a U
TEXHOJIOTTYHUMH MOKIUBOCTIMHE [10].

Knacudikaiist anromMiHIEBUX CIUIaBIB IPYHTYETbCS Ha OlHapHiM miarpami
crany (puc. 1.1). [lonBiitHi niarpaMu MarOTh €BTEKTHUYHUHN BUTISA 3 0OMEXKEHOIO
PO3UYMHHICTIO JICTYIOUMX €JIEMEHTIB: KPEMHIIO, MiJi, MarHiro, IUHKY, JiTiio. e
3YMOBJIEHO MOPIBHSHO MaJMM aTOMHUM pajlyCOM aJIOMIHIIO, TOMY IPU B3a€MOZI1
YTBOPIOIOThCS OOMEXEHI TBEp/i po3yrHU Ta npomikHi (asu tuny Al,Cu, Mg,Si
tomro [11].

Konwu 3aranpHa KUNBKICTB JIETYIOUOTO €IEMEHTa MEHIIA 3a JIesIKe 3HaueHHS,
YMOBHO I03HadeHOro To4ykoro C Ha oci OiHapHOI JiarpamMu, YTBOPIOIOTHCS
onHo(a3Hi CIulaBU 31 CTPYKTYpPOIO O-TBEPAOTO PO3YMHY, 110 HE 3MIIHIOIOTHCS
TEPMIYHOIO 00pOOKOI0. SIKIIO 3araibHa KUIBKICTH JIETYIOUOTO €JIEMEHTa BHILE
(o6nacth 1o Touku E), cTpykTypa criaBy KpiM 0-TBEpJIOTO PO3YUHY CKJIAJIAE€THCS 3
HAJIJTMITKOBUX (a3, a 111 CIUIaBU 3MILHIOIOTECS TepMidHOI0 00poOkoto (TO). Akimio
CIUTABU MICTSTh JIETYIOUl €JIEMEHTH y KUIBKOCTI, OulblIiid, HDK y Touli E, a
KOHIICHTpAIlisl €JIEMEHTIB BHIIE MEXI PO3YMHHOCTI, TO CIJIaBH BIJHOCATH JIO
JMBApPHUX, SIKI MICTATh €BTEKTHKY, 1110 3a0€3Meuy€e CIUIaBIB PIAKOTIPHICTh METaTY.
OpHak mpu 1bOMY y CIUIaBl YTBOPIOETHCS BEIUKUN OOCST IHTEPMETATIAIB, IO
nepemkopkae oro ruactuuHid aedopmarii. Tomy B aedopMoBaHMX CIIaBax
BMICT JIETYIOUMX €JIEMEHTIB Ta JIOMIIIOK, K MPaBwiIo, He nepesuinye 8—12 %, a B
JUBApHUX — KOJUBAEThCsA Big 6 mo 20-25 % Ta Bume. Y JIMBapHHUX CILIaBax
3arajibHUil BMICT JIETYIOUMX €JIEMEHTIB Ta JOMIlmoK Moxke ctaHoButu 10-30 %,
nedopmoBaHi crutaBu — He niepeBuinye 8%. dedopmoBani crijiaBu MOAUISIOTHECS HA

TEPMO3MIITHIOBaHI Ta HE3MiIHIOBaHI [ 12].
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Pucynok 1.1 — Knacudikariist anroMiHi€BHX CIUIaBIB 110 OiHApPHIN J1arpami:
obnacte A — neopmMoBaHi criaBu; 001acTh B — muBapHi cruiaBu;
I ra Il — nedhopmoBani crutaBu BiANOBIAHO He3MilHIOBaH1 TO

ta 3MinaoBadl TO

HeMuHyunmu noMilIKaMy airOMIHIIO Ta MOTO CIUIABIB € 3aji30 1 KPEMHIM.
BoHU yTBOpIOIOTH 3 aIIOMIHIEM IHTEpMETaNiAH1 3'€qHaHHA. BOHHM yTBOpPIOIOTH 3
ATIOMIHIEM 1HTEPMETANIIHI CHONYKHW. JloMIIKK 3ai3a 3HMKYE IUIACTHYHICTD
CIUIABiB JIIOMIHIIO, @ B JINBAPHUX CIUIABaX CIPUSIE MiABUIIEHHIO 3HOCOCTIMKOCTI Ta
XKAPOMIITHOCTI JINTUX JeTanel. /st 3SMEeHIeHHS CXUIIBHOCTI 10 YTBOPEHHSI rapsuux
TPIIMH TPHU 3BapIOBaHHI IJIABJICHHAM Nepen0avyaroTh IMiIBUILIECHHS BMICTY 3aii3a
HajJ KpemHieM KpemHiem. KpemHiii y cmmaBax cuctemu Al-Si € neryrouunm
CJIEMEHTOM, III0 JIO3BOJISE OJEP)KYBATH CIUIABM IS JUTTS IiJa THckoMm [13, 14].
XIMIYHMM CKJIaJ 1 TUIIOBI MEXaHI4YH1 BIACTUBOCTI JIUBAPHUX ATIOMIHIEBUX CIUIaBIB
HaBeneHo B Tadmum 1.4.

JIuBapHi crutaBu cuctemu Al-Si ta nedopmonani crutaBu cuctemu Al-Mg-Sc
JlarpaMM  CTaHy MaroTh BY3bKMH 1HTepBaJl KpHUCTadi3alii Ta eBTEKTHYHI
nepeTBopeHHs. Lle mo3Bomsie mpoBoauTH MOAMGIKYBaHHS CIUJIaBIB Ta IMiIBUIIYBATH
JMBapHI TEXHOJIOTIYHI BJIACTMBOCTI Tak 1 B jaedopmoBanomy ctani [15, 16].
XiMIYHHN CKJIa]l IPOMHCIOBUX JIe(hOPMOBAHUX aTIOMIHIEBHX CIUIaBiB cucremu Al-

Mg-Sc naBeneno B Tabmui 1.5.
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Ta6mumg 1.4 — XiMiuHMMA CKJIaJ 1 TUTIOBI MEXaHIYHI BJIACTUBOCTI JIMBAPHUX

ATFOMIHI€EBUX CILIABIB

bazosa Mapxka Cepenniii BMicT eneMenTi, % MexaniuHi
cucreMa CILTaBY BJIACTUBOCTI
Si [ Mg | Cu | Zn | Mn [ Os, 3, %
enement | Mlla
Al-Si AJI2 11,5 - - - - - 140-180 1-6
Al-Si-(Mg) AJl4 9,0 10,23 - - 10,35 - 200-240 2-4
AJI9 7,0 10,30 - - - - 160-230 1-5
AJI34 75 | 0,45 - - - 0,2 Ti 260-330 2-4
(BAJIS) 0,3 Be
Al-Si-Cu AJI6 5,2 - 25 | - - - 170-250 3-8
AK4M4 | 4,0 - 42 | - 1040 - 200-260 | 0,5-1,0
(AJI15B)
Al-Si-Cu-(Mg) AJIS 50 | 05 |112 | - - - 160-230 | 0,5-1,0
JIOEBTEKTHUYHI AJI3 50 | 05 | 2,2 - 10,75 - 150-250 | 0,5-1,0
CIJIaBU AK5M7 50 {035 | 70 | - - - 140-220 | 0,5-1,0
(AJI10B)
Al-Si-Cu-(Mg) AJI25 12010 | 22 | - |045 0,2 Ni >190 0,5-1,0
€BTEKTHUYHI 0,2Ti
CIUIaBU AJI30 12010 | 11 | - - 0,2 Ni >200 0,5-1,0
Al-Si-Cu-(Mg) | AK21M25 1210|035 | 25 | - | 0,30 2,5 Ni 180 0,5-1,0
3a€BTEKTUYHUI H2,5 0,3Cr
CILIAaB 0,2Ti
Al-Si-Zn AJlll 70 | 0,2 - 195 - - 180-250 1-3
Al-Cu AJl7 - - 45 | - - - 200-230 3-6
AJI19 - - 49 | - 0,8 0,2 Ti 300-360 4,8
Al-Cu-(Ni) AJI33 - - 58 | - 0,8 1,0 Ni | 250-280 2-4
(BAJI) 0,1Zr
0,2 Ce
Al-Mg AJI8 - 9,7 - - - 0,27 Zr >290 9-12
0,07 Be
AJI27 - 10,0 - - - ITo-0,1 T | >320 12-16
AJI23 - 6,5 - - - 190-230 4-6
AJI28 - 55 - - 0,7 200-220 4-6
Al-Mg-(Si) AJI13 10 | 50 - - 10,25 - 170-200 3-5
AJI22 10 | 11,7 - - - 0,1Ti 180-260 1-3
0,05 Be
Al-Cu-Mg- AJll - 15 (41 | - - 0,2Ni | 180-230 | 0,5-1,5
(Ni) AJI21 - 10 | 53| - |0,20 3,1 Ni |180-240| 0,5-1,0
0,15 Cr
Al-Mg-Zn AJI24 - 1,7 - 1401035| 015Ti | 220-300 2-3




38

Tabmug 1.5 — XiMiuHHM CKJIaJl MPOMHUCIOBUX JIe(POPMOBaHUX ATFOMIHIEBUX

cmaBiB cuctemu Al-Mg-Sc

Cucrema | Mapka

Cepenniii BMICT eJleMeHTi, %

CILIaBY Mg Sc Zr Mn Si Fe Cu |Be| Zn | A
|
1571 | 58... [ 03... [ 0,05... | - - - - -] -
68 | 05 | 015
1545 | 4,6... | 03... [ 0,05... [ 001 | - - o1 | - | o1
o 57 | 05 | 015
A 1523 [ 18...[02..[ 01... | - [<04|<04[005[00[<01] §
= 25 | 04 0,2 00 5
< 2 °
0,0
05

JliarpaMa cTaHy alrOMiHIH-KpEeMHii HaBeaeHa Ha pucyHky 1.2 [17]. CrinaBu

cuctemMu Al-Si € HaWMOMMPEHIIUMH JIMBAPHUMH ATIOMIHIEBUMU CILJIABAMH, L€

MOB'SI3aHO 3 XOopouuM KOMILUICKCOM JIMBAPHHUX TEXHOJIOTTYHUX BJIACTHBOCTEH.

KpewmHiii He yTBOpIOE XIMIUHI CHOJYKH 3 alfOMiHIEM. PO3UMHHICTH aJlOMIHIIO B

kpeMHii nyxe mana (0,01% npu temnepatypi 1327 °C), ToMy MOKHa BBa)KaTu, 110

y cuctemi Al-Si npucyTHiit ynuctuit kpemuii [2, 10]. EBrextuka mictuts 11,7 % Si

1 CKJIQIa€ThCs 3 BKIIIOYEHb 000X (a3, mo vepryrorbes: a-Al 1 Si. daza Si mae

KyO1uHy pemriTky anmasy. CruraBu AK94 1 AJI4C BiTHOCATBCS 10 IOEBTEKTUYHHUX.

1500
1414
O 1400 =
(&)
< /
=, 1200
3 1
= 1000
=
= 800 /
H+Si1
H 660 wm 577@
600 %
(: a+Si
— |
0 10 20 30 40 50 60 70 80 90
Al S1

Pucynox 1.2 — Jlnarpama crany Al-Si

Bwmier S1, % mac.

100
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Po3unHHICTE KpEeMHIIO B alIOMiHIT IIpU €BTEeKTUYHINA Temmeparypi 577°C
nocsirae 1,65%, mpu temmnepatypi 300°C cranoButh 0,09%, a mpu KiMHATHIN
temriepatypi meiie 0,001%.

JliarpaMa cTaHy antoMiHiid-marHii [17]. OCHOBHUM JIETYIOUUM €JIEMEHTOM Y

cruaBil 1545 € marniii. Bmict Mg y marnanisx pocsirae 6,8%. Jliarpama crtany

HaBejieHa Ha pUCYHKY 1.3.

700
}K
S 2 .
. Y, 558, K
a 500 K +Al 462 735 M/
E Al = ¥ 831/ Mg
j=W
g Me Al +e E 67.7 873
= 300 . T
- Mg Al ~] = . Mg Al ,*Mg
| o
AHngr&ng .-zg;
|
100
0 20 40 60 80 100
Al Mg

Bmict Mg, % mac.

Pucynox 1.3 — [luarpama crany Al-Mg

Jliarpama ctany amoMiHii-ckanmii [17]. Cxanmiit — ximiunuii enxement 111

Tpynu TepiogudHoi cucTeMu, mopsakoBuit Homep 21 [8, 12]. Temmeparypa
mnaBieHHss — 1540°C Ta temneparypa kuninHs — 2700°C. CraliunpHOO €
reKcaroHajibHa IIUJIbHOYIaKOBaHa KPUCTAIIYHA periTka 3 mapamerpamu a = (0,3309
HM 1 ¢ = 0,5268 HM, BUIIE 3a 1[I0 TEMIIEpaTypy — 00'€MHOIICHTpPOBaHa pelIiTka 3
napameTpoM a = 0,4541 am [14]. Ckanaiil BITHOCUTHCA A0 TIEPEXITHUX METAJIB, 1110
XapaKTEPU3yIOThCS HASBHICTIO JEKUJIBKOX BAJIGHTHUX €JEKTPOHIB Ha ns-

€HEpPreTHYHOMY PiBHI MpU He3anoBHEHOMY ejiekTpoHamu (n-1) d piBHi. Po3nonin
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eJIEKTPOHIB Ha 30BHILIHIX €JEKTPOHHUX 000J0HKaX ckaHiio — 3d4s2. Jliarpama
crany Al-Sc HaBeneHo Ha pucyHky 1.4.

[Toagiiina cuctema Al-Sc MiCTUTh 4OTHPH iHTEpMeTaIiaH1 cromyku: AlsSc,
Al3Sc, AlSc Ta AlSc,. Y piBHOBa3i 3 -TBEPAUM PO3YHHOM ATFOMIHIIO 3HAXOIUTHCS
inTepmertanin AlsSc, Skuil yTBOPIOETHCA MO TMEPUTEKTUYHOI peakiii mpu
temrepatypi 1327°C.

[Tpu Bmicti 0,55% ckanaito BiAOyBaeTbcsl €BTEKTHUYHA peakiis: XKeo-
Al+Al3Sc. Temneparypa eBTekTHYHOI peakiiii ctaHoBuTh 655°C. Kpucramiyna

pemriTka iHTepMertaniny AlsSc 13omopdHa pemnriTka ajroMiHIIO TPU HE3HAYHOMY

30UTBLIEHH] 11 mapamerpa Ha ~1,5%.

Se,% (no macce)
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Pucynok 1.4 — Jlnarpama crany Al-Sc

['paHnyHa pO3YMHHICTH CKaHIIO y TBEPAOMY antoMiHii ctanoButh 0,3% mac.
[linBUIIEHHS IIBUJKOCTI OXOJIOJPKEHHS TMPU KpUCTali3alli MPU3BOAUTH 10
pO3IIUPEHHST 00JIaCTI O-TBEPJIOTO PO3YMHY, IPaHUYHA PO3UUHHICTH CKAHJII0 MPU

mBuaKocTi oxonomkeHHs 100°C/cex 3poctae 10 0,6%, a mpu mBuakocti 106°C/cex
—5,2%.
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3a HasBHOCTI J0IaTKOBUX Jieryrodux enemeHTiB 0,1-0,2% (ocobnuso Ti, Zr,
Hf) macoBa kputnuyna koHmeHTtpaiis ckaumiro (+0,35%), 3a SKOi yTBOPIOETHCS
IpiOHO3EpHUCTA CTPYKTYPA, CYTTEBO 3MEHIITYETHCS.

Jliarpama crtany amoMmidii-cyppma [17]. Tlpu eBTekTHYHIM Temmeparypi

PO3YMHHICTB Y TBEPIOMY cTaHi cTaHoBUTH MeHbIe 0,10 % Sb [1, 6].

AmrominieBuii crutaB AJI4C 3rigno 3 ISO 3522:2007 (EN AC-42100) MicTuTh
Moaudikarop cypeMy B KimbkocTi 0,10...0,25% wmac. 3a3HadeHuit BMICT CypbMU
3a0e3mnedye yTBOPEHHS pO3IIaBy CHUIYMIHY JUCTIEPCHUX YACTHHOK IHTEPMETAiTiB
SbAl, Ha moBepxHI AKUX BIIOYBAE€THCS 3aPOJKEHHS MOAPIOHEHOI aTIOMIHIEBOL
¢da3zu. EBrektrika Al-SbAl yTBOproeThes 3a HOpMalibHOI Temnepatypu 629°C 3
BMicToM nipuosm3Ho 1% Sb (puc. 1.5) [17].

Kpucraniyna pemitka 3'ennanns SbAl (81,9% Sb) - kyOGiuna. JloGaBku
CypbMH BUKIWKAIOTh 3MEHIICHHS TMapamerpa pemntku Al, mo mocsrae

MiHiMalIbHOTO 3HaueHHs 0,404 HM npu HacWYeHH1 TBepAOro po3unny [18].

1100
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g 00 7> 629
> 658
= 0.1
o Al AI+SbAI
500
0 20 40 60
Al
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Pucynok 1.5 — Jlnuarpama crany Al-Sb

[Toasitini crutaBu cuctemu Al-Si (AJI2) xapakTepu3ylOThCS BHCOKOIO
KOPO31MHOIO CTIMKICTIO; I00aBKaMKu MarHito 1 ocoonuBo Maprasio 0,2...0,5 % (B
crutaBi AK94) 101aTKOBO MiABUILYIOTH ii. MiJlb, HABIAKH, PI3KO 3HUXKYE KOPO3IHHY

CTIMKICTH B citaBax AJIS, AJI3.
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Cmutau  AK94 Tta AJI9 3acTOCOBYIOTH JJIsI  HaWBIAMOBIIAIbHIIINX,
CKJIQHIIINX 1 BENUKOrabapUTHUX JeTajeil, sKi HECyTh BEIUKI HaBaHTAXCHHS,
HANpUKIIAJ, KapTepiB MABUTYHIB BHyTpimHboro 3ropsHas. Cmmas AJI34
MPU3HAYEHUN ISl JIUTTS CKIAJAHUX 32 KOH(DIrypali€ro KOpIyCHUX JAeTalied, 10
IPALOIOTh i BUCOKUM BHYTPIIIHIM THUCKOM; poOOYl TeMIEpaTypu CIUIaBy He
oinbire 150...200 °C. CrinaB AJIS 3acTOCOBYIOTH /1J1s1 BUJIMBKIB BEJIMKOTa0apUTHHUX,
HAaBAaHT)XCHUX JETaliel, IO MpaIiOl0Th B yMOBaX IMiJIBUIEHUX TEMIIEpaTyp
(rOJIOBKM LIMJIIHAPIB IBUTYHIB OBITPSHOTO OXOJIOKYBaHH Ta iH.). CrimaBu AJI2,
AK94, AJI9, kpiM TOro, HmMMPOKO BHUKOPUCTOBYIOTH JJIA JIUTTS Majo- 1
CepeIHbOHABAHTAKEHUX JI€Taleil MpWIajiB, arperaTiB JIBUTYHIB, a TaKOX JUIs
no0yToBHX BUPOOIB [6].

EBrexTnuHi crnenianbHi cunyminu (AJI25, A.JI30), Marouu Xopoli JIUBapHi
BJIACTUBOCTI, BIJPI3HAIOTHCS BHILOIO KaPOMIIHICTIO, OCKUIBKH MICTATH JT00ABKY
12% Ni, sixa cTBOpIO€ cKiIaaH1 (a3 y BUTIISII dKOPCTKOTO KapKaca; 100aBKa TUTaHY
MOKpAIly€ TEXHOJOTTYHICTh CIUIABIB.

3aeBrekTuuHui crityMiH AK21M2 mictuts 20...22% Si. CtpykTypa craBy
CKJIa/1aCThCsl 3 NEPBUHHUX KPUCTAIIB KPEMHIIO 1 €BTeKTHKHU. CIIaB Ma€ BHCOKY
PIAKOIUIMHHICTB, XOPOIIly TBEPIICTh 1 3HOCOCTIMKICTh. [[00aBKM HIKETO 1 XpOoMy
3a06e31euyoTh BUCOKY xkapoMirHicTh 10 300...320 °C. CrutaBu AJI25 1 AK21M2 B
JTAHUM Yac 3aMiHIO€ CXWIbHUHN 10 00’ eMHMX 3MiH cruiaB AJI10B niis BupoOHUIITBA
MOPIIHIB 1 1HIIMX BIANOBIAAIBHUX JeTajeH, sIKi MpalioloTh MPU MiABUIIEHUX
TEeMIEpaTypax.

[unkoBuit cunymin AJI11 mictute go6aBky 7...12% Zn, sika nyxe aoOpe
PO3YMHSETHCS B TBEPJAOMY aITIOMIiHIT 1 CTBOPIOE 3MIIIHEHHS po3unHy. Lle mo3Boise
BUKOprcTOBYBaTH ciuiaB AJI11 B mutomy ctani 6€3 TepMidyHOT 00poOKH. MexaHiuH1
BJIAcTUBOCTI crutaBy AJI11 Buimi, HDXK MexaHI4HI BiacTHocTi craBy AJI2(c,=
200...250 Mma, 6=1,5...2%) [14, 15].

PiBenp BrnactuBocted cunymiHiB Ty AK94 B 3HauHINA Mipi BU3HAYAETHCS
CEpPEeAHBOI0 BIJCTAHHIO MDK BITKAMHU JEHJPHUTIB €BTEKTUYHOTO KPEMHIIO 1 iX

MOPQOJIOTI€I0, a TAKOXK CTYIEHEM PO3TATYKEHOCTI MEPBUHHUX JCHAPUTIB 0-Al.
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3a3HaueHi CTPYKTYpHI mapaMeTpu 3a0e3nedyrThcsa MO (iKaIliero pi3HUMHU

CIICMCHTAaMU.

1.2 Crioco6u niABUINICHHS BJIACTUBOCTEH JTMBAPHUX 1 Je()OPMOBAHHUX

ATFOMIHIEBUX CILIABIB

Jlo chOrojHi TMIABMINEHHS HATIMHOCTI POOOTH KOPIYCHHUX JeTajei
TypOOHACOCHOTO arperary aBiaiiHuX ABUTYHIB 1 30UTBIIIEHHS iX KCIUTyaTaI[liHOTO
pecypcy 3AIMCHIOIOTH 3a JIBOMa OCHOBHHMH HampsMmkamu. llepmmii — 3amiHa
ICHYIOYMX JIMBApHUX CIUIaBiB Ha HOBI. JIpyruii — MIABUIICHHS KOMILUIEKCY
CIIY)KOOBUX  XapaKTEPUCTUK IUISIXOM YAOCKOHAJEHHA CIOCO0IB  00poOKu
MOU(DIKYIOUUMH J00aBKaMHM ICHYIOUHMX IPOMHUCIOBUX civiaBiB [1, 4, 16]. B
TernepiHiil yac Moau]iKyBaHHS JIMBAPHUX CIUJIABIB 3aCTOCOBYIOTH JIETKOIUIABKI
CIIOJIYKH JTY>KHO3E€MEJIbHUX METaJliB, YUCTI METalu: TUTaH, [IUPKOHIN, CKaHJIH, a
TaKOX TYTOIUIaBKI KOMIIO3MIII CHOJYK KapOigHoro kiacy. CBiToBa MpaKTHKa
BUSIBUJIA, IO APYTUMA HAIIPSIMOK €KOHOMIYHO BUTLAHIIIMM 1 IEPCTIIEKTUBHIMINH [2, 6,
14].

VY pakeTHO-KOCMIYHIM TEXHIIll 3HAUIIUTN MIUPOKE 3acTOCyBaHHs criytaBu AK9u
1 AJI4C cucremun Al-Si. 30kpema cIUlaBH 3aCTOCOBYIOTh Yy KOHCTPYKIIIi
TypOOHACOCHOTO arperary pakeTHOTO JBUTYHA Pa3oM 3 KPHJIbYAaTKaMH, BaJIOM Ta
BY3JlaMU 3 1HIIKX CIUIABIB BXOJASATH JA€Talll 3 TUBAPHUX allfOMiHIeBUX ciuiaBiB AK9u
1 AJI4C [3, 19, 20].

CmnaB AK94 Mae xoporini JTuBapHi BIACTUBOCTI 1 Ma€ HAWBHUIIYy MIIHICTh Y
MOPIBHSHHI 3 1HIIMMU JIMBAPHUMHU CHIIYMIHaMHU. 3aCTOCOBYIOTH CIUIaB ISl JIUTTS
CKJIQJIHUX BEJIMKUX Ta TOHKOCTIHHUX JETAJICH, III0 HECYTh BEJIMKI HABAHTAKEHHS Ta
npaioTh npu temmeparypax Ao 190 °C. B oGoponniii Texnim crmaB AK9u
3aCTOCOBYIOTh 4e€pe3 BHUCOKY ynaapHy B's3kicTb. Hemomikamu craBy AKO9u €
CKJIQJHICTh TEXHOJIOT1i JIUTTsI, HEOOX1HICTh 3aCTOCYBaHHS omepalliid padinyBaHHsS
Ta MOJIU(]IKyBaHHS, a TaKOXX MIJABUILIEHA YYTJIMBICTh JO Ta30HACHUYCHHS Ta

YTBOPEHHS MOPHUCTOCT] Y BUIMBKAX.
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MikpocTtpyktypa cruiay AK9u B auToMy cTaHl mIpencTaBlieHa TaKUMH
CKJIaIOBUMU: O-TBEPIUM PO3UMHOM, KPEMHIEM, 1[0 BXOAHUTDH 10 CKIATy €BTEKTHKHU
a+Si. 3a HasgBHOCTI JOMIIMIKIB 3aii3a npucytHs ¢aza AlSiFeMn, a mpu mamomy
BMicTi Maprasiio — (asza AlsFeSi [21]. B po6orax [21] Bka3yeThcs, 110 B CUCTEMI
HE BUSIBJICHO YOTHPUKOMIIOHEHTHI (pa3u, kpiM metasneBoi cronyku AlSiFeMn, mio
YTBOPIOETHCS Yepe3 HASIBHICTh JIOMIIIIKIB 3aiIi3a.

[Tongiitni crnaBu cuctemMu Al-Si XapakTepu3yIOThCS BUCOKOIO CTIMKICTIO JI0
Kopo3ii. JloMinmku MarHito i 0co0auBo Maprasifto B kKinbkocTi 0,2 ... 0,5% (y crurasi
AK94) nogaTkoBO MiJIBUIYIOTh KOPO31MHY CTIHMKICTH [22].

Jlo rpynu KOHCTPYKLIMHUX aJIFOMIHIEBUX CIUJIaBIB BITHOCATHCS AehOpMOBaHi
TEPMIYHO HE3MIIHEHI CIUIaBM MAarHajli€eBOi TPYIH, M0 MICTATh SK OCHOBHHUM
JIETYIOUUi eneMeHT MmarHit (1o 6,3%). s 1ogaTkoBOro 3milHEHHSI BUKOHYIOTh
HarapTtoBKy Ha 20 1 30%, B pe3ynbTaTl MeXa MIIHOCTI MIJIBHILYETHCS, MPOTE
IUTACTUYHICTH NPU LILOMY 3HIKYETHCS B 2...2,5 pa3u.

Otpumani 3BapHi 3’€JHAHHS 3arajoM 3aJI0BOJIHSAIOTH BHUMOTaM [0
MEXaHIYHUX BJIACTUBOCTEH, MPOTE BOHU XAPAKTEPU3YIOTHCS PO3MILIHEHHSIM B 30H1
TE€PMIYHOTO BIUIUBY.

HeoOxi1HicTh po3p00KH CILIABIB, SIKI OyIyTh MOEJHYBATH BUCOKY MIIIHICTb 3
XOpOIUIUMH TUIACTUYHUMHU XapaKTEPUCTUKAMM, a TaKOX BHCOKOI KOPO3i1HHOIO
CTIMKICTIO € aKTyaJibHO. [IOpiBHSAHO 3 TpaJAMLIHUMU aIIOMIHIEBUMH CIIaBaMH,
10 3BAPIOIOTHCS, IEPCIIEKTUBHUMU € CIUJIaBU JIOJAATKOBO JIErOBaH1 ckaHjieM [23].
Tak crutaBu cucremu Al-MQ-Sc MarOTh MOKpaIieHi TeXHOJOT1uHI BJIACTHUBOCTI, B
TOMY YHUCJI1 3BapIOBAHICTb.

VY rpyni amominieBux ciiaBiB cuctemMu Al-Mg-Sc ocobnuBe miciie 3aiimae
cruiaB 1545 [24]. 3i crutaBy 1545 BumyckaroThes Taki HamiBdadpukaru [25]:

— JIMCTOBHWM TPOKAT, KU BUKOPHCTOBYIOTH IJIi BUTOTOBIICHHSI 3BapHUX
JUCTOBUX KOHCTPYKITIH;

— IITaMIIOBaHi Mpog1i;

— THYTI Ipo1ii.
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MexaHiuH1 BJIACTUBOCTI JIMBApHUX Ta Je()OPMOBAHUX aTIOMIHIEBHX CILJIaBiB
cuctem Al-Si Ta Al-Mg-Sc, 110 BUKOPHUCTOBYIOTHCS B PaKeTOOYIyBaHH1, HABEICHO

y Tabmuti 1.6.

Tabmuus 1.6 — MexaHiuyHI BJIACTHBOCTI aJTIOMIHIEBHX CIUIaBiB  SIKi
3aCTOCOBYIOTBHCS y pakeToOymyBaHHi [26]
Cucrema CmnaB | op, MIla | oo2, Mlla 0, % v, Kr/M° | oply
Al-Mg-Sc 1545 396 269 15 2640 0,15
_ AK94 235 205 3 2680 0,09
AlS AJI4C 230 200 3 2640 0,12

[Turoma mitHiCTh (0B/Y) — BIAHOIIIEHHSI MAKCUMAJIBHO JOMYCTUMOT HAIPYTH,
sKa 3/1aTHa BUTPUMATU MaTepiall 0e3 pyilHyBaHHS, 0 Horo muibHOCTI. [lokasye,
HACKUJIbKHM MIIIHOIO Oy/1€ KOHCTPYKIIis 3a 3a4aH01 MacH. YuM BUIIle MUTOMA MIITHICTh
MaTtepiany, TUM MEHIIy Macy MOKE€ MaTH €JIEMEHT KOHCTPYKIIli, 1110 MpaIfoe Ha
po3tar abo ctuck. Ll xapakrepucthka martepiaay € OCOOJMBO BaXKIMBOKO ISt
aBiaOyJyBaHHs, pPaKeTOOYy/IyBaHHS, KOCMIYHUX amnapaTiB. AJIIOMIHIEBI CIUIaBU
cuctemu Al-Mg-Sc MarOTh BUCOKY ITUTOMY MIITHICTh, TOMY € MIEPCIIEKTUBHUMU JJISI
aBiaI[iiHO-KOCMIYHOI TEXHIKH.

JebopmoBaHi agiOMiHIEBI CIUIABU 3a 3JATHICTIO JO OOpPOOKH THUCKOM Y
HArpiTOMy CTaHl YMOBHO MOJUISIOTh Ha CIJIABU BHCOKOI, CEPEIHBOT Ta 3HMKEHOT
TEXHOJIOT1YHOT MIIACTUIHOCTI [27].

3aBAsSKA 33JI0BUIBHIA TEXHOJOTIYHOCTI Ta XOPOIIiNA 3BapIOBAHOCTI, CILJIaBU
cuctemu Al-MQ-Sc 3acTOCOBYIOTH [JIi BHUIOTOBJICHHS 3BAPHUX KOHCTPYKIIII
[5].

TEPMO3MIIHEHHSI TPU3BEIH J10 PO3POOKH HOBUX CIUIABIB 3 IOJATKOBUM JIETYBaHHSIM

PaKEeTOHOCITB OnmHak HHU3BKA MINHICTG CIUIAaBIB Ta HE3OATHICTH O
CKaHICIO.

B nanHiii poOOTI BM3HAYalM Taki TEXHOJIOTIYHI BJIACTUBOCTI JIMBAPHUX
QIIOMIHIEBUX CIUIABIB: PIJMHOTEKYYICTh, CXUJBHICTh JO YTBOPEHHS Tapsyux

TPIIINH, TA30BMICT 1 TEPMETHUYHICTb.
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PiaHOTEKYYICTh XapaKTepu3ye CTYIIHb PYXJMBOCTI CIUIABYy B IIPOIIEC]
3armoBHEHHS Gopmu. YnM BUIIE PITUHOTEKYUiCTh, TUM JIETIIIC OTPUMATH CKJIAIHY
(dacoHHY BUIMBKY 3 TOHKUM TepeTruHoM. PimuHoTekydicts cruiaBiB AK94 1 AJI4C
70 1 micas MoauQiKyBaHHsS BHU3HA4Yaldd METOJIOM NPYTKOBOI MpoOu. JloBknHa
3aJIUTOTO TIPYTKa XapaKTEpU3y€ PiIMHOTEKYCICTh MOCTIKYBAaHUX CIUIaBiB. Yum
OinbIa JOBKMHA 3aJMTOTO MPYTKA, TUM BHINA PIAMHOTEKYUICTh. JlOCTIKEHD 1O
JaHOMY MHUTAHHIO, CTOCOBHO JTMBAPHUX AJIFOMIHIEBHX CIUIABIB JIy’K€ MaJo.

B poborax [5, 28, 29, 30] po3riisHyTi IUTaHHS 3BapIOBAHOCTI A€(POPMOBAHUX
amoMiHieBuX cruiaBiB cucremu Al-Mg-Sc.

B poGortax [4, 12, 31, 32, 33] OCHOBHMMH CHOCOOaMH IIiJIBUILICHHS
MEXaHIYHUX BJIACTUBOCTEW aJIOMIHIEBUX CIUIABIB € JI0JIaTKOBE JIETyBaHHS
BukopuctanHa P3M, a Takox Tepmo3MmilHIo04a o0poOka. B poGorax [18, 34]
BUKOPUCTOBYIOTh OOpOOKY aTIOMIHIEBUX PO3ILIABIB MOAM(PIKOBAHUX TOMILIOK Ha
OCHOBI JIETKOTUJIABKUX COJIEM Ta YMCTUX METAIB 1 iX 3’€HaHb. OqHaK 111 CIoco0u
noTPeOYIOTh 3HAYHHUX BUTPAT JOPOT0 BapTiCHHX Jierytouux enxementiB (Ti, Zr, Sr)

Ta JOJAaTKOBHUX CHCPIroOBHUTpAT.

1.3 Criocobu Mon(iKkyBaHHSI aTOMiHIEBUX CIIJIABiB

AumrominieBi crutaBu cucremu Al-Si, muBapui cunymian Ta Al-Mg-Sc
nedopMoBaHi, MOXYTb CTBOPIOBaTH TIpy0y CTPYKTYpy BWIMBKA, IO
XapaKTEPHU3Y€EThCS MOPUCTICTIO, HU3bKOIO MIIHICTIO Ta MaJIO0 MacTu4HicTio. 1106
MIJBUIIUTH PIBEHb MEXaHIYHUX BJIACTUBOCTEN BUJIUBKIB, JTUTA CTPYKTYpa MOTpeOye
noApiIOHEHHs, 1[0 JAocsAraeTbess Moaudikamieto. s MoaudikyBaHHS JHTOI
CTPYKTYpPH B PO3IUIaB BBOASTh PEUYOBHHH, SIKI Y MaJIMX KOHIICHTPAIISIX PI3KO
BIUIMBAIOTh Ha Mpoliec KpucTaizaii [1, 4].

Binomuii  mommudikarop — amoMmiHieBUX — cruiaBiB  «PadiHyBambHO-

MOU(DIKYBAIbHUIM KOMIUIEKC ISl aTIOMIHIEBUX CIUIaBiB» [35], 1m0 MICTUTH (Mac.

%):
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kapoonat Hatpiro (NazCOs) 10-20
xnopua Manrany (MnCly) 15-20
yIbTPaJAUCIIEPCHUM KapOia

kpeMHito (SiC) 12-20
noporkoBuid TutaH (T1) 3-8
cipka (S) pemra

Jlo HemomikiB 1boro MoaudikaTopy Tpeba BiIHECTH T€, IO BUKOPUCTAHHS
1IOTO MOAM(IKaTOpa B YMOBaX BHPOOHUIITBA MTPOMUCIOBUX aTIOMIHIEBUX CTUIABIB
He 3a0e3nedye TPUBAJIOro MOAU(IKYI0UOro epekry, a 1e, B CBOI0 4epry, 3HAUHO
3BY)Ky€ MeX1 ioro 3acrocyBaHHsA. Lle oOyMOBJIEHO HasBHICTIO y MPOMHMCIOBHX
TIOMIHIEBHX CIUIaBaX 3HaYHOI KUIBKOCTI IHTEpMEeTaIiAHUX (a3, 110 MICTATh 31130,
Kl MalTh HECHpUSTINBY Mopdosorito (miactuHyacty ¢GopMy Ta 3HAYHY
JIOBKMHY), 1110 3HAYHO 3HUKY€E PIBEHb MEXAaHIYHUX BIACTUBOCTEH CILIABIB.

VY inmomy nociimkenHi [36] po3risHyTO crocid OTpUMaHHS CHUITYMIiHIB, 1110
MICTUTbH BUIUIABKY CUJIIKOAJTIOMIHIIO, Y TOMY YHUCII 3 JIOMY 1 BIAXOA1B, KOPETyBaHHS
XIMIYHOTO  CKJIaJly pO3IUIaBy  QJIIOMIHIEM 1 JIETYIOUMMHU  €JI€MEHTaMH,
Moau(iKyBaHHS  po3MiaBy  GuIrocoM, OOpOOJeHHS  pO3IJIaBy  CHIIYMIHY
CJICKTPUYHUM CTPYMOM TIPH TIEPEMIIIIEHH] HOT0 MO K000y B MPOIIEC] PO3IUBAHHS,
SKUH BIJIPI3HSIETHCS TUM, 1110 0OPOOJICHHS PO3IIIaBY 31HCHIOETHCS OJTHOTIOJIIPHUM
IMITYJIbCHUM €JIEKTPUYHUM CTPYMOM 13 4acToTOr0 iMiysbeiB Big 100 go 5000 I'm 1
IIBHICTIO cTpyMy Bin 7 10 20 A/cm?,

AJle 3ampornoHOBaHUM CIOCIO Mae HEAOJIKH, A0 SKUX CIIiJ BiJHECTH
CKJIAIHICTh  TEXHOJOrIYHOrOo  Mporecy OOpoOKM MPOMHCIOBUX  CIUIABIB
CJIEKTPUYHUM CTPYMOM, 3HA4HI CHEProBUTPATH Ta HE3HAYHE IIiJIBUIICHHS
MIIHOCHUX BJIACTUBOCTEH JIMBAPHOIO CILIABY.

Po3pi3ustoTs 11Bi pi3Hi rpynu Moaudikaropi [37, 38, 39]. o 1-i rpynu
HaJIe’)KaTh PEYOBHMHHU, SIKI CTBOPIOIOTH y PO3IUIaBl BUCOKOIHMCHIEPCHY 3BiCh. [0
MoaudikaTopiB 1-ro poay js aJFOMIHIEBUX CIUIaBiB BITHOCSATHCS MEpPEXiaHI
metanu, Ti, Zr, Sb, Ta, Hf, Sc, no 1,0% [1,2]. o 2-i rpynu mMoaudikatopis

BITHOCSITHCSI TIOBEPXHEBO - aKTUBHI PEUYOBHHH. IX mist 3BOUTHCS 11O azcopOrii Ha
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TpaHsAX KPHUCTaJiB, MO0 POCTYTh, 1 TaJbMyBaHHS MPOIECY 3POCTaHHS KPHCTAIIB,
CIIPUSIIOYH TUM CaAMUM YTBOPEHHIO JUCIIEPCHOT CTpyKTYypH [2, 40, 41, 42].

Haii6inpm mupoko B MPOMHUCIOBOCTI BHUKOPUCTOBYIOTH MOAM(IKYBaHHS
JIOCBTEKTHYHUX Ta €BTCKTUYHUX CHIIYMiHIB HaTpiem Ta #oro comsimu NaF ta NaCl
[6, 43, 44].

MopaudikyBanHs coysiMd. buibin HamiiiHe MoAuiIKyBaHHS aJTIOMiHIEBUX
CIUIaBiB, HK MOAM(]DIKYBaHHS METAJEBUM HATpPI€M, JOCATAETHCS 3aCTOCYBaHHIM
JIETKOTUTABKUX COJIbOBUX CYMIIIIEH, 10 CKIAAAI0ThCS 3 (GTOPHIIB HATPIIO Ta KaJifo,
a TakoX HaTpiro xyopuay. [Tpu moaudikyBaHHI BiIOYBa€eThCSl HACTYITHA peaKiis [2,

16]:

Al+3NaF=Na+AlF; (1.1)

B pesynbpTaTi peakiii HaTpiil, 110 BUIUISETHCS, BCTYMA€ Yy B3aEMOMII0 3
IIOMIHIEBUM CIUIABOM. 3a3HaueHa peakiis HaMIHTEHCUBHILIE MPOTIKAE MPHU
temrepatypi Big 800 1o 900 °C, nnst yoro noTpiOeH 3HAUHMIA MTEPErpIB CHITyMIHIB.

[ToapiOHEHHS CTPYKTypH Tpu MOAMGIKYBaHHI HATpiEM Ta HOro COJIAMH
NPU3BOAUTh JIO0 TIABUINCHHS MEXaHIYHMX BjiacTHBOCcTed. I[lpm  mpomy
MOKPAIIYIOThCS JINBAPHI BIIACTUBOCTI CILJIABIB 1 MiABUILYETHCS IUTHHICTh BUITUBKIB
[9, 14, 45].

OCHOBY €BTEKTHYHHUX 3€pCH Yy JHUBapHUX 1 JedOopMOBaHMX CIUIaBax
CKJIAJal0Th JEHIPUTH AQJIOMIHIIO, 110 BUHUKAIOTh 1 PO3BUBAIOTHCS 3 TIEBHUX
IEHTPIB.

B poGotax [46, 47] s mOsICHEHHS! CTPYKTYPHUX 3MiH, 1110 B1JIOYBaIOThCS i
yac MoaudiKalii aTrOMiHIEBUX CIUIABIB, OYJI0 3alIPOTIOHOBAHO KiJIbKa TEOPIid: Teopis
MepeoX0JI0KEHHS, afcopOlIiiiHa, KaloiaHa.

B poGoti [6, 48, 49], mexanizMm momudikyBaHHS aTIOMIHIEBUX CILJIaBiB
3BOJIUTHCS JI0 HACTYITHOTO: B MOMEHT 3apOKCHHS C€BTCKTHYHOI KOJIOHIT
MoAU(IKATOP, aIcOpOYIOYUCh HA TMOBEPXHI KPUCTAJIUKIB KPEMHIIO, CTPUMYE iX

PO3BUTOK, 3aB/SKH YOMY aJIOMIHIA CTa€ MPOBITHOIO (a30i0 MPHU €BTEKTTHYHIN
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Kpuctamsamii. JleHApUT amoMiHIIO, pPO3BHMBAIOYHMCh B YMOBaX 3HAYHOIO
NIEPEOXOIOHKEHHS Ta CTPUMYIOUOTO BILUIMBY JAOMIIIOK HATpPir0, HAOyBa€e 3/1aTHOCTI
710 3pOCTaHHS Y BUIJIS/II CHIIBHO PO3Tally’KEHUX KPUCTAIIB 3 HAMTOHIIMMH OCSIMH,
10 PO3AUISAIOTH PIAUHY Ha PSIT MIKPOOO'€MIB, 3aMKHYTHUX Y MI’KBIChOBHX IMPOCTOPAX
nenaputiB. Kpucramizaiisi KpeMHiI0 B TaKUX MIKp0oO'eMax 1 MPU3BOAUTH A0 HOTO
pizkoro nojapioHeHHs. OTKe, OCHOBHOIO MPUYUHOIO MOJPIOHEHHS KPEMHII0 B
cruiiyMiHax Oyje He OJOKYBaHHS MOTO POCTY IUTIBKAMU HATpilO0, a OJOKYyBaHHS Ta
OOMEXKEeHHSI HOT0 3pOCTaHHS MIDKBICBOBUMH IPOCTOpPAMU JACHIPHUTIB, J€ BiH
KPUCTAMI3YEThCA 3aBASKM OCOONUBIM (opMi KpucTamizaiii mpoBigHOT (a3u
AIFOMIHIIO MiJ] BIUIMBOM MOAU(IKaTOpa.

MoaudikyBaHHs — 1€ TPOIEC MITYYHOTO 3MIHU CTPYKTYPH JTUTOTO METAy YU
CIUIaBY MiJ BIUTUBOM HEBEJIMKUX KUIBKOCTEH CHEIlialbHO BBEJIEHUX J00aBOK, SIKi
ICTOTHO HE 3MIHIOIOTh XIMIYHOT'O CKJIaJly CILJIaBY, aje MoApiOHIOITh CTPYKTYpY [0,
50]. MoaudikaTopu MOXKyTh 200 MOAPIOHIOBATH 3€PHO 3JIMBKa a00 BUIIMBKH, a00
3MIHIOBaTH BHYTPIIIHIO OyJOBY 3€peH, piAlle BILUIMBATH OJHOYACHO 1 Ha PO3MIp
3€pHa, 1 Ha I0ro BHYTPILIHIO OYIOBY.

B poGoTax [45, 48, 49, 51] HazuBae monudikaiiiero 0y1b-sIKy 3MiHY KUIBKOCTI
3apOJIKIB KpHUCTaJIi3allil YM JIHIKHOI MIBUAKOCTI 3pOCTaHHs KpucTaliB. B poborax
[18] mig uM TepMIHOM PO3YMIETHCSI MMiIBUILICHHS TUCIIEPCHOCTI METAy YH CILIaBY
SIK M1 BIUTUBOM HEBEJIUKUX KUIBKOCTEHN CIIEIIaIbHUX JOOABOK.

Knacudikauiss MoaudikatopiB y OCHOBI Ma€ XapakTep KIHIEBUX
CTPpYKTYpHHX 3MiH. Moaudikariiieto [ poay Ha3uBarOTh 3MiHY PO3MIpIB IEPBUHHUX
3epeH-ACHAPUTIB Ta IHIIKUX MPOAYKTIB IEPBUHHOI KpucTanizauii. Jlo moaudikanii I1
POy BITHOCSTH 3MiHY BHYTPIIIHBOI OY/T0BY IEPBUHHUX 3€PEH-ICHIPUTIB Ta 3MIHY
CTPYKTypH €BTeKTUK [52, 53]. Takum YWHOM, MOXJHMBI TPH CXEMHU MPOIECY
MOAU(IKYBAHHS:

— TMPHUCATKOI0 TIOBEPXHEBO-aKTUBHUX J00ABOK, SKUMU IJIs aFOMIHIEBUX
CTUIaBiB € MaJOPO3UMHHI B HUX €JIEMEHTH;

— BBEJCHHS B PO3IIaB TYrOIUIABKMX YaCTHHOK 330BHI 00 CTBOPEHHS YMOB

iXHBOTO YTBOPEHHS B MPOIIECT KPUCTATI3allli pO3IUIaBy;
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— BBEACHHS CIEHIATbHUX NPUCATOK, IO 3MIHIOIOTH XIMIYHY MPUPOAY
NEPBUHHUX KPHUCTAJIB Ta, OT>KE, YMOBU KPUCTAIII3aIli].

Takox y nmitepaTypi 3ycTpidaroTbes Kiracudikamii crnoco6iB MoaudikyBaHHS
3a (pi3UYHMM (IMHAMIYHMM) BIUIMBOM Ha CIUIAaB, IO KPHUCTATI3YEThCS, a TaKOK
MeTanypriiauii BrumB [6]. Jlo mepmoro BIZHOCATH YIBTPa3BYKOBY OOpOOKY,
CJICKTpOMarHiTHe mnepemintyBaHHs. [lin MeTamypriiHUM BIUIMBOM PO3yMIIOTh
BBEJICHHS HEBEJIMKHX KITBKOCTEM  MeTamiB-MOAu(IKaTopiB, PO3KUCICHHS,
TEeMITepaTypHUN BIUTMB HA PO3IUIAB Ta 1HIIIL.

KinneBuM 3aBgaHHaAM MoauQiKyBaHHS € TIJBHUINCHHS MEXaHIUYHHX,
TEXHOJIOTIYHUX Ta eKCIUTyaTalliiHuX BJIACTUBOCTEH JHMTHX 3aroTOBOK, IIO
OoOyMOBIIIOE IO TIIJIBUIIICHHS BJIACTHBOCTEH HamiBpaOpukaTiB 1 BUPOOIB, IO
OTPUMYIOThCS 3 HUX [27].

[Ipu nUTTI 3MUTKIB MOJIM(DIKYBaHHA YaCTIIIE NPOBOASITH METOAOM BBEJICHHS
B PO3IUIAB TYTOIUIABKUX CHOJYK (KapOimiB, HITpUAIB, okcuaiB) [16]. Tyrommaski
CIIOJIYKM B pO3IUIaBl MepeOyBarOTh y BUIJISAI HaWIPIOHIIIMX YACTUHOK 1 €
3apo/IKaMu, 10 YTBOPIOKOTHCS MPH 3aTBEPAIHHI KpucTaiiB (Moaudikaropu I poay).
B sikocti mogudikaTopu | poay npu o6poOIll amtoMiHIEBUX CIUIaBIB 3aCTOCOBYIOTh
nepexigHi metanmd Ti, V, Zr. Y nOpoMHUCIOBHX MacliTabaXx BUKOPUCTOBYIOTh
po3uuHHI B pigkoMy Metani moaudikatopu (Moaudikaropu II pomy) [31, 54],
BHUOIPKOBO aICOPOYIOTHCS HA KPUCTAIIYHOMY 3apOJIKY, SIKI 3HIKYIOTh MiXK(az0BUid
MOBEPXHEBUI HATAT 1 YCKIAAHIOIOTh 3pOCTaHHS KPUCTANITIB. {0 HUX BIJHOCSTHCS
K, Na, NaCl, B.

B po6ortax [6, 16, 20] npucBsueHrX MOAM(IKYBaHHIO aJIFOMIHIEBUX CILIaBIB
BCTAHOBJICHO, 110 €(EKTUBHO MOJPIOHIOIOTH 3€PHO ATIOMIHIIO MPU KpUCTaTi3aIii
MaJii jo6aBku nepexigaux Meranis [V, V, VI nepionis radbmumi Menneneesa: Ti, Zr,
W, Mo, Nb, Ta, Sc, Hf, V, Re 1 Habarato menmioto miporo — Fe, Ni, Cr, Mn. 3 1iporo
BUILTMBAE, MO0 TMOJPIOHEHHS 3€pHA BiOYBAa€ThCA Uepe3 B3a€EMOJII0 ATOMIHIIO 3
nepexigHuMu Metanamu [2, 21, 55].

B pobGorax [56, 57, 58] oTpumaHi jaHi, SIKi JTO3BOJIAIOTH PO3TallyBaTH

JOCTIPKEHI METalu 3a CTylneHeM e(QEeKTUBHOCTI MOAM(DIKYBaHHS aJIOMIHIIO B
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HacTymHik nociigosHocTti: Sc, Ti, Zr, Hf, Ta, V, W, Nb, Mo, Re, Fe, Mn, Cr, Co,
Ni. Takum 9rHOM, CKaHIIH € e)EKTUBHIM MOIM(PIKATOPOM AITFOMIiHIEBUX CILUIABIB.
3po6iieHo crpoOy BCTAHOBUTH 3QJICKHICTh MK €(DEKTUBHICTIO Jii IIMX METAIIB Ha
CTPYKTYpY JHUTOTO ajlIOMiHIIO Ta €JEKTPOHHOI OYJIO0BOIO aTOMIB IEpPEXiTHUX
MeTauiB. Buxonsuu 13 mojokeHHs, 1o MoAuQiKyoda i NepexiJHIX METalliB, SKa
3BOJIUTHCS JI0 YTBOPEHHS 3apOJIKIB Y BUTJIAAI KapOiAiB a00 alroMiHIAIB, 3pEIITOIO,
Ma€ BU3HAYATHCSA AKTHBHICTIO, PEAKIIIMHOIO 3/IaTHICTIO MEPEXiTHUX METaJiB, IO
BUPAXKAETHCS KPUTEPIAMU CTyMEHs HenoOyaoBU d-eleKTpOHHUX OOOJIOHOK. Sk
Takuil kputepiid Bukopucrana BeauurHa 1/Nn (ne N — rojgoBHe KBaHTOBE 4HcIio d —
00O0JIOHKH, N — YUCJO €IeKTPOHIB Ha d — 00omoHi). Lleit kpuTepiii oTpuMaB Ha3By
aKLENTOpHOI 37aTHOCTI d — eeKTPOHHOT 0OOJOHKHM aTOMa MEpPEeXiIHOTO METaly.
Uum Oinbllia akienTopHa 37aTHICTh aTOMIB MEPEXITHOTO METaly, TUM aKTUBHIIIIE
B3a€MO/II€ MEPEXITHUI METal 3 ATIOMIHIEM 1, OTKE, CUIIBHIIIUM MOIU(IKaTOpOM BiH

€.

1.4 HanpsiMKH 1 33241 TOCTIIKEHHS

Haii0inpm1 BaXKJIMBI HAYKOBI pe3ylbTaTH y HampsMi MOAU(IKyBaHHS
NMIOMIHIEBUX cIUaBiB oTpuMadi B poborax [II. Bomuka, O.A. MitseBa, B.3.
Kynosoi, H.€. Kanininoi, A.I'. IlpuryHoBoi, Ta i1Hmux BueHuX. OgHaK HeMmae
OJTHO3HAYHUX PEKOMEHJAlld II0A0 BIUIMBY MOAU(IKYBaHHS 1CHYIOUHUMH
MoaudikaTopaMd Ha MeETaJeBy MATpPUII0 Ta BTOpUHHI (a3u. Buxomsuum 3
MIPOBEICHOIO aHalli3y, IOKa3aHO HEOOXIIHICTh Ta AaKTYyaJbHICTb NPOBEICHHS
MOMANBIINX JOCHIDKEHb IIOJ0 YAOCKOHAJIIEHHS KOHCTPYKIIWHUX JIMBAPHUX
TIOMIHIEBHX CIUJIaBIB CHCTEMH aIIOMiHIA-KpEMHIH, 1eOopMOBaHOTO aFOMIHIN-
MarHi-ckaH/ii Ta oJep>KaHHs IUIIXOM MOJU(]DIKyBaHHS CIUJIaBIB 3 I1JIBUIICHUMU
TEXHOJIOTIYHUMH Ta MEXaHIYHUMHU Xapaktepuctukamu. ChopMyTb0BaHO HAYKOBI
Ta MPaKTUYHI 3aBAaHHS JUCEPTaLIHOI pOOOTH.

Merta aucepTaiiiHoi poOOTH — MIABUIIEHHS TEXHOJIOTTYHUX, MEXaHIYHHUX

BJIACTUBOCTEH JIMBAPHHUX Ta Je(hOPMOBAHUX AIFOMIHIEBUX CIUTaBiB cucteM Al-Si,
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Al-Mg-Sc s BUroToBiICHHS BHPOOIB PaKETHO-KOCMIYHOI TEXHIKH, Ha OCHOBI
BCTAHOBJICHUX 3aKOHOMIPHOCTEH (opMyBaHHS CTPYKTYpH 1 BIACTUBOCTEH CIUIaBiB
npu MoAU(]iIKyBaHHI HAHOAUCTIEPCHUMH KOMILJIEKCAMHU.

JIJist TOCSITHEHHS TIOCTABJIEHOT METHU B POOOTI BCTAHOBJIEHO TaKi HAyKOBI Ta
MPUKJIAIHI 337241, SKi TTOCIIIOBHO BUPINTYBAIHUCH:

1. [IpoBecTn aHami3 Cy4acHMX CIIOCOOIB TIJBUINCHHS SKOCTI Ta
BJIACTMBOCTEH JINBAPHUX Ta A€(POPMOBAHUX ATFOMIHIEBHUX CILJIABIB.

2. OOrpyntyBat  BUOIp  cmoco0y  BBEACHHA  KOMILJIEKCHOTO
HaHOJUCIIEpPCHOT0 Mo iudikaTopa.

3. BusnaunTi MexaH13MH 3MIITHEHHS ajlfoMiHIeBUX cruiaBiB AK94, AJI4C
1 1545, moaundikoBaHUX HAHOAUCTIEPCHUMH KOMIIO3UIIISIMH.

4, BcTraHoBUTH BIUJIMB KOMIUIEKCHUX MOJU(IKATOPIB HA TEXHOJIOTIYHI Ta
MEXaHI4H1 BJIaCTUBOCTI IOCTII)KyBaHUX CILJIaBIB.

S. Po3pobutu TexHosoT1uHI apameTpu MoaudikyBaHHs criiaBiB AK9u,
AJIAC ta 1545.

6. [IpoBecT  MOCHIAHO-TIPOMKCIIOBE  OMNPOOYBaHHS  PO3POOJICHOI

TEXHOJIOT1i MOU(DIKYBaHHS aTIOMIHIEBUX CIIJIaBIB.

BucHoBku

PosrnsHyTo cmocoOu MiABUIIEHHS BJIACTUBOCTEM alIOMIHIEBUX CILIABIB.
[lepcniekTUBHUM CIOCOOOM MMIBHUIIEHHS XapaKTEPUCTUK MIITHOCTI JIMBAPHHUX
anoMiHIeBUX cIiaBiB cucteMu Al-Si 1 gedopMOBaHMX aTlOMIHIEBUX CILIaBIB
cuctemu Al-Mg-Sc € MoaudikyBaHHS TYroruIaBKUMH HaHOAUCIEPCHUMHU
KOMIO3UIIISIMU.

[cHye KinbKa TUIIB MOAU(IKATOPIB, K1 PIZHATHCS MO B3AEMO/I1 13 PO3IJIABOM.
HaiiGinpmmii  iHTepec B sKOCTI  MoaudikaTopa aJIOMIHIEBUX  CIUIABIB
MPEICTABIISIIOTH HAHOAUCIIEPCHI KOMITO3HIII1.

Po3risinyTo ciocobu oiepxaHHsl HAHOUCIIEPCHUX KOMITO3UIIIH. 3 1CHYIOUUX

METO/IIB iHTEpEC MPECTABIISE KEPOBAHUHN TIIA3MOXIMIYHUIN CUHTE3, SIKUI JT03BOJISE
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OTPUMYBATH HAHOJMCIEPCHI MOPOIIKH 13 3aJaHUM CKJIaJIOM 1 (PppakuisiMyd pi3HUX
METaJiB 1 CIIOJIYK.

Ha mizgcraBi aHaTITUYHOTO OIJISIAY Y TMEPIIOMY PO3ALTT BCTAHOBJICHO, IO
npobJieMa IMiABUIIEHHS KapOMIITHOCT1 HIKEJIEBUX CIUIABIB CTOITh IOCUTh TOCTPO 1
Ma€ aKkTyanbHe 3Ha4deHHs. [[e BUKIMKAaHO THM, IO JETall paKeTHUX 1 aBlalliifHUX
JBUTYHIB TI1J] 9ac eKCIUTyaTallii CXWJIbHI JI0 Jii arpeCMBHOTO CepeoBHIIa IajiBa
IpU TMiABUIICHUX TeMIieparypax. ToMy NUTaHHsS MiJBUIICHHS >XapOMIIHOCTI 1
YKAPOCTIMKOCTI MaTepiany JAeTale Mae aKTyalbHEe 3HaUCHHS.

BusnadeHo 1i11, HanmpsMu Ta 3aj1a41 JOCTKEHHS.
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2. MATEPIAJIA TA METOJUKU JOCJIIJPKEHHA

2.1 XimiuHHH CKJax JOCHIDKYBaHMX JIMBapHUX Ta JAePOpPMOBAHHX

ATFOMIHIEBUX CILIABIB

[TonBiiiHI CIIaBU atOMIHIIO 3 KPEMHIEM HE 3a0€3MeUyIoTh JOCUTh BHCOKY
MIIHICTh BHPOOIB, OCKUIBKM KPEMHIA HE YTBOPIOE 3 ATIOMIHIEM 3MIITHIOBAJIbHUX
croyk. ToMy B nuBapHI airOMiHi€Bi criaBu cucteMu Al-Si BBOISATH JIETyIOYi
enementu: Mg, Cu, Zn, Mn, Sb, Ti, Zr (tabn. 2.1). 3MICT €JIeMEHTIB BU3HAYAIH

METOJ/IOM CIIEKTPAJIBLHOrO Ta XIMIYHOTO aHaMi3y.

Tabmuug 2.1 — XiMiyHUI CcKJIaJl JOCHIIKYBAaHUX JIMBAPHUX aAJTIOMIHIEBUX

craBiB AK94 ta AJI4C cucremu Al-Si

Mapxka MacoBa yacTka e’1eMeHTiB, %
crutay | Al | Si Mg Mn Sb Fe Cu | Zn Ni Ti+
Zr
AK9y 8,0... 10,17... ] 0,2... - oo | mo | nmo hi (o) o
g 10,5 | 0,35 0,5 09 {[03| 03| 01 |015
AT4C | 8 [80... 1017702 [010.. | o [0 [ mo | no | o
10,5 | 0,30 0,5 0,25 09 {03 03 | 0,02] 0,15

Marepianamu 11 IOCHIDKEHb CIY>KWJIM JUBapHi Ta jAedOpMOBaHi
amoMinieBi criaBu AK9u, AJI4C ta 1545 mo ICTY 2839-94 [61]. BigmosigHo 10
[61] BU3HAYAIM TAKOXK ra30BY MOPUCTICTH 32 5-0aIbHOIO MIKAJIOK MOPUCTOCTI.

JIuBapni amomiHieBl cmaBu Mapok AK9u 1 AJI4C 3Halum mupoke
3aCTOCYBaHHS HA BITYM3HSHUX MIIIPUEMCTBAX MPU BUTOTOBJICHHI TEXHOJIOTIYHOTO
OCHAIICHHS JUIsI 30MpaHHsS, 3BAapIOBaHHS, ITasSHHA Ta MeEXaHIYHOT 0O0pOoOKH

KpUJIbYATKU TypOOHACOCHOTO arperaty (puc. 2.1) Ta By3JiB pakeTHOI'O JBUTYHA.
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Pucynok 2.1 — Ecki3 Kpuiab4aTKi TYpOOHACOCHOTO arperary

B poboti MatepianoM OCHiKEHHS 00panuii 1eopMOBaHUN aTtOMiHIEBUI
craB 1545 cucremu Al-MQ-Sc 71 BUTOTOBIICHHSI CUJIOBUX €JIEMEHTIB. XIMIUYHUM

CKJIaJ] HaBeAeHO y Tabmuiri 2.2.

Tabmuua 2.2 — XiMIYHUH CKJaJ JOCHIIKYBAaHOTO Ae(OPMOBAHOIO

anoMiHieBoro craBy 1545 cuctemu Al-Mg-Sc

Mapka MacoBa yacTka einemMeHTIB, %

crutaBy | Al Si Mg Mn Sb Fe |Cu|Zn | Ni | Ti+Zr

1545 |ocnoBa| 0,2 |5,3...6,3|0,2... - 030101 - -
0,6

Jist  edekTUBHOI Tpale3gaTHOCTI MaTepial KpWIbYaTKH Mae OyTH
KOPO31MHOCTIMKUM y TIOBITPsHIN atMocdepl Ta OKUCHOMY TalHBi. 3BapIOBAHICTh
MaTepiaity MoBHHHA 3a0€3Me4yBaTH BUCOKY F€PMETHUHICTh, KOPO31HHY CTIMKICTh Ta
HU3BKY MOPUCTICTh 3BAPHOTO I1BA, TIPH MaJliii MUTOMIH Basi.

B xomi excnepumeHTy Oynud TpOBEACHI JAa0OpaTOpHI Ta OCIHIIHO-
MPOMUCIIOBI TUIaBKM aloMiHieBUXx cruiaBiB AK9u Tta 1545 3a 0azoBuM

TEXHOJIOTIYHUM mporiecoMm JlepskaBHoro mianpueMcTBa BupoOHuue 00'enHaHHS
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[ligenHo wmammHOOYMIBHUN 3aBoay iMmeHl O. M. MakapoBa Ta 3 00poOKOIO
KOMIUIEKCHUM HAHOJMCIEPCHUM MOIU(IKaTOPOM CHIIIUIAY MarHilo Ta KapOimgy
KpeMHi0. BunmBkM cruaBiB mimgmaBanm rapsdiii gedopmamii 3 ocagom 60%.
Bemnunny 3epua B crumaBax AK9u, AJI4C 1 1545 Bu3Hayanu KiUIbKICHUM
MeTtajgorpadiyHUM aHATI30M 3TiAHO craTucTudHoro wetoxy JIxedpuca 3a

KUTBKICTIO 3€pPEH, 110 MPUNAJal0Th Ha OJIUHMITIO TUIOIT LTIy .

2.2. CkJaj 3arpornoHOBaHOTO HaHOMO I (ikaTopa

Mopaudikatopom JauBapHUX Ta Je(POPMOBAHUX AaJTIOMIHIEBUX CILJIaBiB
CIIyI'yBaB KOMIUIEKC TYTIOIUIABKMX HAaHOAUCHEPCHHX Kommo3uuiid MgsSi ta SiC
dpakuii 50...100 vM. HaHomopomiku ojep:kaHi METOJOM IIJIa3MOXIMIYHOTO
CHHTE3Y.

OOpano ckjax KOMIUIEKCHOTO MozaudikaTopa: Mg,Si — 15...20% Ta SiC —
20...30, inmie — agromiHieBuid oporok [60].

OTpumaHHS HAHOJUCIEPCHUX CHOJYK Ha ocHOBI Si, Al, Mg Ta iHmmx
€JIEMEHTIB ~METOJOM  IUIa3MOXIMIYHOTO  CHHTE3Y OOYMOBIJIEHO BHCOKHUMHU
MIBUAKOCTSAMHU 00'€MHO1 KOHJIEHCAIIi] Ta30MIa3MOBOTO TTOTOKY, 110 MTPU3BOAUTH JI0
HECTaOIbHOTO CTaHy HAHOUCIIEPCHHUX YacTOK [62].

VY vacTkax HaHOJUCHEPCHUX MOPOIIKIB MapaMeTpH KPUCTATIYHOT PEUIiTKH
MEHIIN TOPIBHSHO 3 MAaCHBHHMH YTBOPEHHSMH TOTO X CKJIaay, MarTh MICIE
amMop(H1 yTBOPEHHSI, CIOCTEPITA€THCS 3MEHIIIEHHS TApaMeTPiB PEIIITKH BiJl IIEHTPY
JI0 TIOBEPXHI BHACTIIOK MaKCUMAJIbHOTO CTHCHEHHS IMOBEPXHEBOTO MIapy, IIO
BUKJIMKA€ HEOTHOPITHUM PO3IO/Ii1 KOMITOHEHTIB 1 (ha3 1o pajaiycy yacTuHkH [63].

JIJist BU3HAYEHHST ONTUMAIBHOI KUIBKOCTI MOAM(IKATOpa CHITIIUAY MarHiro i
kapOiny kpemHiro B crutaBax AK9u, AJI4C Tta 1545 npoBeneHo 3 NMpOMHUCIIOBI
1aBky 1o 50 Kr KoXkKHa y TuBapHOMY 1iexy Jlep:kaBHoro mianpuemctsa Bupoouuue

o0'eqnanns [liBnenno mammHoOyAiBHUN 3aBo1 iMeHi O. M. Makapoga.
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2.3 Metoau n0CTiIKeHb CTPYKTYPH 1 BIACTUBOCTEH JINBAPHUX Ta

nehopMOBaHUX ATFOMIHIEBUX CIUIABIB

MexaHniyHi BuUnpoOyBaHHS Ha PO3TAT MPOBOAWIM Ha CTaHJIAPTHUX
mniHapuaHuX 3paskax 3a JICTY EN 10002-1:2006 [64] 3 BuUKOpHCTaHHSM
yHiBepcasibHO1 po3puBHOi Mammuuau [1J[-4. s MexaH1yHUX BUMPOOYBaHb 0OpaIH
IPONOPIIHHUN HUTIHIAPUYHUHN 3pa3ok, Tull 11, Ne7 noBxuHOIO 55 MM Ta poGounm
niameTpoM 5 MMm. B pesysnbTari BunpoOyBaHb BH3HAYAIU MEXY MILHOCTI, MEXY
IUIMHHOCTI Ta BIJHOCHE TOJIOBXKEHHS BUTOTOBJICHUX 3pa3KiB 3 aIIOMIHIIO Ta
JMBAapHUX AJIFOMIHIEBUX CILJIAaBiB.

VY napHy B'SI3KICTh JIMBAPHUX AFOMIHIEBUX CIUJIaBIB BU3HAYAJIM HA 3pa3kax i3
koHuentparopom By U 3a JICTY EN 10045-1:2006 [65] Ha MassTHUKOBOMY KOTIp.

BumMiproBaHHsI TBEpAOCTI METajiB Ma€ BEJIUKE 3HAUCHHS II0JI0 MEXaHIYHHUX
BJIACTUBOCTEH JIMBApHUX 1 Ae(OPMOBAHUX AIOMIHIEBUX CIUIaBiB. MeToa BUMIpY
TBEPAOCTI Ma€ psiji MepeBar mnepej UM METOAaMU MEXaHIYHUX BUIIPOOYBaHb
MeTaay: MPOCTOTa TEXHIKM Ta HIBUAKICTb BHUIPOOYBaHb, MPOCTOTAa (POpPMH Ta
HEBEJIMKI pO3MIpH 3pa3KiB, MOXKIIUBICTh IPOBOAUTH BUIIPOOYBaHHS O€3M1OCEPETHBO
Ha BHUpoOi1 Oe3 Horo pyiHyBaHHs. TBepicTh 3a bpiHemieMm Ha 3pa3kax Ta JeTalsiax
sumiproBaiu 3a JICTY ISO 6506-1:2019 [66] na npuazni bpinenis 3a kiMHaTHOT
Temneparypu. MiKpoTBEpICTh AOCTIIKYBAHUX AJIFOMIHIEBUX CILJIaBIB BU3HAYAIIU
npuiaal [IMT-3 npu nHaBantaxenHi 0,05 kr.

[linbHicTh amoMiHieBuX crutaBiB Bu3Hauyanu 3a JICTY EN 1183:2003 [67]
Ipy KIMHATHIA TeMIepaTypl METOJIOM TiIpOCTaTUYHOTO 3BaKyBaHHA. CyTHICTh
METO/IY TiJIPOCTATUYHOTO 3BAKYBAaHHS TOJISITA€ y TIOPIBHSHHI Mac OJHAKOBHX
00CATIB JOCIIKYBAaHOTO CIUIABY Ta PIAMHH B1AOMOI MIbHOCTI. PoOo40t0 pianHO0
OyJs10 0OpaHO NUCTUIIHOBAHY BOAY. JJisl BU3HAUEHHS I'YCTUHU aTIOMIHIEBUX CILIABIB

BUKOPHCTOBYBAJIH 3Pa3KH, MPU3HAUCHI JIsI MEXaHIYHUX BUTIPOOYBAHb.
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2.4. MeToau BU3HA4YEHHS TEXHOJIOTIYHUX BJIACTUBOCTEH CILIaB1B

Jlnsg Oinbll TOYHOI OIHKM SIKOCTI JIMBApHUX Ta AC(POPMOBAHMX CILUIABIB
MPOBOJISATh BU3HAYEHHSI TEXHOJIOTIYHUX BJIacTUBOCTEW. HalOIbIn BaIMBUMHU 13
TEXHOJOTIYHUX BJIACTUBOCTEM € JHMBapHI BIACTUBOCTI. JIMBapHi BIACTHBOCTI
3HAXO/STh CBOE BUPAKEHHS Y PI3HUX BJIACTUBOCTAX CIUIABIB, SIKI 3HAYHOIO MIPOIO
BIUTMBAIOTH HA SKICTh BUIMBKIB. Jl0 HUX BIAHOCATHCSA: PIAKOTEKYUICTh 3AaTHICTD J0
3aroBHEHHS (HOPMHU, ycaIKa, TaA30BMICT, CXUIIBHICTh A0 YTBOPEHHS TrapsYuX TPIIIKH.

Pinkotexyuicth. Ilig piguHOIO pO3YMIIOTh 3JaTHICTH METAJIEBOTO PO3ILIaBY
3alI0BHIOBATH TOPOXHUHY JMBAapHOI (GopMH. PiaKoTekydicTb BU3HAYAETHCA
JOBKHUHOIO IIJITHKY METaITy, 1110 3aTEKJIa B CHEeI[lalbHy BUJIMBHULIIO, 1 BUMIPIOETHCS
B MutiMeTpax. Haii0inpin mommpeHa mpu [bOMY CIHipajbHa BWJIMBHUIL,
BUTOTOBJIEHA METOJIOM JIUTTSI B 000JI0HKOB1 hopmu [27].

PigkoTekydicTh aIFOMIHIEBUX CIUIaBIB BU3HAYAJIHM METOJOM BUJIMBKHU 3Pa3KiB
y BUIUISIAL NPYTKIB. JJOBKMHA 3aJIMTOTO MPYTKa XapaKTepus3yBajia piIKOTEKY4ICTh
JOCJTII)KYBaHUX CIUIaBIB.

VYcanka. Ycanka BUMIPIOETHCS CTYIIEHEM BIAXUIICHHS PO3MIpPIB BUJIMBKH Bij
po3MipiB GOpMHU Ta BUPAXKAETHCS Yy BIJICOTKaX. Ycajka CIJIaBIB CTaHOBUJIA 1O
1,25%.

l'azoBMmicT. BwmicT Ta3iB B allOMIHIEBUX CIUJIaBax BHU3HAYalOTh 3
BUKOPUCTAaHHAM PI3HUX TEXHOJOrYHUX mpo0. ["azoBMicT B crmaBax AK94, AJI4C 1
1545 Bu3Hauanu 3a JOMOMOTOI0 BakyyMHUX Tpo0. Turenb 3 po3IjiaBiIeHUM
CIUTABOM BCTAHOBJIIOBAIM I1J] KOBIMAK MPHJIATy BH3HAYEHHS rasoBmicty. lloTim
MIPOBOJIMIIN TIOPIBHSUIbHY OILIIHKY OTPUMAaHOT BUJIMBKH 3a IIKAJIOK MOPUCTOCTI [27].

CXUIBHICTB 0 YTBOPEHHS rapsuux TpimmH. [Ipu 3aTBep/IiHHI CIIaBiB uepe3
CTUCKaI04l HAaIPYTy MIXK BKe 3aTBEPJILIIUM 1 KalenoA10HUM METanoM, Mix (hOpMOI0
1 3aTBEPAUTMM METaJIOM, MOXKYTh YTBOPUTHUCS Tapsiyl TpinuHu. HalO1mbI cuiibHO
CXWJIbHI JI0 Taps4yuX TPIIIMH CIUIaBH 3 BEJIMKHUM IHTEPBAJIOM KpHUCTali3alii Ta
HE3HAYHOIO YaCTKOIO JIETKOIIABKMX KOMIOHEHTIB. CXWIBHICTB JI0 FapsiuuX TPILIUH

MO3Ke OYTH 3MEHIIIeHA JIETYI0U0I0 T0OaBKOIO.
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J1Jist BU3HAYEHHS CXUJIBHOCTI JI0 YTBOPEHHS TapsyuX TPILIMH JOCIT1KYBaHUX
AIIOMIHIEBUX CIUIaBIB 3aCTOCOBYBAJIM METOAMKY Jlep»aBHOTO MiIIPUEMCTBA
BUPOOHMYOTO OO0'€IHAHHS TIBJCHHO MAIIMHOOYAIBHOrO 3aBoay iMeHi O. M.
MakapoBa, AoKJIaIHO onucany B po3aii 4. CyTHICTh METOAY Y TOMY, 110 B OIIOKY 3
MICKY, TJIMHU Ta BOAM (popMyBanu npoOu y BUTIIAL Kijelb. BHyTpimHii giamerp
KUJIeI[b BUKOHYBAJIM 32 PaXyHOK YCTAHOBKU METAJIEBUX CTPHIKHIB PI3HUX JI1aMETPIB.
Yum OLIbIINN TIaMeTp CTPHOXKHS, TOOTO YMM MEHIIIE TOBIIMHA KUIbLA, TUM OlTbIIA
yCaJKOBa Hampyra, M0 BHHHKA€ B KTkl TpH oXojomkeHHi. CTymiHb
TPIIIMHOCTIMKOCTI BU3HAYaJIM TOBIIMHOK KIJIbISA, TPH SKIM BHUSABICHI IMEpIIi

TPILIMHH.

2.5 MiKpOCTpYKTYpHHI Ta pEHTIT€HOCTPYKTYPHUIN aHaATI3

J1J1st BUBUEHHS MIKPOCTPYKTYPU BUKOPUCTOBYBAJIM HUTI(H, BUPI3aHI 3 JIUTUX
3aroTOBOK MICJIS BIANANy, a TaKoXK TeMmIuieTiB michs aedopmarii. Hlnidu nepen
JOCIIIKEHHSIM IT1JIJaBajIu MUTI(PYBaHHIO Ta MEXaHIYHOIO MOJIipyBaHHs. TpaBieHHs

MIPOBOJIMIIN Y BOAHOMY PO3UHHI [6]:

2vu1 HF + 1mut HC1 + ITmor HNO3

[1ix yac 1OCHIIKEHHS CTPYKTYPHU CTAaBUJIUCS 3a/1ayl:

— OIIHUTH MIKPOCTPYKTYpPY aJIOMIHIEBUX CIUIaBIB B 3aJI€KHOCTI BIiJ
MOAU(IKYBaHHS;

— BU3HAYHUTH BEITUYHHY 3€pHA.

JlociipKeHHsT MIKPOCTPYKTYPHU IMPOBOJWINA 3 BUKOPUCTAHHSIM ONTHYHOTO
Mikpockorna Neophot 2 y monsipu3oBaHOMYy Ta HEMOJIIPU30BAHOMY CBITIII MpHU
souemenHsx 100, 200, 500 pasis.

PeHTreHoCTpyKTypHUI aHaii3 MPOBOAMIM 3 METOI BHU3HAUYEHHS (ha30BOTO
CKJIay CIiaBiB. PEHTreHoCTpyKTypHU (ha30BUM aHaII3 JOCIIIKYBaHUX CILJIaBiB

MpPOBOMIN Ha yHiBepcanmbHOMYy maudpakromerpi JIPOH-2.0 (ta6m.2.3) Cu-Ka
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BUIPOMIHIOBaHHI 3 BUBEJEHHAM 1HGOpMaIlli Ha JlarpaMHy CTpiuky. Burorosisiu
TJIOCKI 3pa3Ku OKpyTIIoi hopmu miameTpom 10MM Ta TOBITMHOIO SMM.

['panuni Bumipy KyTiB nudpaxiuii ctaHoBIATE Big MiHyc 90 no mmtoc 165°C 3
tounicTio Bumipy 0,005°C. Peectpaiiss audpaxiiifHoi KapTUHU B TU(PpPaKTOMETpI
BiIOYBa€ThCSl MOCIIIOBHO MPH 3MiHI KyTa MK B1IOMBalOUYMMH IUIOIIMHAMHU Ta

IICPBUHHHUM ITYYKOM.

Tabmuus 2.3 - Xapakrepuctuku agudpakromerpa JJPOH-2,0

Tun Bukopucros | Iloryxnicte | MakcumanbHa | MakcumanbHUN
anapary yBaHa JoKepena Harpyra CTpYM TPYOKH,
MOTYXXHICTb, | JKUBJICHHS, Ha TpyOIi, KBT MA
kBT kBT
JIPOH-2,0 5,5 2 50 60

Jist BusHaueHHa Tumy (a3, MPUCYTHIX Yy JOCHIDKYBaHIA CHCTEMI,
BUKOPUCTOBYBaIM KapToTeky OO0'€THAaHOTO KOMITETY 3 MOPOIIKOBUX CTaHIapTiB
ICPDS Ta noBigauku [68].

I[Ipu mnomyky 3a pomomorow kaproreku I[CPDS BukopucroByBaiu
MDKIUTOIIMHHI B1ACTaH1 JUIST HAHCUJIBHIIIMX JIHIA Ta 1X 1HTEHCHBHOCTI, OIIIHEHI 3a
100-6anpHOIO miKanoto. [lepmmii etan imentudikamii Ga3 npoBogwIM 32 TphOMA
IHTEHCUBHUMH JIIHISIMHM, IO PO3TAIIOBYIOTHCS B TaOJUINl TOIIYKY B MOPSIKY
3MEHIIEHHS 1HTEHCUBHOCTI. [Ipu mpomy s KoXXHOi a3y BKa3zyBalldi HOMEpP
BIJIMOBITHOT KapTKu a00 TaOnuIll, sSiKa MICTUTh TOBHY XapakTepUCTHKY ¢asu. B
OCHOBI TOIIYKY Oyl PEHTreHOCTPYKTYpH1 naHi. JlJii 1bOro BUKOPHUCTOBYBAIH
Ta0IuUIIl, B IKUX JaH1 TPO MDKIUIONIMHHI BiicTaH1 (dnki) J71s1 HAO1IbII IHTEHCUBHUX
JIHIA pO3TaloBaHI MO Tpymax 3 CHagHUM 3HadeHHSIM dpg JJI9  TepIioi
HaWIHTEHCUBHIIIOI JiHIT Ta Jail (BcepeauHl Tpyml) MO NIArpynax 3 CHaJHUM

3HaYCHHAM dpy IpyToi JiHii.
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2.6 MeToau noCiiKeHHST KOPO31MHOT CTIMKOCTI

Kopos3iitHa cTiiiKicTh METaJiB Ta CIUIaBIB 3JIEKUTH Bl HACTYMTHUX (DaKTOPIB:

— (13UKO-XIMIYHOI TPHUPOIU METaly, CKJIaay METajeBOro CIjlaBy Ta HOTro
CTPYKTYDH,

— XIMIYHOI TPHUPOJIX HABKOJMIIHLOTO CEPEJOBHINA Ta BMICTY B HIU
arpeCUBHHUX PEUYOBUH;

— TeMIiepaTypH HaBKOJIMITHHOTO CEPEIOBUIIA.

Bci meTonum, 1110 XapakTepu3yrTh KOPO3it0, OAUISIOTE Ha SIKICHI Ta KIJIbKICHI
[69]. SkicH1 MeToaHM HE JO3BOJISIIOTH OI[IHUTH XAPAKTEPUCTUKY CTIMKOCTI METaly,
aJie OMHUCYIOTh XapaKTep Ta IHTEHCHBHICTH MpolieciB Kopo3ii. KiibkicHI MeToau
NOJUIAIOTH HA: BaroBui, 00'eMHUM, eeKTpUUHUNA Ta iHIIl. Hailbinpi mommpeHuit
BaroBUMM METOJ| BUMIPY KOpPO3il METally, 3aCHOBAHMI Ha BU3HAYEHH1 3MIHU Macu
3pa3kiB MicJsl B3a€MOJIl 3 arpecuBHUM cepenoBuiieM [70]. MoxnuBuii BUMip
KOpO3ii 100 3MIHKM MacH 3paska. [Ipu BTpaTi Macu BUIANSIOTHCA BCl MPOAYKTH
B3a€EMO/Iii METaly 3 arpeCMBHUM CEPEJIOBUILEM, TIPU MPUOYTKY — 30UpaIOThCs Ta
3BAJKYIOTBCS Pa30M 13 3pa3KOM.

B crinaBax AK9u, AJI4C ta 1545, BU3Hauanu Taki BUIU KOPO3ii:

— MIKKPHUCTATITHY KOPO3110;

— pO3IIapOBYIOYY KOPO3il0;

— KOpO3iiiHE pO3TPICKYBAHHS.

Miuixkpucranitny koposito (MKK) BuzHawamu 3rigHoO 3 ICHYIOUHMH
METOJUMKAMHU JJIsi TPOMUCIIOBUX CIUIaBIB 3a TEXHOJOTIYHUMH 1HCTPYKLISIMU
MPUIHATUX HA MiPUEMCTBI.

Bunpo6yBanHs npoBoauin y Hactynaomy poszunti: 30 T NaCl + 10 cm® HCI.
Temneparypa po3uuMHy miATpUMyBajack Ha piBHI +22+1°C, TpuUBaIiCTh
BunpoOyBanus — 24 rogunu. [lnocki 3pasku po3mipom 20x10x3 mMm Bupizanu 3
BUJIMBKIB HeMoau(pikoBaHux Tta moaudikoBanux cmiaBiB AK9u, AJI4C ta 1545.

Ouinky MKK npoBoauian metanorpadiuium cnoco0oM Ha ONTUYHOMY MIKPOCKOTMI
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MIM-8 3i 36inbmeHHssM x100. DikcyBaau XapakTep KOpo3ii Ta MaKCHUMajbHE
3HAaYeHHS TITUOWHU MIKKPHUCTATITHOI KOPO3ii.

Tax sk pocmimkyBaHi amomiHieBl crutaBu cuctem Al-Si ta Al-Mg-Sc
BIIHOCATBCA /10 JIMBapHUX Ta JedOpPMOBAHMX CIUIABIB, TO BaXJIHMBOIO
XapaKTepUCTHKOIO € pOo3LIapoByoua Kopo3is. PosmapoByroua Koposisi — BUA
KOpO3ii, SIka PO3BHUBAETHCS TNEPEBAXHO MapayesibHO BEKTOpy Aedopmalii, I
CTBOPIOETBCS B TMpoIleci NpokaTku abo mpecyBaHHS HamiBpaOpukaTty 1
CYIIPOBODKYETHCSI YTBOPEHHSIM TPIIIMH Yy IIbOMY HaIpsIMKY, BiIIIapOBYBaHHSIM
OKpEeMHX YaCTMHOK MeTairy abo MOBHUM PYWHYBaHHSM 3pa3kiB abo neraneit [71].
Po3mapoByroda Kopo3is B OCHOBHOMY MPOXOJUTH 3a MEXKaMH 3€peH, 10 MAaloTh
npojoBryBary ¢opmy. BumnpoOyBaHHS TPOBOIWIM BIAMOBIIHO JI0 ICHYHOYHX
METOJUK Ul IPOMHUCIIOBUX CIUIABIB 3@ TEXHOJOTIYHUMHU IHCTPYKLISIMU MPUHHATHX
Ha I1JIPHEMCTBI.

KoposiiiHe po3TpicKyBaHHS — YpaK€HHs MeTally, CIPUYMHEHE OJHOYACHUM
BIUIMBOM KOPO31MHOTO CEpEeAOBHINA Ta HOMIHAJIBHO CTATUYHOIO PO3TATYIOYOIO
HaIlpyrow, B pe3yJibTaTl SKOr0 3a3BMYail YTBOPIOIOTHCA TPILIMHU 3TIIHO 3
ICHYIOUMMH METOAMKAaMHU JUIsl TIPOMHUCIOBUX CIUIaBIB 3a TEXHOJIOTTYHUMU
IHCTPYKIISIMU TNPUHHATAX Ha nignpueMctBl. [lpu BHU3HAUYeHHI KOpPO31HHOIrO
pPO3TPICKYBaHHSI OCHOBHOTO METally Ta 3BapHUX 3'€JHaHb BUIPOOYBaHHS
MPOBOAMIN METOJOM TOCTIHHOTO OCHOBOTO PO3TATYIOUOTO HABAHTAXKEHHS, 3a
JACTY ISO 9591:2015.

3Bapuwuii moB amomiHieBux craBiB AK94, AJI4C 1 1545 OyB po3ramoBanuii
B CepeNHI 3pa3Ka NepIeHANKYIIPHO HAMPSMKY PO3TATYIOUNX HABAHTAXKED. 3pa3Ku
OCHOBHOTO METay IIiJ] yac BUMIPOOYBaHHS MigaaBany Hanpy3i 6 = K 62, 1e K=0,9.
[Ipu BumpoOyBaHHI Ha KOPO3iHE PO3TPICKYBaHHS 3aHYpEHHS BUKOHYBajiu B 3%

po3uun NaCl.
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2.7 IlpomucnoBe oOmagHaHHS Ui BUIUIABKM Ta TEPMIYHOI 0OpoOKu

ATFOMIHI€EBUX CILIABIB

BumuiaBky — auBapHuUX ~— adlOMiHI€EBUX — cIulaBiB  cuctemu  Al-Si Ta
nedopmoBanoro  Al-Mg-Sc, BkimIouarouuM — po3IUIABICHHS,  padiHyBaHHS,
Mou(DIKyBaHHS, 31MCHIOBAIM Ha MPOMHUCIOBOMY YCTaTKyBaHHI IANMPUEMCTBA.
Bxrogano crarioHapHy €JeKTpoIlid ornopy i miaBieHHs amomiriro CAT-0,16.
OCHOBHI TEXHIUHI XapaKTEPUCTUKH CTAI[IOHAPHOI ENEeKTPOredl s TUIaBKH
amoMinito CAT-0,16 HaBeaeno y tabmuiii 2.4,

Cucrema KepyBaHHS HarpiBaHHSM 3MOHTOBaHa B OKPEMOMY MPHUCTPOI.

KOHTpOJIB TCMIICPATYpPH BHiﬁCHIOBaHH XPOMCJIIb-aJIIOMCIICBUMHU TCPMOIIapaMHU.

Tabmuug 2.4 — TexHIuH1 XapaKTEPUCTUKHU THAYKIIHHOT

enextponeui CAT-0,16

XapakTepucTuka Iloka3Huk

BcranoBiena notyxHicth, KBT 38
€MHICTH THUTJIA (TT0 ATFOMIHIFO), KT 160
Po6oua Temnieparypa, °C 950
TouHicTh perymtoBaHHs Temmnepatypu, °C +8
MakcumanbHui yac po3miaBiieHHs 160 Kr aintoMiHio, ro. 3

Hanpyra mepexi xuBienHs, B 380
Yacrora, I'n1 50

Jlns mpecyBaHHs TabneTok Mopudikaropa nepetuHoM 10 160 mMwm?
BUKopuctoByBanu npec-asromatr BHII-TA-3. HaBaxku nopoikiB moaudikaTopa

nepeMillyBaay B 3aKpUTOMYy cocyi 06'emom 1,729-1073 M3,
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BucHoBku

B pe3ynbraTi BUBYEHHS MatepiaiiB IS BUTOTOBJICHHS JleTajeil pakeTHO-
KOCMIYHOI TEXHIKH Ta METOJIOM JOCIIPKEHHS MO>KHA 3pOOUTH TaKi BUCHOBKHU:

1. BuBueHO MeTOAM AOCIIHKEHHS CTPYKTYPH, XIMIYHOTO, (ha30BOTO CKIIAMY,
KOMILJIEKCY (DI3UKO-MEXaHIYHMX BJIACTMBOCTEM JIMBapHUX Ta JehOpPMOBAHHX
amoMiHieBux cruiaBiB AK9u, AJI4C Tta 1545 cucrem Al-Si ta Al-Mg-Sc, mo
3aCTOCOBYIOTHCS NIJIi BUTOTOBJICHHS KPHJIBYATKH TYpOOHACOCHOTO arperary Ta
BY3J1iB pPaKETHOTO JABUTYHA.

2. Metanorpadiuauii aHajli3 TPOBOJAWIA HAa MIKPOCKOMAX 31 30UIbIICHHSIM
100...500 pas3.

3. @®pakrorpadgiuyHuil aHadl3 3aCTOCOBYBAJIM JJIsI BU3HAUCHHS XapakKTepy
pyHHYBaHHSI 3aroToBOK. MIKpOCTPYKTYpY IMOBEpXHI 3JaMy, OJIEP>KaHOTO MICIs
BUNPOOYBaHb Ha yJIapHy B'S3KICTh, BUBYAIM Ha PACTPOBOMY EJIEKTPOHHOMY
MIKpPOCKOITL.

4. ®da3oBuii aHaJi3 NPOBOJMIM METOAOM PEHTTE€HOCTPYKTYPHOTO aHasli3y Ha
mugpakroMerpl. BumpoOyBaHHS NpPOBOAWIM HAa PacTpPOBOM  MIKPOCKOIIL,
OCHAll[eHOMY  CHCTEMOI0  PEHTI€HOCHEKTPATbHOTO  EHEeProJUCIEePCIHHOTO
MIKpOaHaizy.

5. BusHaueHHs (I3MKO-MEXaHIYHHUX Ta TEXHOJIOTIYHHUX BJIACTHUBOCTEH, a
TaKOX BUIIPOOYBAHHS Ha KOPO31MHUN BIUIMB arpeCHUBHUX CEPEIOBHUIL MIPOBEICHO
BIIMOBIHO [0 YMHHUX CTaHJApPTIB Ta TEXHIYHUX YMOB Ha YCTaTKyBaHHI, IO

MPOMIIIO TIEPEBIPKY.
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3.OBI'PYHTYBAHHA CKIIALY KOMIUIEKCHOI'O
MONDIKATOPA TA MEXAHI3MY BIUIMBY HA JIMBAPHI |
JJED®OPMOBAHI AJIIOMIHIEBI CITVIABU

3.1. O6rpyaTyBaHHs BUOOpPY HaHOMOU(BIKaTOpa AT 0OPOOKH aTFOMiHIEBUX

CIUIaBIB

Cxema 3MIlIHEHHSI TPOMHUCIOBHX aJIOMIHIEBUX CIUIaBIB MOXe OyTH
Mpe/ACTaBlIeHa HACTYMHUM YWHOM: OCHOBHUM MeTal - (a3a BIpPOBAKEHHS
(kapOimu, HITPUAU, OKCUIM METaliB) Yy KUIBKOCTI, M0 OOyMOBJICHa
TEXHOJIOTIYHICTIO Marepiady Ta €(QEeKTUBHICTIO OTPUMaHHA MOAM(PIKOBAHUX
CTPYKTYp [4]. ¥ 11iif cxeMi MpecTaBIeH] TN 3MIITHIOBAILHUX (ha3, TUCTICPCHICTD,
Mop@oJiorist Ta 00'eMHHI BMICT, BBEIEHHS (a3.

B pobGorax [15,72] mokazanHo, 1m0 Jg00aBKH €JIE€MEHTIB-MOIU(DIKATOPIB
HACTUIbKM MaJll, II0 BOHM HE MOMITHO BIUIMBAIOTh Ha (pa30BUU CKIIAJ CIUIaBY 1
BIJIMBAIOTh HA MO0 BIACTUBOCTI, BIUIMBAIOYU HA MPOLEC KPUCTAMI3ALli 1 BETUUHHY
3epHa OCHOBHOI CTPYKTYpHOI CKjJanoBoi. OJHaK He BCSAKA CTOPOHHS YacTKa,
BBE/ICHA B PO3IUIAB, MOXKE CIYXUTU LIEHTPOM KpHUCTali3alii NpHU 3aTBEpIHHI
QIIOMIHIEBUX CILJIaBIB. 3apOJIKOM KpHCTaIi3allli aJlOMIHIEBUX CIUIaBIB MOXeE
CILY’KUTH YaCTUHKA, 0 Ma€ OUIbIII BUCOKY TEMIEPATYPY IJIABJICHHS, HIXK aJIFOMIHIH,
110 Ma€ JeSIKUA KPUTUYHUNA pO3MIP 1 Ma€ MEBHY CTPYKTYpPHY MoA00Y 3 (a3oro, 110
KpucTanizyeTbcsi Ha HiM [/3]. CTymiHb CTPYKTYpHOi Ta pO3MIPHOI BiAMOBIAHOCTI
PELITKM TYroIUIaBKOi CIOJYKHM 3 PEUITKOI AalIOMIHIIO B TpaHsiX, UIO
CIIOJIy4alOThCSl, BU3HAYA€ IHTEHCHUBHICTh MOAU(DPIKYHOUOTO BIUUBY. Tak, Mix
KpUCTaTIYHUMHU perriTkamu da3 Mg,Si, SiC Ta aromiHieM € HeoOXiaHa CTPYKTYpHA
Ta pO3MipHA BIANOBIJIHICTb, TOMY IIPY BBEACHHI YaCTUHOK CHIIIUAIB 1 KapOiliB y
ATFOM1HI€BHH pO3ILIaB € epeKTUBHUMU MoudikaTopamu [ 74, 75]. XapakTepucTuku
€JIEMEHTAPHUX PEUIITOK AIIOMIHIIO Ta HMOBIPHUX MOAM(PIKATOPIB aIOMIHIEBHX

CIJIaBiB HaBeneH1 y Tadmui 3.1.
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Tabauis 3.1 — XapakTepuCTHKH KPUCTATIYHUX PEHIiTOK MoaudikaTopis [6,

16, 27]

EnemeHnrT ta iioro Kpucraniuna pemritka [lepion pemriTku, HM
CTOJTyKa
a C c/a

1 2 3 4 5
Al KyOluHa rpaHeIeHTPOBaHa 0,404 - -
Mg.Si KyOluHa rpaHeIeHTpPOBaHa 0,634 - -

SiC a reKCcoroHajIbHa 0,308 | 1,004 | 3,260
B KyOil4Ha rpaHelieHTpOBaHa 0,436 - -

Mexani3mM Moau(iKyBaHHS pO3IUIaBY HAHOYACTUHKAMHU TOJIATAE B TOMY, IO
NepeMillyBaHHs PIAKUX MOAU(IKOBAHMX aTIOMIHIEBUX CIUIaBiB mpotarom §...10
XBWIMH YMHUTH CHJIbHY KaTaTITHUHY JiI0 HA CUCTEMY «pO3IUIaB — KOMIUICKCHHIA
moudikatop MgySi 1 SiC», MO3UTHUBHO BIUIMBAE HA KaNUIAPHUA MiKpopenb'ed
NOBEpXHI JUCIEPCHUX HAHOYACTOK, MEPETBOPIOIOYM IX Ha AaKTUBHI ILIEHTPU
KpUCTaiizaiii. 3anponoHOBaHI YSBJIEHHS MPO MEXaHi3M MOJAPIOHEHHS 3epHa
IFOMIHIEBHX CIUIaBIB MPpU MOAM(IKYBaHHI epeOyBaroTh y BIAMOBIIHOCTI 10 POOIT
[15, 46].

Ha miacTaBi reomeTpruyHUX Ta (PI3UYHUX BETUYHH JUCIEPCHUX HAHOYACTOK
CWIIIMIY MarHiro Ta Kapoiay KpeMHII0 BUZHAYMIIN KIJTBKICTh JOJIATKOBHUX IICHTPIB
KpHUCTai3allii, IITYYHO BBEIEHUX Y POMUCIIOBHI TUTEIIb JJIs TUIABKH TFOMIHIEBHX
cruiaBiB emHicTio S50 kT (Tad. 3.2).

3 ypaxyBaHHSM NPUHIUITY KpUCTajIorpapigyHoi Ta po3MIpHOi BIANOBIAHOCTI,
130MOP(QHOCTI KPUCTAJTIYHUX PEIITOK AJIOMIHIIO Ta TYTOIUIaBKUX CHOJYK (SIK
BUJIHO 3 Ta01.3.2) BCTaHOBIICHO, IO MoAMdIKaTOpaMu aTIOMIHIEBUX CIUIABIB

MOXYTb CIYTyBaTH KapOiy KPEMHIIO Ta CHITIIMAY MarHilo.
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Tabmumnss 3.2 — Po3mipHi, kpucramorpadgiuyai Ta (Pi3UKO-MeXaHIYHI

XapaKTePUCTHKU HAHOUCIIEPCHUX CITONYK [27]

HaiimenyBanHs Kpucraniyna [inbHicTh, | Temneparypa | Po3mipHIcTs,
HAHOJIUCIIEPCHOTO perriTka Kr/M° TUTABJICHHS, HM
MaTepiany °C
B-SiC KyOiuHa 3220 2830 posman 50...100
rpaHeleHTPOBaHa
Mg2Si KyOiuHa 2920 1170 po3nan 50...100
rpaHeleHTPOBaHa
BB toHkoaucnepcHuX J00aBOK — MOAM(IKATOPIB 3BOAUTHCA JIO

CTBOPEHHsI B PO3IUIaBl JOJATKOBUX IITYYHHX LEHTPIB KpHUcTamizamii. s mporo
Taki T00aBKU MOBUHHI OYTH MPOMOPIINHI 3 KPUTUYHUMH 3apOJKaMU MaTPUYHOI
da3u 1 3abe3neyyBaTH JOCTATHIO I1X KUIBKICTh JJIi OTPUMAHHS Y BHIMBKY
NpiOHOAMCIIEPCHOT CTPYKTYpH [76, 77].

3 Metoro Mou(pIKyBaHHS 3alpONOHOBAHO BHUKOPUCTAHHS TYTOIJIABKUX
HAaHOKOMIIO3ULIN IJIa3MOXIMIYHOTO CHHTE3y CHJIIIUIY MarHiro Mg,Si ta kapOin
kpemHito SiC 3 posmipom yactok 50...100 HM, OTpUMaHMX IIJIa3MOXIMIYHUM
cunte3oM. O6pani TyromiaBki kommno3uiii Mg,Si Ta SiC BiZMOBi11at0Th OCHOBHUM
KpUTEpisAIM  MOJIU(]IKATOPIB: HEPO3YMHHICTh KOMIO3WLIA Yy po3MiiaBl Ta
BIJIMOBIJTHICTh KPUCTAJTIYHUX PEIITOK IPAHEIICHTPOBAHOTO KyOy OYy/IOBU PEIIITKH
aJFOMIHI€BOT MATPHIIL.

Kommnekcuuit MmoaudikaTop Mae HaCTymHUI ckiaa, % mac.:

— Mg,Si —15...20;

— SiC - 20...30;

— QJIFOMIHIEBUM MMOPOILIOK PO3MIPOM YAaCTHHOK J0 1 MKM — perra.

Cxnan moaudikaropa Ta crocid ojepKaHHs CUITyMIHIB, 3aXHINEHO TATEHTOM
VYxpaiuau [60].

ExcnieprMeHTansHO BCTAHOBJICHO OMTHMANIbHY KUTBKICTh MOAU(IKaTOpa, M0

BBOJIUTHCS B TabseroBaHoMy Burisiai — 0,1 % Bijg Macu po3iuiaBy.
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AToMH B KapOiJll KpEeMHII0 Ta CHIIMUAY MarHil0 IOB'i3aHl MIX €000
KOBAJIGHTHUM 3B'S3KOM, SKHH € HaWOUIbII MIITHUM 1 OOYMOBIIIOE BHCOKY
TEMIEPATypy IJIABICHHS, BUCOKY TBEPICTh Ta XIMIUHY CTIMKICTh CIIONYK.

VY mporeci MJIaBKd aTOMIHIEBUX CIUIaBIB YaCTHHKH CHJNIUAY MarHilo Ta
KapOiqy KpEeMHII0 HE OKHUCITIOIOTHCS, OCKITBKA OKHCICHHS MOJU(DiKaToOpa KUCHEM
MOYMHaEeThCA 3a TeMreparypu nonazg 1000°C.

Beenenns B ymBapri amominieBi criaBu AK94a ta AJI4C KOMIUIEKCHOTO
Moau(dikaTopa BUMarae BUKIIOUEHHSI a00 0OMEKEHHS CKJIaay HasBHUX y CIUIaBax
MIKPOJIETYIOUUX 100aBOK TUTAHY, CYpPbMH Ta IIUPKOHIIO.

Ha wMexaHiuHI BIACTHMBOCTI aIOMIHIEBUX CIUIaBIB I1CTOTHO BIUIMBAIOTh
pO3MIpHM  YacCTHMHOK 3MinHIo040i  (asu. [IpoBeaeHi A0CTiAHO-MPOMUCIOBI
EKCIIEPUMEHTH 13 3aCTOCYBaHHSM HAHOAMCIEPCHUX YacTUHOK MgySi 1 SiC
po3mipamu 50...100 HM, 10 TpW 3MEHIIEHHI PO3MIPIB YaCTMHOK KOMIIOHEHTIB
MoaudikaTopa CUIIKIY MarHito Ta kapOiny kpemHito posmipamu 20, 40, 50, 70 1
100 uM rpanuns mingHocTti craBy AK9u ta AJI4C 3poctae 3 240 no 265 Mlla
(puc.3.1).

Jiss HEpO3uMHHUX J100aBOK, 130MOP(HHX aJTIOMIHIIO, AHAJOTIYHO i
PO3YMHHUX J100ABOK JIMIIIE B TUX BUIAJIKaX, KOJIU KIJIBKICTh HEPO3UMHHOI 100aBKU
OlIbIIa 32 KiJIbKICTh KPUCTAIIIB, SIKI YTBOPHJIMCS TOBUILHO 3a THX ke ymMoB [79,80].
3BiJicH Ci BiA3HAYUTH, 10 31 30UIBLICHHSIM KIJIBKOCTI HEPO3UMHHOI JOOABKH,
KOMILJIEKCHOTO MOAU(IKaTOpa, pO3Mip 3€pHa 3MEHIITYBATUMETHCS.

MexaHi3M BIUTMBY HaHOJUCIEPCHUX YAaCTUHOK Ha (POPMYyBaHHS CTPYKTYpH
JIOEBTEKTUYHUX CUITYMIHIB IPU KpUCTAJI3allll MOJIsrae B TOMY, 1110 iX OCHOBHA Maca
BUIITOBXYEThCA (POHTOM KpucTamizamii B piaky ¢asy Ta Oepe ydacTh B
noApIOHEHH] CTPYKTYpPHHX CKJIAJOBUX CIUlaBiB. YacTuHku MoaudikaTopa
CHPHSIOTH AWCIEPCIHHOMY 3MIIIHCHHIO CIUIaBY, TaK SK JTUCHEPCHI ¢a3u €
JOMATKOBUMH Oap'epaM IS TEPEMIIIEHHS JHMCIOKAIlid, 1 TaKuM YHHOM
M1BUIYIOTh MIITHOCTHI XapaKTEPUCTUKH JTUBAPHUX 1 A€(POPMOBAHUX ATFOMIHIEBHX

CILIABIB.
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Pucynox 3.1 — BriuB po3mipy AUCIEpCHUX YaCTHHOK HaHOMO U (ikaTopa
Ha MIIHICTh craBy AK9y

[Iponec movaTky KpucTagizalli B IMX yMOBax TEPMOJMHAMIYHO BUTITHUN

cucTeMi, 1 hakTuyHa Temreparypa Kpucramizamii Tyayr,, 38 AKOT IOYMHAETHCS LEH

npouec, Oyje nepedyBaTi HUKYE PIBHOBAXKHOI TeMIepaTypu Kpuctamizanii Tpig, .

3.2. Po3poOka TexHooriyHOTO Tporiecy MoaudikyBanns cruiaBiB AK9u ta

AJI4C

Komrmnekcauit HaHogucriepcHUt MOAU(IKATOp SIKAW MICTUTHh TOPOIIKH
HAHOJMCIIEPCHOTO CHJIILMY MarHito, KapOigy KpEMHII0 BUKOPUCTOBYETHCS Y BUAL
CyMiIlli, OTPUMAHOI MEXaHIYHUM TIEPEMIIIyBaHHIM y TepMeTUYH1i Tapi. OTpumMany
CyMilll TIpecyBaJii Ha Tmpec-aBTomari TA-3 y TabneTku, sKi JOAaBaId IPHU
nepeMillyBaHHl y pigkuil pos3miaB B kuibkocti 0,10 % Bim macu posmiaBy. B
pe3yNbTaTi AOCTIIHKEHB 3alPOTIOHOBAHO TA0JIETKY PO3MIpOM 8§ MM Ta BHUCOTOIO 4
MM, 1110 MicTuTh 30% mopouky kapOiny kpemHito ¢pakiieo 50...100 am, 20%
nopoiky cuiinuay Martiro pakiiero 50...100 am ta 50% mopouiky aaroMiHIO
¢pakmiero 10 1 mxm [81].

Kommnekcunit  Moaudikarop y TabieToBaHOMY BHUIUISIAL 3a0e3nevye
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TEXHOJIOTIYHICTh Ta €KOJOrIYHICTh BBEIEHHS Yy PO3IUIaB MpHU BHCOKHX
TEeMIIepaTypax Ta He MOTpeOye T0AATKOBOTO TEXHOJIOTIYHOTO OCHAIIECHHS.

BiaMiaHOO 0COOJIMBICTIO MouQiKyBaHHS KOMILJIEKCHUM
HaHOMOIU(IKaTOpOM SIBJIsIE COO0I0 TepMoyacoBa oOpoOka posmuiaBy. [IpoBeneHo
TEpMOYacoBy 00pOOKY po3IuIaBy mpu noAaTkoBomy HarpiBadHi 750 °C Ha mpoTs3i
10 xBunuH, 1Mo 3abe3reuye OTHOPIAHUN PO3MOAUT JIETYIOUMX E€JIEMEHTIB Ta
KOMIIOHEHTIB Moju(ikaTopiB posmiaBiB. HasBHICT, HaHOYAaCTOK MoaudikaTopa
3a0e3mnedye iCHyBaHHS BEJIMKOTO YHCJIAa IIEHTPIB KpHUCTai3aiii po3IJiaBy, IO
COpusie OTPUMAHHIO JIPIOHO3EPHUCTOI CTPYKTYpPH BIIJIMBOK, OTPUMAHHIO
aucnepcHuX (a3, B IIMPOKOMY Jlana3oHl TeMIEpaTypHO-4aCOBUX MapaMeTpiB
IUTABKYM BIUIMBA€ Ha JMCIEPCHICTh IHTEPMETATIIHUX BKJIIOYEHBb 1 a3 B MaTpHIll
crutaBiB. [liciis mpoBOAMIIM OXOJIOMKEHHS PO3IUIaBY B KOKUI 31 MIBUAKICTIO 12,5
°C/xB.

Temneparypa po3IiaBy B TUIIII IEpe]] MOYaTKOM MOJIU(IKyBaHHS CTAHOBUTH
750°C. Tabnetku moaudikaropa B kinbkocti 0,1% Big macu piaKoro Merany,
3arOpHYTI B aJIOMIHIEBY (DOJIBTY, MOMICTUIN B «JI3BIHOYOK); OMYCTUJIM B PO3ILIAB
Ha BijcTaHi B 50 1o 100 MM Bij THA TUTJIA Ta PIBHOMIPHO MEPEMIITyBaIH 110 BCIH
BaHHI P1JIKOT0 MeTainy Ha npoT:a3i 5 — 10 xB. Po3miaB nepeminnyBaiiy, BKIOYAOUN
IUKIIA PEBEPCHOTO TepeMilryBaHHsS 1o 3..4 XB Ta TNEPIOJUYHI 3yNMHUHKU
nepeMilnyBaHHs Ha 9ac He Outbmie 1 xpumnu [82].

BukopucrtanHs TEXHOJIOT1T KOMIUIEKCHOTO MOJU(]IKyBaHHS TPHUBEIO 0
3MEHIIIEHHS PO3MIpPIB 3€PEH 1 JICHAPHUTIB, 1[0 BUKIUKAHO 30LJILIICHHSIM IIBUIAKOCTI
KpucTanizauii MmoaudikoBaHux cruiaBiB. Kpim Toro, 3miHtoBanacs Mopgosoris Ta
tonorpadis IEHAPUTHOI CTPYKTYpH Ta IHTepMETamigHuX (a3 BiJg BUIICHB,
YTBOPIOIOYMX KapKac M0 TpaHUIsIM 3epeH. B pesymbraTi MomudikyBaHHS
3HUKYEThCS  JICHAPUTHA  JIKBAlllsl JICTYIOUHMX  €JEMEHTIB, 3a0e3leuyroun
BUPIBHIOBAHHS XIMIYHOTO CKJIAy CIIJIaBIB.

Le#t cnocid KOMIUIEKCHOTO MOAM(IKaTOpa 3aXUIIEHO MATEHTOM YKpaiHu Ha
kopucHy mozenb Ne 157286, C22C 1/06 (2006.01) «Crniocib oaep>kaHHSI BUJIUBKIB 3

CHIIyMIHIBY.
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[IpoBeaeHO eKCEPUMEHTH 1I0JI0 BU3HAYEHHS €(DEKTUBHOTO Yacy BUTPUMKH
Moaudikaropa B po3iiaBi. BcTraHoBIEHO, 1O Yyac BUTPUMKHA Ma€ CTaHOBUTH 10
XBWIMH. 3MEHIICHHS YaCy BUTPUMKHU A0 5 XBUJIMH 3YMOBIIIOBAJIO HEPIBHOMIPHHIA
PO3MOALT KOMIUIEKCHOTO MopudikaTopa. 30UIbIIEHHS Yacy BUTPUMKHU 10 15
XBWIMH — PpIBHOMIDHMNA pPO3MOALT MIABUILYETHCS HE3HAYHO, aje 3HauHI
C€HEPrOBUTPATH.

3anporoHOBaHO HACTYITHY MOJIeb KpHucTati3allii a-Al-TBepaoro po3unHy Ha
MOIM(DIKYIOUMX HAHOYACTHMHKAX CHIINMAY MarHiro Ta kapOigy kpemHniro. Ha
IUTOCKUX TpaHsax 4acTUHOK B-SiC BUAUISIOTBCS KpucTanu o-Al-TBepaoro po3unny
32 MEBHUMU KPUCTANIOrpaPiYHUMH HAPIMKAMHU.

Buninenns Ha kyrax kpuctana [-SiC yckmagHeHo depe3 many chepy il
aTOMIB, IO YTPUMYIOTh aTOMHU O-Al-TBepioro po3dnHy, MOPIBHIHO 3 TUIOCKUMH
rpadsiMu. ToMy 3aTBEpAIHHS HE3AMOBHEHHUX MTPOMIXKHHUX 00J1acTell BIIOYBAa€EThCS 32
PaxyHOK PO3POCTAHHS MEPIIUX MIKPOOO'€EMIB JJO B3aEMHOTO 31TKHEHHS oi-(ha3H, 1110
chopMyBaJIMCS B KPUCTAIIUHY PEIIITKY, a00 MPOPOCTAHHS CYCITHIX KpUCTaliB [16].

Moaudikaiiss amOMIHIEBUX CIUIaBIB CHJIILHUJIOM MarHiro Ta KapOiaom
KPEMHII0 BHOCHJIO ICTOTHI 3MIHHU y MPOIIECI KpUcTati3allii, a came:

— 3a paxyHOK JIOJJaTKOBO BBEJIEHUX TYTOIIABKMX HAHOPO3MIPHUX YACTUHOK
TeMIiepaTypa TOYaTKy KpucTamzamii miaBumnryBasaca Ha 40°C, T1006TO
MiABUIIYyBajacs CTYIIHb TMEPEOXOJIOKEHHS PO3IUIaBy, IO 3HIKYBAJIO POOOTY
YTBOPEHHS 3apPOJIKiB, pOOJIIYM MPOLIEC TEPMOIUHAMIYHO CTIHKHUM;

— 3apOJKEHHSI Ta 3pOCTaHHS KPUCTAJiB BiOyBaBCs Ha MOBEPXHI YACTHHOK
CWIILIMAY MarHiro Ta kapOily KpPEeMHII0 MPAKTUYHO OAHOYACHO B 00CS31 BCHOTO
MeTally, TOMY 3MEHIIYBaJIUCS PO3MIpPH 3€pEH;

— BHACJIIJIOK PIBHOMIPHOTO PO3MOALTY MOu(iKaTOpa 3a 00CSITOM pO3ILIaBY,
3pOCTaHHsSI KPUCTAIB, NPU SKOMY 3a3BUYall BUIISETHCS TEIJIO KpHUCTasi3allli,
BiIOYBaBCA B €HEPIETUYHO Ta KIHETUYHO BUTIIHINIUX YMOBAaX, 3aBISIKA PO3BUTKY
npoliecy B 00csi31 MeTaly, a He BUOIPKOBO;

— 30UIBIIYETHCS BUX1J IPUIATHOTO METATY 32 PaXyHOK 3MEHIIEHHS pO3MIpIB

YCaJKOBOI PaKOBUHU;
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— MIKPOIIOPHUCTICTh PIBHOMIPHO PO3CisiHA B 00Cs31 37IMTKA Ta HE 3HUKYE P1BHS
BJIACTMBOCTEH 3arOTiBi.

[Tpu nomaneiit nedopmarii mopu, OyAyIr HEOKUCICHUMHU, 3aBAPIOIOTHCSL.

BuBueno ocoOnuBocTi nii MoaudikaTopa B allOMiHIEBOMY po3IuiaBi. B
OCHOBI Tmporiecy Moau(iKyBaHHS TIEPBUHHOTO 3€pHA ATIOMIHIIO  JICKHTH
3apOJIKOBUN MEXaHi3M.

3Biick BHUCHOBOK NP0 T€, L0 MEXaHIYHI XapaKTEPUCTHUKU aTIOMIHIEBUX
cutaBiB AK9u 1 AJI4C MoXHA MWIABUINWTH TIPH BBEIACHHI B  PO3IUIAB
HAHOJMCIIEPCHUX YAaCTHHOK CIJNIIMAY MarHito 1 kapOijly KpeMHil0 B ONTUMAaIbHIN

kinbkocTi 0,1% Mac. (onucano y po3ain 4).

BucHoBku

AHami3 pe3yabpTaTiB MPOBEIECHUX JOCTIKEHb 3 PO3POOKHU Ta CKIIaJIaHHS
TEXHOJIOTIYHOTO TMpoIecy MOAU(IKYBaHHS aATIOMIHIEBUX CIUIaBIB JUCIIEPCHUM
CUJIIIIMJIOM MAarHito Ta KapOiJjoM KpEeMHII0, a TaKOX IIO0A0 ONTUMI3aIlil MapaMeTpiB
MO (IKYBaHHS J103BOJIsI€ 3pOOUTH HACTYITHI BUCHOBKH:

- 3aMPONOHOBAHUM y poOOTI MOIU(DIKATOP - TUCTIEPCHUM CUITIIIK MarHii Ta
Kap017] KPEMHII0 MalOTh HEOOXIHY KpHUCTaIorpadiuHy Ta po3MipHY BiAMOBITHICTH
Ta 130MOPGHUN KPUCTATIUHIN PEUTITI ATIOMIHIIO;

- CKJIaJl KOMIUIEKCHOIO HAaHOAMCIEPCHOrO0 MoAu(IKaTopa 3axXUIIEHO
naTeHTOM YKpaiHu Ha kopucHy Mozenb Ne 157286, C22C 1/06 (2006.01) «Cmocio
OTPUMaHHS BUJIMBKIB 3 CUUIYMIHIBY.;

- npu BBeAeHHI B JuBapHi amtoMiHieBl cmiaBu AK9u 1 AJI4C
TOHKOAMCTIEpCHUX dYacTHHOK MgoSi Ta SiC He mnorpebye BUKIIOYEHHS a0o
OOMEKEHHS CKJIaJly HasIBHUX Y CIUJIaBaX MIKpOJIETYIOUHX J00aBOK;

- MiCIA TPOBEACHHS JOCTIPKEHh BU3HAUEHO ONTHMAIBbHY KUIBKICTh
moaudikaropa B cruiaBax AK9u ta AJI4C, sxa ckimamae 0,1% wmac., mpu KoMy

M1JBUIIYIOTHCS XapaKTEPUCTUKU MILHOCTI Ta MJIACTUYHOCTI CILIABIB,;
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4. BIUNIMB MOAN®IKYBAHHA HA TEXHOJIOI'TYHI BJIACTUBOCTI
TA CTPYKTYPY JIMBAPHUX [ JEOOPMOBAHUX
AJIIOMIHIEBUX CITJIABIB

4.1. TlopiBHsibHA OIIIHKA TEXHOJOTIYHHUX BJIACTUBOCTEH JUBAapHHUX

amoMiHieBux criaBiB AK94 ta AJI4C no Ta micis MoaudikyBaHHs

BusHadeHi HAcCTyMHI TEXHOJOTIYHI BJIACTHUBOCTI JMBAapHUX AaJFOMIHIEBHX
CIUIaBIB: PIIKOTEKYUYiCTh, CXHJIBHICTD IO YTBOPEHHS TapsiuuX TPILIMH, TA30BMICT Ta
TEePMETUYHICTb.

PinkoTekyuicTh XapaKTepus3ye CTYIIHb PYXJIMBOCTI CIUIaBY B IPOIIECI
3arnoBHEeHHS dopmu. UuMm BuUllle piiHA, TUM JIETIIe OTPUMATH CKIaAHy (pacoHHY
BUJIMBKY 3 TOHKMM NiepeTHHOM. Pinkorekyuicth craBiB AK94 1 AJI4C no ta micins
MOAM(IKyBaHHS BHU3HAYaJM METOJOM MPYTKOBOI mpobu (puc.4.1). JloBxkuHa
3aJIMTOTO MPYTKA XapaKTePU3y€e PIIKOTEKYUICTh JOCIKYBaHUX CIUIaBiB [4].

3HadyeHHs pigkorekydocti cmiaaBiB AK9u 1 AJI4C pgo Ta micns
moaudikysanuas 0,1% Mg,Si i SiC 3a po3po0IeHO0 TEXHOJIOTIEI0, SKI BU3HAYEHI
METOJIOM MIPYTKOBOI MpoOu, HaBeneH] B Tabnuii 4.1. KommiekcHe MonudikyBaHHs
Ha ocHOB1 M(,S1+SiC migBumrye pinkorekyuicts cruiaBiB AK94 ta AJI4C Ha 8% 1

3,5%, BiamosigHO [6].

Tabmuus 4.1 — Pe3ynbrati BU3HAYEHHS PIIKOTEKYYOCTI CILJIaBIB METOIOM

MPYTKOBOI MpoOH

Cmuias PinkorekyuicTh, MM
AKO9u 346

AK94, mogudikoBanuuit Mg,Si+SiC 374
AJI4C 375

AJI4C, moaudikoBanuuit Mg,Si+SiC 388
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JUisi BU3HAYEHHS CXWJIBHOCTI 10 YTBOPEHHS TapsAyvx TPIIIMH MPH JIUTTI
cruaBiB AK94 1 AJI4C o Ta micas MoaudikyBaHHS 3aCTOCOBYBAJld HaBEJCHY B
poboTi metoauky JlepkaBHoro mianpueMmctBa Bupobnmue o0'ennanus [liBgeHHO
MamuHOOyaiBHUM 3aBoj1 iMeH1 O. M. Makapoga.

Temnmepatypa po3minaBy i dYac 3anuBaHHS MpoO ckimagana 750°C.
Y10cKoOHaIEHO METOAMKY BHU3HAYEHHS CXWJIBHOCTI aJIIOMIHIEBUX CIUIABIB 0
YTBOPCHHSI TapsYuX TPIIUH. Y BUXIIHIA METOIUINl HEOOXITHO METaJIeBl CTPHIKHI
3abapBmtoBat (apOOI0 HACTYMHOTO CKJIamy, Mac.: 4,5% konoigaibHOTO TpadiTy;
3,9% xpeiinu; 2,6% oxcuny numHKy; 3,2% piakoro ckia ta 85,8% Boam A
BUKJIIOUCHHS HACUYCHHS QJIIOMIHIEBUX CIUIaBiB  3aimi3oM. [Ipomonyerhes
BUKOPUCTOBYBATHU OUIbII JienieBy (GapOy JjIsl CTPUKHIB HACTYIMHOTO CKJIAy, Mac.:
67% xpeiau, 3% piakoro ckia, 30% Boau. 3anpomnoHoBana ¢gap0a 3acTocoBaHa st
BU3HAUYCHHS TPINIMHOCTIMKOCTI BHUXIIHUX Ta MOJU(PIKOBAHUX aJIOMIHIEBUX
CIUIaBIB; BOHA Ma€ JIOCTATHIO aJre31i0 3 MOBEPXHEIO CTPHXKHS, JKapOCTIhKa 1 100pe
HAHOCUTHCSI Ha METaJeBY MOBEPXHIO MyJibBepu3aropoM. IlepeBaroro 1 €
BIJICYTHICTb y CKJIaJll IOPIBHSHO JOPOTOr0 OKCUAY LIUHKY.

ToBIMIMHY KUTbLA 3MIHIOBJIM HUISIXOM BCTAaHOBJIEHHS B (DOpPMY CTaJeBUX
CTPHIKHIB 13 cTam 45 pi3HuX aiameTpiB. YuMm OLIbIINi JlaMeTp CTPUKHS, TOOTO YUM
MEHIIIA TOBIIMHA Kb, TUM OLJIbIIIAa yCaKOBa HANPYyTa, 10 BUHUKAE B KIJIBII MPU
0X0J10/>keHH1. TOBIIMHY KIJIbLISI MOKHA 3MIHIOBaTH 4epe3 KOXHi 2,5 MM. ToBIIUHY
KUTBIIS BUJIMBKY 3MiHIOBaIu BiJ 20 10 5 mMm. Taka MeToiMKa 103BOJISIE YTBOPIOBATH
TPIIIMHA B JIalIbHIM 4YacTHHI a00 MOOIM3y >KUBUIBHHKA, TOOTO Tam, Ji¢ CIIJIaB
KPUCTAI3YEThC B OCTaHHIO uepry. CTymiHb TPIIIMHOCTIMKOCTI BU3HAYaIu
TOBIIMHOIO KUJIBIIS, PH SIKIM BUSBIICHI TIEPII TPIIIAHH.

Pesynbrat mpoBeneHUX eKcrmepuMeHTiB (Ta0m.4.2) 03BOJSIOTH JINTH
BUCHOBKY, 10 cmaBu AK9u 1 AJI4C micna MoaudikyBaHHS MarOTh BHUCOKY

CTIHKICTh /0 YTBOPEHHS TapsuuX TPILIUH TIPH M1 ABUIIICHH] TEMIIEPATYPH.
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Tabnuusg 4.2 — Pe3ynbratu BU3HAYEHHS! CXUIIBHOCTI JI0 YTBOPEHHS Tapsuux

XTPIIUH
CriaB ToBmuHAa KIABLA. MM
AK94 5
AKO94, momudikoBanuii Mg,Si+SiC 5
AJI4C 5
AJI4C, moaudikoanuii Mg,Si+SiC 5

Y MoaudikoBaHMX MNpoOax BENUKI Ta30Bi MOpPU BIACYTHI, HEOOX1IHO

PO3IJISIHYTH Ta30BY HOPUCTICTh. BUJ ra30B0Oi MOPUCTOCTI HABEAEHO HA PUCYHKY 4.1

a — no mogudikyBanHs, x500; 6 — micns moaudikyBanHs, x500;

B — 10 MoauQikyBaHHs, TpaBieHHs, x100;
T — micis MoaudikyBaHHs, TpaBieHHs, X100

Pucynox 4.1 — Bup razosoi nopuctocti criaBy AK94
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I"azoBmict B criaBax AK94 1 AJI4C 1o ta nicis MoaudiKyBaHHs YaCTUHKAMU
Mg.Si 1 SiC Bu3Hauanu 3a OMOMOTOI0 BaKyyMHHX MpOO, SIKI BUILIABISUIA TIPU
temneparypi 760°C, cTBoproBaiiu BakyyM mpotsarom 60 cex.

BunuBky pospizanu y BEpPTHKIBHOMY HAIPSIMKY, 3 TIOJOBUHHU SIKO{
BUTOTOBJISUIA MIKPOLLTI() Ta AOCTIIKYBAJIN MOPUCTICTh. Pe3ynbratu OIiHKK Tpoo
HaBejieHo y Tabnuil 4.3.

3 a0 4.3 cimij BiAZHAYUTH, [0 MOAM(IKallisi amoMiHieBUX crutaBiB AK9u
1 AJI4C 3abe3neuye HU3BKUN Ta30BMICT [83], 3MeHIIIEHHS 6aTy TOPUCTOCTI 3 2 110

1-ro st BUIMBKIB 3 amroMiHieBHUX cruiaBiB 1o JJCTY 2839-94.

Ta6muis 4.3 — Pe3ynbrati BUSHAUCHHS Ta30BMICTY

CmuiaB KinpkicTh razoBux Kinbkicth Hiametp ban
Oynb0aroK 110 nop 1op, MM, HOPHUCTOCTI
MOMEHTY Ha 100 MM? | He Ginbmre
KpHUCTaITi3aIii
AK94 8 6 0,15 2
AKO9u, 7 4 0,10 1
Moau(iKoOBaHMIA
Mg2Si+SiC
AJI4C 6 4 0,10 2
AJI4C, 6 3 0,10 1
MoaupikoBaHUHA
Mg.Si+SiC

[Ipu excrutyaraiiii BeIMKOorabapuTHI TOHKOCTIHHI BUJTUBKH JIJIS1 KPHJIbYATKH
TypOOHACOCHOTO arperary Ta BY3JIiB PaKETHOTO JIBUTYHA 3 aJIFOMIHIEBUX CILJIaBiB
AK9u Tta AJI4C BuMararoTh T€pMETHYHICTh MPU BHUMIPOOYBAHHI MOBITPSIHO-
renieBuM cepenoButiem [14]. [lnsa cimaBiB AK94 ta AJI4C, 1110 KpUCTammi3yloThCs Y
BY3bKOMY 1HTEpBajJi TEMIIEpaTyp, BJIACTHUBE CTBOPCHHS BEIUKHX YCaIKOBHX
PaKOBHH B 30HAaX, SIKI TBEP/IIAIOTh B OCTAHHIO YEPry, HANPUKIAL, Y JIUTHUKOBIN
cuctemi. YcaakoBa pHUXIICTh TaKMX CIUIaBIB HU3bKA, TOMY IIi CIUIaBH

XapaKTePU3YIOThCS BUCOKOIO repMeTHUHICTIO [84].
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[IinpHICT, amtoMiHieBUX auBapHUX cruiaBiB AK94 1 AJI4C 3 obOpaHoro
KIJTBKICTIO KOMIUTeKcHOTro Moauikaropa Mg,Si i SiC BH3Ha4Yamu CTaHIapTHUM

METOJIOM T1APOCTATUYHOMY 3BaXKyBaHHI.

2900

2800

3

A

I 1npH1cTE, KI/M

2700 {
(

2600
0 01 02 03 0.4 0,5

Kimpxicte M g251+S1C, % mac.
Pucynok 4.2 — 3anexHicTh MIUJIBHOCTI allFOMiHIEBOTO ciiaBy AK94 Bif

KUTBKOCTI KOMILTEKCHOTO MoiugikaTopa M(,Si+SiC

Tabnuus 4.4 — H{1mpHICTS TMBAPHUX CILJIABIB

Cmuias [{i1bHICTH CILIABY,
Kr/M>
1 2
AK94 Buxiguuii 2672,2
AK94, mogudikosanwuii 0,1 % Mg,Si+SiC 2766,4
AK94, mogudikosanwuii 0,2 % Mg,Si+SiC 2771,3
AK94, momudikosanwuii 0,3 % Mg,Si+SiC 2774,1
AJI4C Buxigauii 2668,4
AJI4C, monudikosanwuii 0,1 % Mg,Si+SiC 27284
AJI4C, moaudikoBanuii 0,2 % Mg,Si+SiC 2731,1
AJI4C, monudikosanwuii 0,3 % Mg,Si+SiC 2738,3
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B Tabnumi 4.4 HaBeiaeHO cepeHl 3HAuYeHHS 3a 4 BHUMIPIOBaHHSMH.
Moau¢ikyBaHHS aOMiHIEBUX CIUIaBiB mopomkoBuM Mg,Si 1 SiC y kimbkocTi 0,1%
Mac. MPU3BOAUTH JI0 MiBUIIEHHS rycTunHu crutaBy AK94 na 3,5%, a cimaBy AJI4C
Ha 2,2%. Ilomanbine 301IbIIEHHS KUIBKOCTI MoAM(IKATOpa TPOXH IIiJIBUILYE
IIUTHHICTH CIUTaBIB (puc.4.2).

BignoBigHo 10 HaBEeIEHMX MaHMX IIUIBHICTh MOJU(IKOBAaHUX CILJIABIB
miaBUITY€E€ThCS Ha 3,8%, 110 3aJ0BOJIBHSIE YMOBY POOOTH JeTaJICH BIAMOBIAIEHOTO

IMPHU3HAYCHHA.

4.2. BinuB MoAM(IKYBaHHS Ha CTPYKTYpY JIMBAapHUX aJTIOMIHIEBUX CILJIaBIB

AKO94 i AJT4C cucremu Al-Si

B ocHOBI niporiecy Mo (iKyBaHHS JIEXUTh 3apOAKOBUIN MexaHi3M [15]. Ipu
HE3HAUYHOMY TEpErpiBl y po3IUIiaBl BUIIE JiHIT JIKBIYC 3HAXOASITHCS TYTOIUIABKI
yacTUHKHA Moaudikaropa Mg,Si ta SiC, a TakoX aKTUBOBaHI YACTUHKHU AJFOMIHIIO
TBep0ro po3unny. HanouacTurky MoaudikaTopa y Benukii kinmbkocti 6-10* na 1
K pO3IJIaBy CIYTylOTh LEHTpaMU KpHUCTali3allii, M0 CHpuse NOApiOHEHHO
CTPYKTYpH.

MeranorpadiuHe J0CiIKEHHS 3pa3KiB, BUPI3aHUX 3 BIJIUBKIB cIuiaBiB AK9u
ta AJI4C 1o Ta micig MOAM(IKYBaHHS, MOKa3aJI0 MOAPIOHEHHS MIKPOCTPYKTYpPH
MOAM(IKOBAHUX CIUIABIB. 3€pHO MIKPOCTPYKTYpH aitoMmiHieBoro cruiaBy AK94 no
MoaudikyBanus (puc.4.3) ckiamaeTbcs 3 JICHIPUTIB O-TBEPAOTO PO3UYHHY,
€BTEKTHKH 0+S1, 3a51130BMICHUX (pa3 Ta cnoayk Mg,Si. Binctans Mixk I€HIpUTHUMU
OCSIMH JIPYTOTO TOPSIIKY (ICHIAPUTHUI MapameTp), micist moaudikyBanns (puc.4.4),
BU3HAYCHHI METOIOM Tepepi3iB Ha Mikpockori MIM-8, cTaHOBUIIO B cepeHROMY
15 ... 20 MkM. MDKBICKOBI IUISHKYA MK JCHAPUTAMH 3aMIOBHEHI €BTEKTUKOIO 0+Si.
B eBTEeKTHYHUX KOJOHISIX KPUCTAIHM KPEMHII0 MalOTh (JOPMY CTPIIKHIB 3aBIOBKKHU
1o 30 mxwm. [IpocTip Ha TpaHUIX MiX JEHAPUTAMH Ta €BTEKTHUKOIO, OYECBHJIHO,
30arayeHuii Mardiem i migato, 10 MoaudikyBaHHs (puc.4.5) mo meranorpadiuHo

BUPAKAETHCS Y BUTIISIAI TEMHHUX TTOJTIB HABKOJIO KPUCTAJIIB €BTEKTUYHOTO KPEMHIIO.
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BiacTtanp MiX MUIaCTUHAMHU KPEMHIIO B €BTEKTHIIl CTAHOBUTH OJIM3BKO 2 MKM,
NEPBUHHI KpUCTaIM KpEeMHII0 B MoaudikyBaHHI He BuUsBIeHI. Po3mip
BUJIIJTUBINUXCS IMICIIS TEPMO3MIITHIOIYO0I 00poOKkM dacTwHOK (asu Mg,Si, 110

MaroTh (OPMY TIACTUHOK, CTAaHOBUTH 0J113bKO 0,1 MKM.

s _— |
2 b

4
AL

A R 4

a—x200; 6 —x500
Pucynok 4.3 — Mikpoctpykrypa criaBy AK94 1o moaudikyBaHHs

Pucynok 4.4 — Bigctanb Mk JA€HIPUTHUMU BICSIMU IPYTOTO MOPSIJIKY

(nennputHUil napamerp), cruiasy AK9u nicns monudikysanns, x 200

Mikpoctpykrypa cruaBy AJI4C no moaudikyBanus (puc.4.6) ckiagaeTbes 3
JEHIPUTIB TIEPBUHHOTO O-TBEPJOTO PO3UMHY; KPEMHIIO, IO BXOAUTH JI0 CKIATY
MJIACTUHYACTO! €BTEKTHKH 0+S1 3 pIBHOMIPHO PO3MOIJICHUMH B Hill BKIIFOUCHHIMU
samizoBMicHuX (a3 AlSiFeMn Ta AlsFeSi; inTepmeraminiB AISb ta MgsSh,.

Mikpoctpykrypa metany AJI4C nicns moaudikyBanus (puc.4.7).
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Pucynox 4.5 — IIpocTopu Ha rpaHULISIX MIX ACHAPUTAMU Ta €BTEKTHKOIO,

OYEBHJIHO, 30aradeHi MarHieM Ta Mijiro, 10 moaudikyBanus ciaBy AK94, x 500

JUisg 3MIHEHHS KPUCTAIIYHUX PELITOK 0-TBEPAOrO PO3UYHMHY B CHUIYMIHU
BBOJISITH MarHii, ITMHK, Mizb [27,85]. AToMH po34MHEHOTO MeTaTy A1e(pOPMYIOTh Ta
3MIHIOIOTh PO3MIPH €JIEMEHTAPHOTO OCEPEAKY PO3UUHHUKA (0-TBEPIOTO POZUUHY).
30kpema, aToMu IUMHKY (aTOMHHI pajiyc sikoro popiBHioe 0,137 HM) Ta wmimi
(aromHmii pazgiyc gmopiBHtoe 0,128 HM), 10 YTBOPIOIOTH TBEPAWN PO3YHH
3aMIlIeHHs, MPU3BOJATH JI0 3MEHIICHHS, a aTOMU MarHito (aTOMHUH pajiyc
nopiBaIoe 0,160 HM) — 10 30UTBIIICHHS PEUIITKH O-TBEPAOTO PO3YHMHY. ATOMHHMA
paalyc ajiOMiHIIO, SK OCHOBH KPHUCTAJIIYHOI PEIIITKU O-TBEPAOTO0 PO3UHUHY
nopiBHioe 0,143 um [2, 39]. Jomimku Miai Opu iboMy oOMexeHa y ciiaBax AK9y,

AJIAC (o 0,3%) depe3 HeraTUBHUY 1i BIUTMB HAa KOPO31iHY CTIHKICTb.

g
Pucynok 4.6 — Mikpoctpykrypa cruiaBy AJI4C no moaudikysanss, x 270
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Jns  oTpumaHHa e(eKTy 3MIIHEHHS MpU TEPMO3MIIHIOWYIN 00pooII
(3araptyBaHHA + CTapiHHS) TOJBIMHI CIUTABM BBOJATH M00aBKM MAarHil0 Ta Mimi
okpeMo a0o0 cymicHO. KOMIIOHEHTH CIUIaBy YTBOPIOIOTH IHTEPMETANIIN 31 3MIHHOIO
PO3UYMHHICTIO B TBEPJOMY CTaHi, 5IKi € €)eKTUBHUMU 3MII[HIOBAYaMU ITPH TEPMIUHIM
obpooi [9, 12, 86].

OcHoBHMM 3MinHIOBaueM ciiaBy Tuny AK94 e daza Mg,Si [80, 83]. s
3a0e3MeYeHHs] MaKCUMaJIbHOTO €(eKTy TEepMO3MIIHIOIYO0i O0poOKH, a TaKoX
30epeKeHHSI ONTHUMAIBHUX CIHIBBIIHOIICH, MDK MIIHICTIO Ta TUIACTHYHICTIO
pexkoMeHyeTbes y ciiaBi AK94u matu BmicT mario B Mexax 0,20...0,25 %. Ilpu
BMiCcTi MarHito MeHme 0,2% crmiaB MaTMMe 3HWKEHY MEXY MILHOCTI, alie
MaKCUMaJIbHY TJIACTUYHICTh Ta MEHITY CXWIBHICTB 10 YTBOpPEHHS nopuctocTi. [Ipu
O1MBIIOMY BMICTI MAarHil0 CIUIaB MaTHME IMMJABUINEHY MIIHICTh 1 3HHXKEHY
miactuuHicTh [30]. o0 yHMKHYTHM 3aiiBOi KpHXKOCTI Ta JJiA JOCATHEHHS
sMmilHeHHs craBy no6aBku 0,2..0,4 % Maruito MOpoBOJSATH 3 OJHOYACHUM
3HM)KEHHSIM BMICTY KpeMHI0 110 6...10 %. OxkpiM NEeBHOro BIUIMBY MarHirl0 Ha
MEXaHIYHl BJIACTHUBOCTI, CIiJ 3a3HAYWTH IIO3UTUBHUM BIUIMB MAarHilo Ha
MIJBUIIICHHS OTIOpY Kopo3ii [48].

Bwmict kpemHito Ha BepxHiil Mexi (10 10,5% nns cnaBiB AK9u ta AJI4C; no
9,5%) chopuse MABUINEHHIO MEXaHIYHMX BJIACTUBOCTEH Ta IOJIIIICHHIO
TEXHOJIOTIYHUX XapaKTEPUCTHUK CIUIaBiB. /(151 3MEHIIICHHS] KOHIIEHTPOBAHOI YCaIKU
Ta MOPUCTOCTI PEKOMEHIYETHCS ITUXTYBATH KPEMHI1M OJIM>KU€ 10 HUKHBOT MeX1 (B1]1
8% mus craBiB AK9u ta AJI4C, Brkazanux y cranmaprax [87,88]).

JlocnipkeHHst MIKpocTpyKTypu cruiaBy AK94, moandikoBaHOro CHUIIIKUIOM
Mar”iro Ta KapOijoM KpEMHII0, TOKa3ajo MOJAPIOHEHHS O-TBEPJOTO PO3IYHHY
almoMiHI0. BiacTtane MK JCHAPUTHUMH BICAMH JPYroro TOPSIAKY TICHS
MoaudikyBaHnHs craHoBwia 10 mxM, mo y 1,5..2,0 pa3dy MeHie, HDX [0
moaudikyBanss. [logpiOHEHHS €BTEKTHKHM Ta 3a1i30BMICHUX (a3 HE BUSBIEHO, Ta
iX pO3MipHU TOTO 3K MOPAJIKY, SIK Y aJIFOMIHIEBOTO CIUIaBy 10 MoaudikyBaHHs. OTxe,
KapO1J KPEMHII0 MOXXHa BIJHECTH 10 MOAM(IKATOPIB 1-TO poay s JIMBaApHHUX

AJTFOMIHIEBUX CILIABIB.
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JlocmipkeHo BIUIMB MOJU(IKyBaHHS Ha MakpoCTpyKTypy cruiaBiB AK9u Tta
AJIAC. JIuTi Ta TEpMO3MIITHIOIOYI 3pa3Ky MiJAaBaId TPABICHHIO y PO3YNHI CKIaAY:
11 mu 48-BincotkoBoi HF ta 100 M1 H,O [89, 90] pucynok 4.7. BenuunHy 3epHa
BU3HAYaJW KIJIBKICHUM MeTajorpadiyHUM aHaIi30M MO CTaTUCTUYHOMY METOIY
Jxeddpica 3a KUIBKICTIO 3epeH, IO MPHUMNAAal0Th Ha OJWHUINO IUIONI HUTI]Y.
Cepenniit po3mip 3epHa 10 MoaudikyBaHHS cTaHOBHB 280 MKM, a micis
monupikyBanHs ckinagaB 110 mxm. TakuMm 9MHOM, MOAM(IKYBaHHS YaCTUHKAMU
Mg,Si+SiC mpu3Beno 10 3MEHIIICHHS 3epHa TUBAPHUX CIUIABIB y 2,5 pasu.

O®pakrorpadiuyHuii  aHamI3 3J1aMiB  MPOBOJAWIM Ha 3pa3kax MeHax
0e3mocepeIHbO Micisi BUPOOYBaHb. 3a TUIIOM PYWHYBaHHS Ta (ypakTorpadiauHum
MOKa3HUKaMU, HAITPUKIIAA, IO KPOKY OOPO3HOK, MIUPUHI BTATYBAaHHS Ta pO3MipaM
AMOK, pyhHyBaHHsA cruiaBy AK94 g0 Ta micns MoaudikyBaHHS THUCIIEPCHUMU
yacTuHKamMu Mg,Si+S1C aHanoriuno. 31maMu 3pa3KiB allOMIHIEBUX CIUIABIB MalOTh
CIpHii KOJIIp 3 HE3HAYHUMHU OJIMCKYUYUMH JIIJITHKAMH Y BUTJISIII TUTOCKUX TTOBEPXOHb
pi3HOI (hopMU Ta BEIHYUHHU.

MexaHi3M 3MIIHEHHS JIMBapHUX aJIIOMIHIEBUX CIUIABIB JAUCHEPCHUMH
MoaudikaTopaMu MOXXKHA HaJaTU HACTYNHUM 4uHOM. [lonpiOHEHHS CTPYKTYpHu
CIUIaBIB CIpuUs€ 3MillHEHHIO amtoMiHieBuX cruiaBiB AK9u ta AJI4C 3a paxyHOK
30UTBIIIEHHST MPOTSHKHOCTI Mik(pa30BUX TpaHuilb. Po3paxyHok po3Mipy 3epHa
MPOBOAMIIM 32 JOTIOMOTOI0 MPOrpaMHOro cepeoBuiia C++ METOI0M CIUHHUX.

[Ticnst BU3HAUYEHHS pO3MIpY 3€pHA OYyJI0 BUSBIEHO, 10 Y HEMOIU(DIKOBAHOMY
cepiitnomy wmetani (pucyHok 4.7 B) BiH ckiagae 0,045 MM, TOomi SK Yy
MoauQikoBaHOMY ciuiai BiH gopiBHIOe 0,03 MxM (pucyHok 4.7 B). To6TO, po3mip

3epHa Mij aiero 6aratodyHKIIOHATFHUX MOIU(DIKATOPIB 3MEHIITUBCH.
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a, B — 10 MOM(DiKyBaHHS, TTiIaBaIN TPABICHHIO,
0, T — micia MoaudiKyBaHHS, MigAABAINA TPABICHHIO
Pucynox 4.7 — Po3wmip 3epna criapy AK9u no ta micus

moaudikyBanss, x 100

Busnauenns  ¢azoBoro ckmanxy wmoaudikoBaHoro  craBy  AK9u
penrenorpadiuyanm metoaoM Ha nudpakromerpi JJPOH-00 B K-o BunpomineHi.
dazoBuii cknaa amomidieBoro cruiaBy AK9u mo Ta micas monudikyBaHHS

HaBeaeHo B Ta0II. 4.6.



Ta6mui 4.6 — dazoBuii ckiaj amtoMiHieBoro cruiapy AK9q

®a3za Tun kpucraniunoi pewitku | [Tapamerpu Jlxepeno
PENITKHA, HM imenTudikarii
1 2 3 4
Coias AK9y
o-Al KyOiuHa a=0,4049 kaproteka JCPDS,
Ne(04-0787
B-Si KyOiuHa a=0,542 kaproteka JCPDS,
Ne77-2111
AlsSiFe MOHOKJTIHHA a=0,612; kaproreka JCPDS,
B=0,612; Ne20-0031
c=4,150;
B=91°
FeAls opTopomOiuHa a=4,743; kaptoreka JCPDS,
B=1,545; Ne01-1265
¢=0,807
Mg2Si KyOiuHa a=0,639 kaptoreka JCPDS,
Ne35-0773
CrutaB AK94, monudikoBanuit Mg,Si+SiC
a-Al KyOiuHa a=0,4049 kaproreka JCPDS,
Ne(04-0787
B-Si KyOiuHa a=0,542 kaproteka JCPDS,
Ne77-2111
AlsSiFe MOHOKJIIHHA a=0,612; kaptoreka JCPDS,
B=0,612; Ne20-0031
c=4,150;
p=91°
FeAls opTopomOidHa a=4,743; kaptoreka JCPDS,
B=1,545; Ne01-1265
¢=0,807
Mg2Si KyOiuHa a=0,639 kaproteka JCPDS,
Ne35-0773
B-SiC KyOiuHa a=0,436 kaproteka JCPDS,

Ne22-1319
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Judpakrorpamu BuXigHOTO Ta MOAMGIKOBAHOTO aJIFOMIHIEBOTO CIIJIaBY
AK94 y koopaumHaTax «BIIHOCHA IHTEHCUBHICTh — TOJBIMHUN KyT AUQPPAKIIII»

HaBesieHo Ha puc.4.8 ta puc.4.9.
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Pucynox 4.8 — Jludpaxrorpama BuxigHoro amtominieBoro cruiapy AK9q
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Pucynox 4.9 — Jludpakrorpama moaudikoBaHOTO

amomMiHieBoro cruiapy AK9u

Pesynbrat  poOIT 3 OCHIKEHHS  CTPYKTYpH, (a3zoBoro Ta

PEHTTEHOCTPYKTYPHOTO aHaMi31B, BU3HAUEHHS IIUIBHOCTI Ta TEXHOJIOTTYHUX
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BJIacTUBOCTEH amoMiHieBUX cruiaBiB AK94 ta AJI4C no Ta micist MoaudikyBaHHs
JI03BOJISIIOTH 3pOOUTH HACTYITHI BUCHOBKHU:

- P1IKOTEKy4iCTh, BU3HAYEHA METOJIOM MPYTKOBOI MpoOH, MOAM(IKOBAHUX
criaBiB AK94 1 AJI4C migBumyetbes Ha 8% 1 3,5% BiANMOBIIHO B MOPIBHAHHI 3
BUXITHUMHU HEMOAM(IKOBAHIUMH CILIaBaMU;

- monudikyBanHsa cruiaBiB AK9u ta AJI4C 3abe3nedye 3MEHIICHHS Oany
MOpUCTOCTI 3 2 10 1-ro ansa BwimBKIB 3 amomiHieBux ciiaBiB JICTY 2839-94,
OCKIJIBKH KiJIBKICTh ra30HanoBHeHuX 1mop Ha 100 mm? munidy 3menmyerscs B 1,5
pasu, 3a paxyHOK YOTO JIOCATAETHCS HU3bKUIN Ta30BMICT;

-IUIbHICTh MoaUdikoBaHUX cruiaBiB AK94 ta AJI4C ninBuniyerbes Ha 2,2 ...
3,5%;

- MmoaudikyBaHHs yacTUHKaMH Mg>Si 1 SiC J103BOJUIIO 3MEHIIUTH PO3MIP
3epua y cmiaBl AK9u y 2,5 pasu Bim 280 mo 110 MKM mMOpiBHSHO 3
HeMoau(1KOBaHUM cTaHOM. Po3Mip 3epHa B cIlaBax € BUSHAYAJILHUM (PAaKTOPOM Y

3MII[HEHHI, 3r1AHO piBHAHHIOXO01a-[leTya:

Co2 = Op T K-d12 (4.1)

JIe Go— BHYTPIIIHA HaIllpyra TeKy40CTi;
K — xoedimient Xomna-Ilerya,
d — cepenHiii po3mip 3epHa;

d¥2 — e 3BOopoTHAa BeNMuUMHA KBaJPaTHOTO KOPEHS 3 PO3MIpOM 3epHa

1/d;

- y Moau]ikoBaHOMY JHMBapHOMY antoMiHieBoMy cruiaBi AK94u BusiBieHo
HactymHi dasu: o-Al, B-Si, AlsFeSi, FeAls, B-SiC ta MQ,Si. Edexr 3minHeHHS
MOAM(IKOBAHOTO KapOiIoM KPEMHIIO 1 CHIIIHUIOM MarHito alfOMiHIEBOTO CILIABY
AK9u  00yMOBi€HMI  BIUIMBOM  HEPO3YMHEHUX  TYTOIUJIABKUX  YACTUHOK

moudikyrouoi dasu B-SiC.
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4.3 BrumuB moaudikyBaHHs Ha GOpMyBaHHS CTPYKTYpH ciuiaBy 1545

cuctemu Al-Mg-Sc

[Ipu kpucramizamii crutaBy 1545 cucremu Al-MQ-Sc  kpucramnizaiis
MOYMHAETHCS 3 BUAUICHHS 1HTepMeTaniry MgsSc 3riiHO 3 AiarpaMolo CTaHy, SIKUN
Ma€ CTPYKTYPHY BIANOBIIHICTH J10 MOJIU(DiKyr04Oi (a3u.

Hocmimkenns 3paskiB 1545 cucremu Al-Mg-Sc. 3epenna cTpykTypa cruiaBy

1545 naBenena nHa puc. 4.10.

a — 10 Moau(iKyBaHHS; O — Mics MOAU(IKYBaHHS

Pucynox 4.10 — MikpoctpykTypa aedopmoBanoro craBy 1545, x200

JlocipKkeHHs moKas3ainy, o y MoaudikoBaHoMy criasi 1545 3MeHITyeTses
po3mip 3epHa 3 200 mo 100 MM, ToOTO B 2,0 pazu MOPIBHIHO 3 HEMOAU(PIKOBAHUM
CTaHOM.

[IpoBeneni ekcnepuMeHTH 3 omnTuMizalii 4acy oOpoOku posruiaBy 1545
HaHOJUCIIEPCHUM MOAM(IKaTOpoM. MeToIoM mepepi3iB BU3HAYAIU BIJICTaHb MIX
BICSIMU JICHJIPUTIB O.-TBEPAOTO PO3UMHY aJIFOMIHIIO B 3aJICKHOCTI BiJl 4acy 0OpoOKHU

posmiaBy Ha 50 mossix 30py. YcepeaHeHi pe3yabTaTu BUMIPIB MpeCcTaBleH] y Ta0.

4.7.
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Ta6nug 4.7 — Bigctanb MK OCSIMH JISHJIPUTIB 3aJIEKHO B1JI 4acy oOpoOKu

pO3IIaBy
Yac 00poOku Biacrans mMix BicaMu Biacranp Mix BicSIMU JEHAPUTIB
pO3IIIaBy, XB | IEHAPUTIB y MOAU(]IKOBAaHOMY | Yy HEMOAU(PIKOBAHOMY 3pa3Ky,
3pa3Ky, MKM MKM

0 26...28 42...43

5 24...26 41...42

10 25...27 40...41

15 25...27 40...41

Buxoasun 3 eKCHepUMEHTAIbHUX JaHUX, IJIs PIBHOMIPHOTO PO3MOILITY
Moaudikaropa B 00csA31 po3IiaBy, 4yac OOpOOKM poO3IUIaBy MOAU(IKATOPOM
ctaHoBuTh 10 xB. npu Temmepatypi 750°C.

MikpocTpyKTypa BUXIIHUX Ta MOAM(IKOBAaHMX 3pa3KiB cruiaBy 1545 y

JMTOMY CTaHi sBJIsIE CO00F0 eHapuTH a-Al TBepaoro pozunny (puc.4.11).

a o
a — 10 Moau(iKyBaHHS,; 0 — MmciIst MOAU(IKYBaHHS

Pucynok 4.11 — MikpocTpyKTypa JIUTOro criiaBy 1545
micad BianagoBanas, X500
Ha pucynky 4.11, (a) BuaHO r1rOOKI IPOTPaBH, 110 CBIAYUTH PO HEMETaJIEBI
BKJIFOUEHHS TI0 MEKax 3€peH Ta rnopax y Hemoin(ikoBaHUX 3pa3kax ciuiaBy 1545.
Ha pucynky 4.12 npencraBiieHI OCHOBHI CTPYKTYPHI €JIEMEHTH JIMTOTO

crutaBy 1545 y Buxiganomy ta MOAMGIKOBAaHOMY CTaHaX.



a S
a — 1o Moau(dikyBBaHHS; 6 — miCIsI MOTU(DIKyBaHHS

Pucynok 4.12 — OCHOBHI CTPYKTYpHI €JIEMEHTH JIUTOTO cIutaBy 1545, x500

a, B — 10 Moau(iKyBaHHS; O, T — Micis MOAU(IKyBaHHS;

Pucynok 4.13 — MikpocTpyKTypa rpaHuilb 3epeH Ae(pOopMOBaHOTO
craBy 1545, x500

89
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Ha pucynky 4.12, (a) croctepiratotbCsi 0-TBEpAHNA PO3YMH, €BTCKTHYHI Ta
rpy0i BrIoueHHS [-(pasu mo Mexax 3epeH, SKI CIyKaTh KOHLEHTPAaTOpaMu
HAIpPYTH, U0 MPU3BOJIUTH 10 KPUXKYBAHHSI CIJIaBY Ta pyHHYBaHHS 3pa3Ka 1o Mexax
3epeH. AJIOMIHIIM CKaHAII0 Ta MHUPKOHIIO BHAULIIOTBCS Y BUIJISAI BEIUKHX
KpHUCTaNiB rodactoi Gopmu. Y MoaudikoBaHHX 3pa3kax Ha pucyHky 4.12, (0)
CIIOCTEPIraloThCsl MOOAMHOKI JUCIEpPCHI BKIOYEHHA [-da3su B TUIl 3€pHA.
MikpocTpykTypa MeX 3€peH JUToro cruiaBy 1545 'y BuXigHOMY Ta
MoM(piKOBaHOMY CTaHax MpejacTaBieHa Ha puc. 4.13.

VY BuxigHomy crtadi (puc.4.13, a, B) MIKpOCTPYKTypa CIUIaBY Ma€ BUPAKEHY
HEOJHOPIAHICTh, 110 BUSBIIAETHCS Yy HAsABHOCTI MACHMBHHUX MEX 3POILUEHHS MIXK
rUIKaMu JIEHJPUTIB, IO CHOCTEPITalOThCA Y BUTJIAI PIBHOMIPHO PO3MOAIICHUX
TOYKOBUX PO3TPABIB.

VY MoaundikoBaHUX 3pa3kax JOCSITHYTO OJHOPIIHOI Ta CTaOlIbHOI CTPYKTYpPH
1o rnepepizy 3paskiB. Lle moB's3aHO 3 OUIBIIT OJHOPIAHUM PO3MOJIIOM JIETYIOUHX
€JIEMEHTIB, M0 BXOJSTh Yy CIUIaB (MarHito, MUPKOHIIO, CKaHJII0) IMiJl 1€l
HAaHOJMCIIEPCHOTO MoAudikaropa. Y CTpyKTypi ciuiaBy 1545 mpuCYTHS Takox
npibHOoUCTIepCcHa IHTepMeTaniaHa ¢aza AlzSc, 1110 yTBOPIOETHCS MPU KpUCTaTI3aIli
crutaBy [10].

Ha pucynky 4.14 npeactaBieHa CTPyKTypa BUXIIHOTO Ta MOAM(IKOBAHOTO
cruaBy 1545 y BinnaneHomy ta 1e()OpMOBaHOMY CTaHaX.

VY Xoai nociikeHb MPOBOIWIN Tapsyy nedopmaiito 3aroroBok. CTymiHb
nedopwmartii cranosmwia 40%. Ilepen nedopmyBaHHSIM TPOBOAMIM HArpiBaHHS
3paskiB B ieui CHOJI-1,6.2,5.1/9-15 no Temneparypu 320...360°C.

Hemomudikoanwuii cruiaB 1545 micns Bianany (puc. 4.15, a) mictuts B-dasy,
pO3MIIlIEHy B OCHOBHOMY IO MeEXax 3epeH y KimbkocTi ~5...10%, Takox
CIIOCTEPIraloThcsl IpyOl  3pOIIEHHS JACHAPUTIB. Y  BIANAJICHUX 3pa3Kax
MoaudikoBaHoro criaBy 1545 (puc. 4.15, 6) cocTepiraroThCs OKpeMi TUCTIEPCHI

BKJIIOUEeHHS -(ha3u B Ti1 3epHa.
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B r

Pucynok 4.14 — Mikpoctpyktypa aehopMoBaHOro craBy 1545

Benenuit kommiekcauid Mmoaudikarop Mg,Si 1 SiC B3aeMozi€ 3 pO3MIaBoM i
HiCiIsl KpUCTali3alii OCTaHHBOIO MPU3BOJATH 0 TOTO, L0 JUCIIOKalli 3a3HAIOThH
Oap'epHoro edexTy He TUIbKA MDK(A30BUX T'paHHIlb, a W JICHIPUTIB O-TBEPIIOTO
pO3UnHY, B AKUX YacTHHKH Mg,Si 1 SiC € minknaakoro mpu kpuctanmizamii [34, 91].
Tomy momonaHHS 1UX JOAATKOBUX Oap'epiB NUCIOKAIIIMH TpU iX pycl
YCKIQAHIOEThCSA, IS I[hOTO HEOOXiJTHAa BHTpaTa IOAATKOBOI €Heprii, mo i

TIPU3BOUTH JI0 TIBUIIEHHS BIACTUBOCTEH MIITHOCTI CIUIABIB.

4.4 BrumB moaudikyBaHHs Ha Ga30Buil ckiaf cruiaBy 1545

Buxignuii criaB 1545 Mae reTeporeHHy CTPYKTYPY 3 PUXJIOI0 €BTEKTHKOIO,
rpyoumu romdactoro ¢dopmu iHTepMmeTamigu Al3(SC, Zr) Ta JaHIIOKKaMH
nucrepcHoi B-dasu (MgoAl;). Ctpykrypa MoaudikoBaHoro cruiaBy 1545 € Oinbli

OJHOPIHOIO Ta cTabuIpbHOIO. OTXKEe NpencTaBise I1HTEpPEC PO3TJSIaTH BILUIUB
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Moaudikaropa Ha (a30BU CKIIa Ta PO3IOILI JIETYIOUHUX €JIEMEHTIB y cruiaBi 1545
710 Ta micyisa MOAU(]IKyBaHHS.

dazoBuii cknan criaBy 1545 BU3HAYABCS PEHTTCHOCTPYKTYPHUM aHAJi30M

Ha audpakromeTpi [JPOH-2.0 y Ko-BunpomMiHioBaHHi. 3HaU€HHSI MIKILUTOIIMHHUX

BiJICTaHEel BHW3HAYa M 3a JO0MoMoror komm'torepHoi mporpamu EXPRESS.

InenTudikamis ¢a3z npooauiacs 3 BUKOPUCTAHHSAM JaHUX PO MDKIUIOIIMHHI

Bizcrani B kaproteri JCPDS-ICDD.

OtpumanHi gudpakTorpaMu HaBeneHo Ha puc. 4.15.
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Pucynok 4.15 — ludpakrorpamu crinaBa 1545
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VY nwemonudikoBanomy craBi 1545 Ha gudpakTorpaMi BUSBICHO OCHOBHI
dasu: a-Al TBepauit po3unH Ta B-paza (MgrAls), a Takox iHTepMeTanigHa Qasza
AlsSc (puc. 4.15, a).

VY MoaudikoBanoMmy cruiaBi 1545 BusBieHo ocHOBHI ¢a3u: a-Al TBepauii
po3unH i B-aza (Mg,Als), inTepmeraniana ga3a AlsSc. Ha mudpakrorpami € Takox
daza B-SiC, mo A0BOAUTH 3aCBOEHHS MOAM(IKATOpPa, TAKUM YHUHOM pEe3yJbTaTH
PEHreHOCTPYKTYPHOTO  aHali3y  MIATBEPIKYIOTh  HASBHICTh  CKJIaJOBOTO

mMoaupikaTopa.

BucHoBku

1. Bu3HaueHO  TEXHOJOTIYHI  BJIACTHBOCTI  JIMBApHUX  CIUIaBIB.
PimMHHOTEKYYICTh, BHM3HAY€Ha METOJOM MPYTKOBOi MpoOH, MOAU(PIKOBAHUX
criaBiB AK9u ta AJI4C. JlocsirHeHO MiBUIIEHHS PIAMHHOTEKY4YOCT Ajisi AK9y 3
346 no 376 mm, AJI4C 3 375 no 388 mm Ha 8% 1 3,5%, BIAMOBIAHO MOPIBHSIHO 3
BUXIIHUMU HeMmoudikoBaHuMHU ciuiaBamMu. MojudikyBanHsa crutaBiB AK94 Ta
AJI4AC 3abe3neuye HU3bKE Ta30yTBOPEHHS, 3MEHILIEHHS OaJly TOPUCTOCTI 3 2-TO 10
1-ro mys BWIMBKIB 3 aJlOMIHIEBUX CILIABIB, JOCATHYTO MIABHINCHHS IIUIBHOCTI
MO (DIKOBAHUX CIIABIB.

2. MoaudikyBanus yactuakamu MQ,Si 1 SIC 103BOJIHIIO 3MEHITUTH PO3MIp
3epHa B criaBi AK94 Big 280 10 110 MM y 2,5 pasu, 110 € BUpiaabHUM (aKTopoM
3MIIIHEHHS CILIABIB.

3. Y moaucdikoBanomy cruiaBi AK94 BussieHi HactynHi ¢aszu: a-Al, B-Si, a
takok gomatkoBi (asu AlsFeSi, FeAls, B-SIC ta Mg,Si, mo yrBopumucs B
pe3yabTati MoIu(iKyr40i 00poOKH.

4. BcTaHOBJIEHO, IO OCHOBHUMH CTPYKTYPHHUMH CKJIQJIOBUMH QJIFOMIHIEBOTO
cruiaBy 1545 € tBepamii po3uun a-Al, B-daza ta intepmeramiau Als(Sc, Zr). ¥V
CTPYKTYpl HeMOAU(IKOBAHOTO criaBy 1545 mpucyTHI BKIIOYEHHS 1HTEpPMETAII Ly
Mg,Als, 30cepemikeri Mo MeKax 3epeH, BEIUKMMHA HEMETATICBUMHU BKIFOUCHHSIMHU.

Y moaudikoBaHomy criaBi 1545 He BHUSBICHO €BTEKTHYHOI CKJIQJIOBOI Ta MOp.
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Crabimizaliisi CTPYKTYpH JIOCSTA€ThCS 3 JIOMIOMOTOKO JIOJATKOBUX IICHTPIB
KpUCTali3alii, SKUMH BHCTYMAIOTh HAHOAMUCIEPCHI YAaCTHMHKH MOAHQiIKaTopa
Mg,Si+SiC.

5. MoaudikyBanHs € e(peKTUBHOI OOpoOKOI0, B pe3yibTaTi KOl
BiIOYBAEThCS AKTHBHA B3aEMOJIAE MoaMdikaTopa 3 aTOMIHIEBUM PO3ILIABOM,
JIOCSITAETHCS CTa01I13a1lisl CTPYKTYPH Ta YTBOPEHHS TUCTICPCHUX 1HTEPMETaIITHUX
¢a3, 1o CIpPUAIOTH 3MIITHEHHIO CTUIABIB.

6. B pesynbrari MomgudikyBanHs crutaBy 1545 Ta TEpMO3MIITHIOIOY0i 0OPOOKH
OTPUMAaHO CTaOUIbHY CTPYKTYpY Hepepizy AehopMOBaHUX 3arOTOBOK, MOAPIOHEHHS
B-dasu (MgoAl3) Ta BTopuHHMX iHTepMeTaiaiB AlsScC.

7. JocsarHyTo MOAPIOHEHHS 3€PEHHOI CTPYKTYPH MOJU(DIKOBAHOTO CILIABY
1545 Bix 200 mo 100 mxm y 2,0 pasu, 10 € BUpIMIAILHUM (aKTOPOM 3MIITHEHHS

CILIABIB.
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5. PO3POBKA CIIOCOBY OJEPXXAHHA MOJUPIKOBAHUX
JIMBAPHUX I JEOOPMOBAHUX CIUVTABIB AK94, AJI4C TA 1545, 3
[MIABUILIEHHUMU MEXAHIYHUMH, TEXHOJIOT' TYHUMMU,
EKCIITY ATALIIMHUMM BJIACTUBOCTSIMU

5.1 Po3po0Oka cioco0y oTpuMaHHSI MOAM(IKOBAHHUX CILIaBIB JOCIKYBAaHOTO
CKJIaJly KOMIUIEKCHUM MOJHU(IKaTOPOM Ha OCHOBI cwiinmay MmarHito MQ,Si Tta

kapOiny kpemHiro SiC

bazyrounce Ha pe3yapTaTax JOCHIIKEHb OCOOJMBOCTEN (POpMyBaHHS
CTPYKTYPH 1 BIaCTUBOCTEH MOIM(IKOBAHUX aTFOMIHIEBHX CILIaBiB, MIPEACTABICHUX
y TIONepeAHIX PO3iiIax, po3po0ICHO TEXHOJOTIUHHUM IIPOIIEC OTPUMAaHHS BHUJIMBKIB
31 ciimaBiB AK9u4, AJI4C, 1545.

TexHosoriyHa cxema mpoiiecy Moau]iKyBaHHs PO3ILIABIB 1 BUTOTOBJICHHS
BWJIMBKIB HaBe/ICHAa Ha PUCYHKY S.1.

Hanonopomkn  MOAM(IKYBAIBHOIO  KOMIUIEKCY OTPUMAaHI  METOJ0M
BHUCOKOTEMITEPATypPHOTO IJ1a3MOXiMIgHOTO cuHTe3y [93, 94]. Kapbin kpemHito icHye
y nBox Mmoaupikamisx: B-SiC Tta o-SiC. Ximi4yHI BIACTHBOCTI Ta BIACTHBOCTI

moaudikatopa Mg,Si ta B-SiC naBeaeni B Tabuuii 5.1 Ta Tabmumi 5.2 [57,59,71].

Tabmuus 5.1 — Ximiuauii ckiiag HaHoAUCTIEpcHOTO MoaudikaTopa Mg,Si Ta
B-SiC

Haiimeny Bwmict enementiB, % Mac.
BaHH H i H H
S | S I BLIBH C CBinLH N TI T | BUIBH M g

3'e1HaHb
SiC 60...65/1,0...2,0130...32(2,5...3,0(0,5...1,0 | — - —
Mg,Si |33...36/1,0...2,0 — — 1,0...2,0 | — - 63...65




[TinroroBKa MUXTH

A 4

Bunnagka cruiaBy:

Excnipec-anamis

ITinroroBka
KOKLJIA

»  XiMI4HOTO
T=750 °C
CKJITy
A\ 4 .
- Excnpec-anamni3
Paginysanns > Bmicty Mg u Fe
posmiaBy C2Cls
\ 4
MonaudikyBaHHs
po3ILIaBy
KOMIUJIEKCHUM
MO (iKaTOpOM
A\ 4
PaznuBanus

CIUIaBY y KOKLJIb

A 4

BubuBauus
BUJIMBOK

A 4

Biamann,
T=325°C,
T=6 roauH

'

KonTpo:s
SKOCTI

JocmimkeHHs

¢azoBoro ckiagy Ta

MIKPOCTPYKTYpH

96

BurorosnenHs 3paskis-

CBIiJIKiB JUTSI BUTIPOOYBaHb
BJIACTUBOCTEH

Pucynok 5.1 — biok-cxeMa BIOCKOHAJICHOTO TEXHOJIOTTYHOTO TPOIIECY

Moau(iKyBaHHS amtoMiHleBUX crutaBiB AK9u ta 1545



97

Tabmug 5.2 — BrnacTMBOCTI HAHOAUCIIEPCHOT'O CUIIIIMAY MarHiro MgsSi Ta

kapOiny kpemHiro B-SiC

Hapawetp mﬁiﬁiﬁﬁi Kap6i,§-§?éMHi}O
{inbHiCTD, KI/M3 2920 3220
Thy, oC 1170 2830
Tun dasu 3aMIMIEHHS BIIPOBAJI>)KCHHS
Tsepaicts 3a Bikkepcom, HV 4500 2800...3600
KifbKicTh 4aCTHHOK 1 T 12-10%? 7,5...8-10%?
Moaudikaropa
[TnToma moBepxHs, S, M%/T 70,5 32,5

TexHomnoriynut nporec MoaAU(PIKyBaHHS ATIOMIHIEBUX CIUIABIB CKJIA/IA€ThCA
3 HACTYIIHUX OIleparii:
1. ITigroToBKa MUXTH 1 OTPUMAHHS PO3ILIABY.
2. MoaudikyBaHHs CIUIaBIB AUCHEPCHUM MOPOIIKOM CHIIIMAY MAarHito
Mg.Si kapOigom kpemHito SiC MPOBOIUTH B TUTIISX PO3JATKOBUX MEUCH:
(SiC+Mg,Si): Al=1:3
SiC+Mg,Si+Al
SiC+Mg,Si=1:3
3. Tabnerku ans MmoaudikyBanHs B KuibkocTi 0,1% BiJ Baru pikoro MeTamy
3arOpHYTH B IIOMIHIE€BY (DOJIBIY, MOTIM MIOMICTUTH B I3BIHOYOK.
4. Temneparypa po3IuiaBy y TUTIII TIepe MOYaTKOM MOIn(iKyBaHHS TOBUHHA
ctaHoBUTH 750 °C (32 MOKa3HUKOM MPUIIAY).
5. BuganuTu nuiak i3 moBepxHi po3ruiaBy. J[3BIHOYOK ONyCTUTH y PO3ILIAB Ha
Bizcrani 50... 100 MM Bij 1HA TUTIIS.
6. Ilepemimatu po3mias 3a JOMOMOTOIO A3BIHOYKA TpoTArom 8...10 xB, npu

[IOMY BKJIFOUAIOYH ITUKJIM PEBEPCHOTO MEPEMIITyBaHHS 110 3...4 XB. Ta EPIOJUIHI
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3YNUHKHW TepeMillyBaHHsI Ha dac He Oinbire 1 xB. Butpumartn posmias 5...6 xB.
BunmanuTty nuiak i3 moBepxHI PO3IUIABY.

7. Binibpatu mpobu i XIMIYHOTO aHai3y Ta MEXaHIYHUX BUIIPOOYBaHb.

OCHOBHHMMH BiIMiHHOCTSIMU 3aITPOITOHOBAHOTO TEXHOJIOTIYHOTO MPOIIECY Bij
TPAJAMIIITHO BUKOPHCTOBYBAHOTO € : 3a0€3MeYeHHS PIBHOMIPHOTO PO3MOILTY
JETYIOUUX eJEeMEHTIB Ta Mojaudikatopa B 00’eéMl poO3IUIaBy, MPU IbOMY HE
CIIOCTEPITAETHCSI BUTOPSIHHS MAarHito, 3MEHINEHHS Yacy BUTPUMKH J0 S5 XBUJIUH
3YMOBJIIOBAJIO HEPIBHOMIPHUN PO3TO/I1ITT KOMIUIEKCHOTO MO U iKaTopa, OUTBIIICHHS
qacy BUTPUMKH 10 15 XBWIMH — piBHOMIPHHUM PO3MOILT MiABUILY€ETHCS HE3HAYHO,
ajie 3Ha4H1 eHEProBUTPATH.

Crnoci6 orpuMaHHsS MOJU(DIKOBAHUX CIUIABIB 3aXUIIEHO MATEHTOM YKpaiHU
Ha KopucHy mojzenb Ne 157286, C22C 1/06 (2006.01) «Cnoci6 onpepxaHHS

BUJIMBKIB 3 CHITyMIHIBY.

5.2 Po3pobka pexumy TepMO3MilHI0I040i 00poOku crutaBiB AK94 ta AJI4C

JluBapHi amominieBi crutaBu AK94 ta AJI4C BigHOCATBHCS 10 cucteM Al-Si-
Mg-Mn ta Al-Si-Mg-Mn-Sb, yTBOpIoOlOTH diarpaMu CTaHy 3 EBTEKTHKOIO Ta
3MIHHOIO PO3YMHHICTIO y TBepAoMy crtaHi. Kpim Toro, cruiaBu AK9u ta AJI4C
MalOTh MIJBUILEHY CIPUHHATIMBICTD A0 TEPMO3MIIIHEHOT 0OpOOKH NpHU HASIBHOCTI
dasu Mg,Si sk ocHoBHoro 3winHioBada. CrmaBu AK9u 1 AJI4C yTBOPIOIOTH
noTpiiiny eBTekTuky o+ MQ.Si + Si 3 temneparyporo miasieHus 550°C. Tomy
BIJIMOBIJTHO 110 Jiarpamu ctany cuctemu Al-Si (S BUIHO 3 puc.5.2) Temneparypy
HarpiBaHHs ]l 3arapTyBaHHs LIMX CIJIABIB CNiJl OOMEXHUTH BY3bKUM 1HTEpBAJIOM
530 °C. Hna amominieBoro cmiaBy AJI4C 3acTOCOBYIOTH pPEXUM TEPMIYHOL
00poOku T6, a cmaBy AK94 pexomeHayroThes pexumu TepmidHoi oopooku T1 Ta
T6 [95, 96], naBeaeni B Ta6i. 5.3. Bignosiguo no JICTY nuBapHi cIuiaBu MiAaar0Th
3arapTyBaHHIO Ta CTapiHHIO 3a peKUMoM T6.

BunuBku Ta geTani HEBiMOBINATBLHOTO MpU3HAUeHHS 31 crutaBy AK9y, ki He

HCCYTb BCIIMKHX HABAHTAKCHb, MOXXHA O6pO6H$ITI/I JMIIC 3a pCKHUMOM IITYYHOTO
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crapinis T1 [9]. Takuii mporiec 0X0JI0IKEHHS BUJIMBKH ITICIISI KPUCTAJII3a1lil MOKHA
pO3TIsiAaTh SIK YacTKOBE 3arapTyBaHHS. JlJii MakCHUMAalIbHOTO TiJBUIICHHS
XapaKTePUCTHK MIITHOCTHUX XapaKTePUCTHK BMIMBKIB 31 cruiaBiB AK9u ta AJI4C
3aCTOCOBYIOTh PEXHM TEpMiyHOi 00poOku T6, mpu 1bOMY BWIMBKH 0
TEMIEpaTypy 3arapTyBaHHs CIiJ HarpiBaTH MOBUIBHO TpoTsAroM 1..2 rox, mo0
YHUKHYTH KopoOjenHs. JlaHi 3aBOJCHKOI MPAKTUKH TMOKa3yIOTh, IO OCKUIbKH
MIBUJAKICTh po3urHEHHsS (a3u MgySi B 0-TBepaOMY pPO3UYMHI MpU TeMIeparypi
3arapTOBYBaHHs BEJMKa, TO BUTPUMKA MPH 11l TeMIepaTypl mpoTsrom 2...6 Toa s

criaBy AK94 Ta 5...6 rox mis criaBy AJI4C 3abe3rneuye BHCOKI MOKa3HHKHU

MEXaHIYHHMX BJIACTUBOCTEH, 1 30UIbIIIYBATH YaC BUTPUMYBAHHS HEJOIIILHO.

Tabmuusg 5.3 — IcHytoui pesxxumu TepMiuHOi 00poOkH criaBiB AK94y 1 AJI4C

3arapTyBaHHs Crapinas
Cruras | Pexum | Temnepa
Typa Butpu | Oxonomxysa TeMnep.aTyp Brrpumx Ox010KyB
i MKa, JbHE a HarpiBy, aJbHE
HarpiBy, o a,ron
oC rog | cepemoBuile C CepeoBHILEe
T1 - - - 175...185 15...25 MOBITPS
AK9q BOJIA MPH
T6 530 2.6 | temmeparypi | 170...180 10...15 TOBITPS
20...100°C
BOJIa TIPU
AJI4C T6 530 5...6 | temnepatypi | 170...180 8 HOBITPs
20...100°C

V¥ 3araproBaHoMy cTaHi JuBapHi amtominieBi criaBu AK94 1 AJI4C maroTh
BHCOKY TUIACTHYHICTH (6=5...6 %) npu 3HaueHHI MexIi MinHOCTI 6,=160...180 MITa.
[Toganpiie mTy4yHE CTApiHHS BUJIMBKIB 3a0e3ledye J0JaTKOBE 30UIBIICHHS MEX
MIIIHOCTI Ta TEKY4YOCTi, a TaKOX TBEPJOCTI, aje MNPU3BOAUTH JO 3HIKCHHS
BIJIHOCHOTO TMOJOBXEHHS. Pe3ynbratu peHTreHo(a3oBoro 1 MIKPOCTPYKTYPHHX

JIOCTiKeHb CTpykTypu cruiaBy AK94d goBoaste [9], 1m0 1miTydHe cTapiHHS
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3arapTOBAaHOTO aJlOMiHIE€BOTO cIiiaBy npu Temreparypi 175°C 1 sutpumii 10 rogun
CYNPOBOIKYEThCS BUAUICHHAM ¢azu - MQ2Si 1 BeTMKOI KUTBKOCTI YaCTHHOK
KPEMHI0, PIBHOMIPHO PO3MOAIIEHUX B 3¢pHAX TBEPIOTO PO3UMHY airtoMiHito [15].

3anponoHOBaHO MEXaHi3M CTapiHHS MOAM(IKOBAHUX aOMIHIEBUX CIUIABIB
AKO9u 1 AJI4C [30]. I[Ipomecu posmamy TBEPAOTO PO3UYMHY MarHil0 Ta KPEMHIIO B
QIIOMIHIT TPOTIKAIOTh 32 HACTYMHOIO cXeMor0. CroyaTKy B KPUCTANIUHIM PEINTII
TBEPJAOrO pO34UMHY 3'SBISIIOThCS 30HU ['1HBE-IIpecTona, ToOTO BinOyBaeThCs
NeperpynyBaHHs aTOMIB y HallpsIMKY 30JMKEHHS aTOMIB KPEMHIIO Ta MarHito st
yTBOpeHHs TpomixkHOi ¢azu B'. [loTiM yTBOPIOIOTHCS OJHOMIPHI Ta JBOMIpHI
3apOJIKM TPOMDKHOI ['-a3u, sika Ma€e rekcaroHaJbHYy PEIIITKY 1 KOTEPEHTHO He
MoB's3aHa 3 pelniTkor Marpuill. [lami yTBoproeThesi crabiibHa (aza B - Mg2Si 3
reKCaroHaJibHOIO0 pemniTkoro. Yactku (azu MgoSi, 1m0 BHAUIAIOTHCS, MaroTh
HAJ3BUYAHO MaJll pO3MIpH, SIK1 MOKHA CIIOCTEPIraTH 3a I0MOMOTOI0 €JIEKTPOHHOTO
Mikpockoma. Ili yTBOpeHHS MpeACTaBISIIOTh COOOI0 TUTACTMHKH, OPIEHTOBaHI
napajiesibHO BicsiM KyOa. Po3mip wactuHok pazu Mg,Si cranoButs 0,1...0,5 MxM, a
ix monepeyHi po3mipu ctaHoBIATh 0,05...0,30 MKM.

VY nOpomMHCIOBUX yMOBax JIMBApHOro Lexy Jlep»aBHOro miJIpHeEMCTBA
BUPOOHNUYOTO OO0'€IHaHHS TIBIACHHO MAaIMHOOYAIBHOrO 3aBonay imeHi O. M.
MakapoBa TpOBEIEHO CEpil0 EKCIIEPUMEHTAIBLHUX POOIT 3 ampoOarlii TeXHOIOTIi
TEpMIYHOI OOpPOOKM Ta BHU3HAYEHHS ONTHUMAIbHUX PEKUMIB TEPMIUYHOI 0OpOOKHU
cruiapy AK94, MoaugikoBaHOro CHUJIIIMAOM MarHil0 Ta KapOiloM KpeMHito, Ta
BuxigHoro cruiapy AK94. PoGotn mpoBoauauM B KaMEpHIM €JIEeKTPOIedl OIopy
CHO-3.4.3/6. IIpoBeaeHo 7 pexUMiIB TEpPMO3MIIIHEHOT OOpOOKHM Ha 3pa3kax 13

BapilOBaHHSM TEMIIEPATypH Ta Yacy CTapiHHS MICTS 3arapTyBaHHs Bl TEMIIEpaTypu

530 °C (tabm. 5.4).
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Tabmuns 5.4 — Mexaniuni BiaacTuBocTi MoaudikoBaHoro cruiapy AK9u

3aJIeKHO BiJ] peXKUMIB CTapIHHS

Pexxum crapinus
Homep 1-a cTyniHb 2-a CTYIiHb o5 | 0020 | &,
PEKUMY | Temmepary | 4ac TEMIIEPATY Jac MIla | MIla | %
pa HarpiBy, | BUTPUM | pa HarpiBy, | BHUTPHUMKH,
°C KU, TOJT °C ron
1 175 10 - - 260,0 | 215,0 [ 6,0
2 175 15 - - 261,0 | 216,0 (5,9
3 175 1 160 4 272,01 230,0(5,6
4 200 1 160 4 276,01 235,0(5,0
5 190 1 160 4 276,0 | 235,0 (5,0
6 190 1 160 5 276,0 | 235,0 (5,0
7 190 0,5 160 4,5 275,01234,0(5,0

Ha migcraBi pe3ynbTaTiB IPOBEICHUX EKCIIEPUMEHTIB 3alPOIIOHOBAHO
HACTYIHUI PEXUM TEpPMO3MILHEHOI 00poOKku MoaudikoBaHoro criaBy AK9u:
HarpiBaHHs i1 3arapTyBaHHs 10 TeMieparypu 530 °C, BUTpuMKa pu TemrepaTypi
3arapTyBaHHS 2 TOAWHM 3 HACTYITHUM 3arapTyBaHHSAM Yy MIICPITY BOAY; HarpiBaHHS
no temneparypu 190 °C ta BurpuMka 1 ToauHy Ha MEpIIOMY CTYMNEHI CTapiHHSA;
BUTpUMKa 4 roauuu npu Temneparypi 160 °C Ha npyromy CTymeHi CTapiHHA 3
MOAAJBIINM OXOJIOJKEHHSM JeTalieid Ha moBiTpi. Po3pobnenuit pexxum T6 s
BUX1HOTO antoMiHieBoro cruiaBy AK9u4. [Ipu temmnepatypi 3arapryBanus 530 °C
cruiapy AK9u ¢aza MgySi Mae BUCOKY MIBHJKICTH PO3YMHEHHS B O-TBEPAOMY
po3unHi, 1 mpoTsarom 30 xBuiauH ¢daza Mg,Si MOBHICTIO IEPEXOAUTH B O-TBEPAHIA
po3uud [30,99]. Tomy yac BUTpUMKH Iijl 3arapTyBaHHsS MOJIU(IKOBAHOTO CILIABY
AK94 MokHa 3BeCTH 710 2 TOJIUH 3aMICTh S...6 TOJUH, TOOTO CKOPOTUTH B 2...3 pa3u
MOPIBHSHO 3 ICHYIOUMMH pEeKUMaMU 3arapTyBaHHs criaBy AK9u.

3anponoHOBAHO 3aCTOCYBaHHS JBOCTYIIHYACTOIO CTapiHHS 3arapTOBAaHOIO
amominieBoro craBy AK9u 3 xommuiekcHuM Moaudikatopom MgoSi 1 SiC, mo
3a0e3reyye TOCATHEHHS ONTHMAaIbHUX MEXaHIYHUX BIACTUBOCTEH 3a KOPOTKHI yac

i, omke, € ekoHomiuno BurigauM [88]. IlomepenHe KopoTKouacHe
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BHUCOKOTEMIIEpaTypHE HarpiBaHHs HA MEPIIOMY CTYIIE€HI CTapiHHS NpU TEMIEpaTypi
190°C mpotsrom 1 TomWHM 3araJbMOBYE TIpOIleC BHIUICHHS KpewmHito. Ile,
HMOBIPHO, TIOB'SI3aHO 31 3SMEHIIICHHSIM KUTBKOCT1 BaKaHCIH, 10 30€peryIucs B mpoIieci
3arapTyBaHHS Ta HEOOXIJHI JIOKaJi3allli aToMIB KPEMHilo, 1[0 MOIepeKae Horo
BUJUICHHIO. HarpiB Ha mnepumioMy CTymeHl CTapiHHS CIHpHsI€ PIBHOMIPHOMY
pPO3MOJIIY TOIYacTUX BHUILIEHb MeTacTaOlIpHO1 B'-ba3u mpu OUIbII HU3BKHUX
TEeMIEpaTypax i MPU3BOAUTH IO MOAPIOHEHHS CTPYKTYPH, 11O OTPUMYETHCS MiCIIs
HarpiBaHHS Ha JIPYroMy cTyneHi crapinHs npu temmepatypi 160°C. TlopiBHsbHI
JlaHI MEXaHIYHUX BJIACTUBOCTEH 3pa3kiB 31 cmiaBy AK94, momudikoBaHOro
KOMIUIEKCHUM MoaudikatopoMm Mg,Si 1 SiC, Ta BHXIJTHOTO MpU OAHO- Ta

JIBOCTYIMIHYACTOMY CTapiHHI HaBe/eHi B Ta0. 5.5.

Tabmuug 5.5 — MexaHiuH1 BJIACTUBOCTI aitoMiHieBoro cmiaBy AK94 mpu

PI3HUX peXUMaXxX CTapiHHS

Cmas Pexxum cTapinus og, MIla | 0¢,, MIla | s, %
AI.<9q’ . OJIHOCTYITIHYACTHI 240,0 205,0 3,0
BUXI1HUMN
AK9y, OJIHOCTYITIHYACTHI 260,0 225,0 3,1
MOAU(DIKOBaHHUMA
Mg,Si + SiC JBOCTYIIIHYACTHUH 265,0 230,0 3,2

AHani3 pe3ysbTaTiB eKCIEPUMEHTATBHUX POOIT 13 YIOCKOHATIEHHS PEKUMIB
TEPMO3MIIIHIOIOU0i OOpOOKHM TmMOKa3ye, Mo €e(EeKTUBHUM PEXUMOM 00pOOKU

Mo udikoBanoro criaBy AK9u4 e pexxum T6 (Tada. 5.6).
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Tabmumsr 5.6 — Pexum TepMO3MIIHIOIOUOI OOpOOKM BHUIIMBKIB 13

mMoaupikoBanoro criapy AK9u

3arapTyBaHHS Crapinns
S . S .
Crnas | Pexum | 5§ < § g &= < § g
&z g > = = & SO
S 3 = = X o m S = p= = X o0 M
& al = o H =z o 2l SINS) H =z O
2a° 2= o 4 X 2ar° g~ o 4 X
= ) = )
== = G = = 5 = o &
EE |8 | & B |&2F &8 | & B
nepiia CTyniHb
AK9u+ BOJIa TIPH 190 1 -
Mg2Si T6 530 2 TeMIepaTypi
160 4 MOBITPS

3acTocyBaHHA  JIBOCTYIIHYACTOrO  PEXUMY  CTapiHHS  JMBApHOIrO
anmomiHieBoro criaBy AK94, MoaugikoBaHOTO CHIILMIOM MarHiro Ta Kapoimzom
KpEeMHilo, 3a0e3neuye He3HAyHe ITIJBHUINCHHS 3HA4eHb MEXI MiIHOCTI Ha 5% Ta
MeX1 TeKy4docTi Ha 4% Mpu HE3HAYHOMY 3HUKEHHI MOJOBXEHHS Ha 9 BIAHOCHUX
BIJICOTKA MOPIBHSHO 3 OJIHOCTYMIHYACTUM PEKUMOM.

B pesynabTaTi po3poOKH TEXHOJIOTIi TEPMO3MIIIHEHOT OOpOOKH JHMBapHHUX
QIIOMIHIEBUX CIUIaBIB OyJ0 3MEHIIEHO Yac omepauii TepMO3MIIHEHOI 00poOKu
netaneit 3 moaudikoBaHoro cruiapy AK9u 3 23 no 9 roaun, 10610 Yy 2,5 pasu
TIOPIBHSHO 3 ICHYIOUMM PEKMMOM. 3MCHIIICHHS YaCy BUTPUMKH ITiJ1 3arapTyBaHHS
Ta 3aCTOCYBaHHsS  JIBOCTYIIHYAaCTOTO  CTapiHHS  3arapTOBaHOTO  CIUIABY,
3alpONOHOBAHE B JaHI poOOTi, CYTTEBO MIABHUINYE EKOHOMIYHI TOKAa3HHUKHU
omeparlii TEPMO3MIIITHEHOI O0O0pPOOKM JAeTajeil Kpuiab4aTKH TYypOOHACOCHOTO
arperary.

3anpornoHoBaHo MoaudikoBaHui amomiHieBuil craB AJI4C, a Takox
TEXHOJIOTIYHUN Tpoliec Horo MoaudiKyBaHHS Ta BHTOTOBJICHHS BUJIMBKIB [97].

TexHomoriuH1 omepariii aHaJoTiyH1 oJepkaHHi0 MoaudikoBaHoro criaBy AK9u.
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JlogaTtkoBo Ha omeparlii npurotyBanHs cmiaBy AJI4C B muaBUWIbHO-PO3/aBATbHY
1Y 3aBaHTAXYIOTh JIraTypy alioMiHii - CypbMa MICs YOT0 BUKOHYIOTh HACTYITHI
orepartii.

Tepmiuna 00poOKa BUITUBKIB.

Cxema 3ampoIIOHOBAHOTO PEXHMY TEPMPO3MIIHIOI0Y0T 00POOKH HaBEICHO

Ha PUCYHKY 5.2.
3aTapTYBAHHA
530 — »
- l-a CTYNIHE
= CTapiHHA 2-2 CTYNIHE
=, CTapiHHA
5
= 190 -
160 4 — — — -
20
0 1 3 4.3 8.5 9
Jac. 01

Pucynoxk 5.2 — Cxema 3ampornoH0oBaHO1 TEPMO3MIITHIOIY0i 00pOOKH aTFOMIHIEBOTO

cruaBy AK94, momudikoBanoro Mg,Si + SiC

B kamepHy miu 3aBaHTaXyBaJlMd CaJKy 3 BUJIMBKaMU. 3arapTyBaHHS Ta
JIBOCTYIIHYACTE CTapiHHSA TMPOBOAWIM 3a pexkumMoMm T6: HarpiBaHHs mij
3araptyBaHHs 110 Temmnepatypu 530 °C, BUTpUMKa MpU TEMIIEpaTypi 3arapTyBaHHS
2 TOJMHY 3 HACTYITHUM rapTyBaHHSM y MIAITPITY BOy; HarpiBaHHs 10 TEMIIEpATypU
190°C ta BuTpumMKa 1 roauHy Ha MEPIIOMY CTYIIEHI CTAPIHHS;, BUTPUMKA 4 TOIUHU
npu Temreparypi 160°C Ha aApyroMy CTyNeHI CTapiHHA 3 MOJAJbIIUM

OXOJIOJIPKCHHSIM BWJIMBKIB Ha MOBITPI.
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5.3 Po3polka pexxumy TepMO3MILHIOIY0I 00po0OKH critaBy 1545

CrnaBu cuctemu Al-Mg BIZHOCATBCS 1O TEPMIYHO He3MimHeHux [14],
OCKUJIbKH Ha Jilarpami CTaHy BIJICYTHsI 3MIHHA PO3YMHHICTh MarHito B aTFOMiHIT TIpU
BMicTi Mg <10%. Bwuginenns [p-dasu (MgyAls) moB'szane 3 nudy3idiHIM
Mepepo3noAijioM KOMMOHEHTIB. Ilpu 30UIBIIEHH] MIBUAKOCTI OXOJIOHKCHHS
muy31HHIN TIepepo3Moail, HeOOXITHUN NIl YyTBOpEHHS [-(a3u, HEe mpoTikae —
CTPYKTYpa CIUIaBy CKJaJaeThcs nuiie 3 o-Al TBepaoro po3unHy. Mikposeryiouni
CJIEMEHT — CKaH/Iii Ma€ 3MIHHY PO3YUHHICTH 0-Al, sIKa 3MEHIIIYEThCS 31 3HIKECHHSAM
temneparypu. 3 miarpamu crany Al-Sc BurmBae, mo B crutaBax cuctemu Al-Sc
MO>KJIMBA 3MIITHIOIOYA TepMiuHa 00poOKa rpu BMICTI ckauito Oinbie 0,23% Mmac.
[42].

[Ipu BBeEHHI B pO3ILJIaB TYTOIUIABKUX MIKPOJIETYIOUHMX €JIEMEHTIB: CKaH IO,
a TaKOX KOMILUIEKCHOr0 MojuGikaTopa Ha OCHOBI TYTrOIUIABKUX KapOiay KPEMHIIO
Ta CWJIIIMAY MarHilo, NIJBUIIYETbCS TeMIeparypa IIOYaTKy IJIaBJICHHS
amoMiHieBux crutaBiB cuctemu Al-Mg-Sc 1o 560 °C [24].

Ha migcraBi BumieBukiageHoro Oyia 3ampornoHOBaHa TEPMO3MIITHIOBAIbHA
0o0poOka cmiaBy 1545: 3arapTyBaHHs 3 HACTYITHUM IITYYHUM CTapIHHSIM.

3a niarpamoro ctaHy Al-Sc HaWOUIBII TEepecHYeHUd TBEPAUN PO3UHH
yTBOproeThes 3a Temiiepatypu 580°C. IIpoBeneH1 eKClIepuMEHTH 13 3arapTyBaHHs
3pa3KiB BUX1AHOTO Ta MoiudikoBaHoTO ciiaBy 1545 Bin remneparypu 580+5°C, o
npubau3Ho Ha 30°C Hmwkue TemriepaTypu maBieHHs. 1106 yHuKHYTH po3many
TBEPJIOTO PO3UYMHY 3 BUAUICHHSM BEIUKHUX 1HTEpMETATIAHUX (a3, OXOJIOIKEHHS
MPOBOJIMIN B XOJIOAHIM BOJI, MIBUAKICTH OXOJIO)KCHHSI MPHU IIbOMY CTaHOBHUTHh
90...100 °C/c. HocmimxeHO CTpYKTYpy MozaudikoBaHoro cruiaBy 1545 mics

3arapTyBaHHs (puc. 5.3).
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a §)

a — BUX1IHUHN; 6 — MOIM(IKOBaHUN
Pucynok 5.3 — Ctpykrypa cruiaBy 1545 micis 3arapTyBaHHS

B1x 560+5 °C, x100

[licnss 3arapTyBaHHs CTPYKTypa CIUIaBy @pWd KIMHATHIA TeMIeparypi
CKJIAJAEThCSl TEPEBAXKHO 3 MEPECHUYEHOr0 O-TBEPAOrO PO3YMHY AQIIOMIHIIO 1
PIBHOMIPHO PO3MOAUICHUX JplOHOAUCIIEpCHUX 1HTepMmeTamaHux (a3 AlsMg, ta
Al3Sc. 3 pucynka 5.3 BUXOIUTB, 1110 B MOJU(IKOBAHUX 3pa3Kax IMiCIs 3arapTyBaHHS
YTBOPIOEThCS JIpiOHO3epHUCTA CTPYKTypa. CepenHiil po3Mip 3epHa 0-TBEPAOTrO
PO3YMHY AOMIHIIO Y BUXIIHOMY CcTaHi cTaHOBUTH 200 MKM, MOJU(]IKOBaHOMY —
100 mMkM, 3HAUWTH, MOKHA OYIKYBAaTH IIIJIBHIICHHS MEXaHIYHHX BJIACTHBOCTEH
CTLJIaBY.

Bubip Temniepatypu cTapiHss.

[Ipu BHCOKHMX MIBHIKOCTSX OXOJIOJKEHHS B TapTyBaJbHUX CEPEIOBHINAX Yy
3aroTOBKaX BHHHMKAIOTh BHYTPINIHI HAMpYTrH, $KI MOXYTb TPU3BECTU JI0
py¥iHyBaHHs T0TOBOI mpoaykiii [98, 99]. Tomy micns 3arapTyBaHHS HPOBOIATH
CTapiHHS, METOI0 SKOTO € JIOJAAaTKOBE IUCIEPCHE 3MIIHEHHs, TOB'sI3aHE 3
BUJIIJICHHSIM 3 MIEPECUYEHOTO TBEPIOTO PO3UMHY BTOPUHHUX 1IHTEpMETaIIAHUX (a3.
Takox B1OYBa€ThCS 3MEHILECHHS BHYTPIIIHIX HANPYT, MIJBUILEHHS TUIACTUYHOCTI
Ta B'SI3KOCTI Marepiany. JlJisi aJlrOMiHIEBUX CIUIaBIB 3TIIHO 3 peXumMoMm T6
3aCTOCOBYIOTh INITYYHE CTapiHHA. B mpolieci cTapiHHS MEPEeCHYEeHOTO TBEPIOTO

PO34YMHY 3arapTOBAHMX CIUIABIB BUJLISIOTHCS BTOPUHHI YACTUHKU 1HTEPMETAIIITY

AlsSc.
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CrapiHHsT NpPOBOJAWIM OE3MOCEPEIHhO MICs 3arapTyBaHHS, TOOTO B
«CBI)KO3arapToOBaHOMY» CTaHi, 1100 YHUKHYTH BUIUICHHS IPyOUX 1HTEpMETaTiIiB 3
0-TBEPAOTO PO3UMHY aTIOMiHIIO. Y JaHHIA poOOTI MiJ Yac AOCTIIHUX IUIABOK
BapitoBaiu Temneparypy crapinns Big 280 °C, a TakoK yac BUTPUMKH BiJl 5 10 12
rogud [100]. Cxema 3ampoOIIOHOBAHOTO PEXHMY TEPMO3MIITHIOIOUOT 00pOOKH
nehopMOBaHMX 3aroTOBOK CIutaBy 1545 mpeacTtaBieHa Ha pUCYHKY 5.4.
MikpocTpykTypa MoaudikoBaHOTO CIuiaBy 1545 3a pi3HHX TeMmIepaTyp CTapiHHS

IIPEICTABIICHA HA PUCYHKY D.9.

T.0C

560

10 rogu=
280

T rox.

Pucynok 5.4 — CxeMa po3po0JICHOTO PeKUMY TEPMO3MIIHIOIY0i 00POOKH

ne(opMOBaHUX 3ar0TOBOK cIuiaBy 1545

TakuM 4YWHOM, 3ampPONOHOBAHO PEXUM TEPMO3MILHIOIYOI O0OpPOOKH
3aroToBOK cIuiaBy 1545, sikuii mossirae B 3arapTyBaHHi Bi Temmiepatypu S60+£5°C 3
OXOJIO/DKEHHSIM Yy XOJIOJHIM BOAI Ta IITy4YHOMY CTapiHHI craBy 1545 mnpu
temriepatypi 280+£5°C mpotsirom 10 rogun. TepmiuHa 00poOka 3a po3pobieHuM
pexkuMoM 3abe3rnedye yTBOPEHHs JpiOHO3EPHUCTOT CTPYKTYPH, CEPEIHIN po3Mip

3epHa ctaHoBUTH Big 200 10 100 MKM.
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a— 200 °C; 6 — 250 °C;
B— 300 °C; r—350°C

Pucynok 5.5 — MikpocTpykTypa Moau¢ikoBaHoro ciiaBy 1545 npu pizHuX

Temneparypax crapiass, x 100

5.4 BusHaueHHs TEXHOJOTIYHMX BJIACTHBOCTEH CIutaBy 1545 mo Ta micis

MO (DIKyBaHHS

Haii0inpin BakKIIMBOIO TEXHOJIOTIYHOIO BIACTHBICTIO aJIOMIHIEBHUX CILIABIB,
o JaepOpMYIOTECS, Ui BUTOTOBJICHHS JIE€Tallell TUIY MIMAHTOYyT pakeT-HOCIiB,
TpyOOTIPOBO/IIB € 3BapIOBAHICTb.

3BaproBaHiCTh oImiHIOBaTN Koedimientom wMinHocTi (K,). BumpoOyBanHs
cruiaBiB 1545 mpoBoamnm y 2-X CTaHax: Mcis BiAmamy Ta 3arapTyBaHHS 3
HACTyNHUM cTapiHHsaM. [IpoBeneHi BUunipoOyBaHHs 3BaApHUX 3'€IHAHD JIUCTIB CILIABY
1545 npu kiMHaTHIN TeMIiepaTypi MOKa3aiu, U0 IBU 3BapHI IPAKTUYHO PIBHOMIIHI

ocHoBHOoMy MeTany (Ky > 0,9). Pesynbratu BunpobyBanb npeacTaBieHi y Taoi. 5.7
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1€ 6" — MIIHICTh 3BaPHOTO MIBA 3 MOTOBIIEHHAM; G,0/" — MiL[HICTh 3BapHOTO IIBA

0e3 nmotoieHHs; Ky — KoedilieHT MIITHOCTI 3BapHOTO 3'€THAHHS.

Ta6muis 5.7 — MilHICHI BIaCTUBOCTI 3BapHUX 3'€THAHD JIUCTIB TOBIIUHOIO 3

MM cruiaBy 1545

Crunas Cran s, o>, o2/, K.
MaTepiany MIla MIla MIla | (c:”"/ oy
1545 Bignatene | 433 402 334 0,93
1545 FApTYBAHA | yog 423 332 0,92
+ cTapiHHA
1545+Mg,Si+SiC | signanene | 474 449 359 0,95
1545+Mg,Si +SiC | TAPTYBARIL 1 499 473 367 0,96
+ cTaplHHA

[Tpumitka: 65> — MilIHICTB 3BapHOrO IIBa 3 TOTOBIICHHSM; 02/ — MiLIHICTD 3BapHOrO IIBa

6e3 notoBuieHHs; Ky — koedilieHT MIITHOCTI 3BapHOTO 3'€JTHAHHS

B crpykrypi 3BapHoro mBa cmiaBy 1545 (puc. 5.6) cmnocrepiraerbcs
no/piOHeHHs 3epHa. B pe3ynbTari bOro 3HMKYETHCS CXUIIBHICTH 10 YTBOPEHHS
rapsyux TPIIMIUH TPU 3BAPIOBAHHI, CIIOCTEPIraeThCsl IMIJBUILCHHS MIITHOCHUX
BJIACTUBOCTEHN 3BAPHOTO 3'€/IHAHHS.

MikpocTpyKTypa HaBKOJIOIIIOBHOI 30HA OCHOBHOTO METATy Ta 3BApPHOTO I1BA
aroMiHieBoOTO criaBy 1545 (puc. 5.6, a) mpeACTaBISIOTh OMHOPIAHY CTPYKTYPY 3
PIBHOMIPHO PO3MOIIJICHUMHU CTPYKTYPHUMHU CKIAJOBUMHU. 30HA TEPMIYHOTO BILUIUBY
HE3HAYHAa, 10 MPU3BOIUTH J0 3MIITHEHHS 3BapHUX KOHCTPYKITIH.

MinHIicTh 3BapHHMX 3'€HAHb 3aJIeKUTh BIJl 3BAPIOBAJIbHUX MaTepiais,
IPHUCAHKYBAILHOTO APOTY Ta MOCHJICHHS IIIBa 3a JOIMOMOror moroBmieHHs [101,
102]. BrumB 3a3Ha4e€HUX TapaMETPiB HA BIIACTUBOCTI 3BApHUX 3'€ JHAHb HABEJICHO B
Tabnwmii 5.8.

MiKpOCTpYKTYpHUI aHai3 3BApHOTO IIBa MOKa3aB MOJAPIOHEHHS 3€pHa, IO
3HIDKYE PU3UK YTBOPEHHS TapsSYuX TPIIIUH Ta CHPHSIE MiABUIICHHIO MEXaHIYHUX
BJIACTUBOCTEH. 30HA TEPMIYHOTO BIUIMBY € HE3HAYHOIO, a CTPYKTypa IBa Ta

OCHOBHOT'O METajy 3aJIMIIAETHCA OJHOPIAHOIO 3 PIBHOMIPHO PO3MOIITICHUMHU



110

CTPYKTYPHUMH CKJIaJIOBUMH, 1110 JOJATKOBO MIABUIIYE HAAINHICTh Ta MIIHICTh

3BapHUX KOHCTPYKIIIi.

3TB

0 B
a — 3arajlbHUN BUTJIS 3BapHOTO 1m1Ba, X 100; 6 — ocHOBHMI MeTa, X500;
B — 30HA TEPMIYHOTO BILTUBY, X500

Pucynok 5.6 — MikpocTpykTypa 3BapHOro 1iBa criaBy 1545

Takum unHOM, MOAMQIKYBaHHS CIUTaBy 1545 m03BOMSIE MOCATTH KPaIioro
MOETHAHHS TEXHOJIOTTYHUX Ta MIITHICHUX XapaKTEPUCTHK, IO OCOOJIMBO BaKJIUBO

IIPY CTBOPEHHI BIJIMOBIIAJIbHUX 3BAPHUX BUPOOIB JUIsl pAKETHO-KOCMIYHOI TEXHIKH.
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Tabnug 5.8 — MexaHi4H1 BIaCTUBOCTI 3BapHUX 3'€/IHAHB JIUCTIB TOBIIUHOIO

3 mm criaBy 1545

xR [¥a) - - as)
s ‘= = = = X
1 ¢ : : i
) 5 [~ ;‘ = E < o E S =i E 9 E
2 g = g2 sogE5 | 68 2E 255 2
2 % = S E 2 = © 2= < ? B &
= g © S I S S S & o F
S 8 (=5 =) =) 2 o B X
m ™ = = = g =

1 | 1545mgsissic 1545 497 453 05

+1545Vg2si+sic
2 1545+1545 1545 402 354 15

5.5 JlocmpaHo-npoMHCIIOBE  ONPOOYBaHHA  TEXHOJOTl  OTPUMAHHS

MoaudikoBanux cruiaBiB AK94, AJl4 ta 1545

AnpoOariist  pe3yiabTaTiB  JUCEPTaLiiiHOI  poOOTM  MNPOBOAMINCH  HA
HepxxaBHOMY mianpueMcTBl Bupoonude o6'ennanns [liBgeHHO MamIMHOOYTIBHUM
3aBoai imeH1 O. M. Makaposa. Ha 6a3i nignpuemcTBa Oysiu MpoOBECHI JOCHIIHO-
IIPOMHUCIIOBI IUTaBKH amoMiHieBux ciaBiB AK9u, AJI4C ta 1545 cucrem Al-Si, Al-
Mg-Sc 3 BHUKOpPHUCTaHHAM TaOJETOBAHOTO KOMIUIEKCHOTO  JUCIIEPCHOIO
Mo udikaTopa Ha OCHOBI CHITIIIMY MarHio 1 KapOiay KpeMHito (maTeHT YKkpaiHu Ha
kopucHy Mozenb Ne 157286, C22C 1/06 (2006.01) «Crioci6 oaepskaHHs BUJIMBKIB 3
CHIyMiHIB»). KOMIUIEKCHUH HAHOAMCIIEPCHUN MOIUQIKATOP SKUH MICTUTH
MOPOIIKA  HAHOJIWCIIEPCHOTO  CWIINMJY  MAarHiro,  kKapOimy  KpemHiio
BUKOPUCTOBYBAIM Yy BHUJI CyMillll, OTPUMAHOI MEXaHIYHUM TMEPEeMINIyBaHHIM Y
repMeTuyHid Tapi. OTpuMaHy cCymilll mOpecyBaiu Ha npec aBTtomari TA-3 y
TaOJeTKH, K1 JOoAaBalM TPHU TMEpEeMIlTyBaHHI y piakuil po3miaB. [IpoBogunm
TepMOYacoBY 00pOOKY po3IuIaBy Ipu JoAaTkoBoMy HarpiBanHi 750 °C Ha mpoTs3i
10 xBunuH, 1o 3abe3reuye OTHOPIAHUN PO3MOAUT JIETYIOUMX EJIEMEHTIB Ta

KOMITOHEHTIB MOJM(]iKaTOpiB PO3IUIABIB. Y BCIX EKCIEPUMEHTAIBHUX TIJIaBKaX
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KUTBKICTh BBEJIEHOTO aucnepcHoro moaudikaropa B 10...15 pa3iB MeHIe, HIX MpU
BUKOPHCTaHHI KJIACHYHUX MOJU(DIKATOPIB - COJICH.

AHaii3 pe3ysbTaTiB MOKa3aB, M0 BUKOPUCTAHHS MOIU(DiIKyr0doi 0O0poOKu
criaBy 3abe3reuye OTpUMaHHS JPIOHOAMCIEPCHOT CTPYKTYpH 3 PIBHOMIPHUM
PO3MOIIOM JIETYIOUHX €IEMEHTIB Ta IHTepMeTamiAHuX (a3 i, K HACIIOK, MOXKHA
OYIKYBaTH MiABUIICHHS KOMIUIEKCY MEXaHIYHHUX Ta TEXHOJIOTIYHUX BJIACTUBOCTEH.

Pe3ynbratu MexaHiuHUX BUNIPOOYBaHb MOKA3aJIH, 110 palliOHabHA KITBKICTh
MOAM(IKYIOUOTO KOMIUIEKCY Ha OCHOBI HAaHOAMCIEPCHOTO CIJIIHIY MAarHiroo i
KapOily KpPEMHIIO MPHU SKOMY JOCSATAlOThCS HAMOUIBII BHMCOKI BJIACTUBOCTI,
craHoBuTh 0,1% Mac.

Ha pucynkax 5.7-5.20 HaBefeHO pe3ysbTaTh AOCTIIHKEHb MEXaHIYHUX
BJIACTUBOCTEN Hemoau(pikoBaHUX Ta MoAudikoBaHMX cruiaBiB.  OOGpoOKy
EKCIIEpEMEHTAJIbHUX PE3yJIbTaTIB BUKOHAHO 3a jgonoMororo Microsoft Office.
OCHOBHI CTAaTUCTUYHI TMapamMeTpH, IO 3aCTOCOBYIOThCS B IIH JucepTaIliiHif
po0OTi, BKIIOYAIOTh CEPEIHE 3HAYCHHS, CEPEIHBOKBAJApPATHYHE (CTaHAApPTHE)
BIJIXWJICHHS Ta KoeilieHT Bapiauli. Bcl i BeIMYnHr 00YMCITIOBAIUCS YaCTKOBO B
OpenOffice 3, a Takoxk 3a A0MOMOToI0 MOB IporpamyBaHHs C++ B cepenoBuUIax
Embarcadero ta Microsoft Visual Studio Code. KoedirieHt Bapiariii xapakrepu3sye
CTaOUIBLHICTh CHUCTEMH: IO BIH BHIINE, TO OlIbIIe HecTaOlJbHA CHCTEMa. 3a

JIOTIOMOT 010 11i€1 (DYHKI[IT BU3HAYAU, HACKUIBKH CTaOUIbHI MEXaH14HI BJIACTUBOCTI.
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Pesynbratu BUINIPOOYBaHb MOKa3yIOTh, 101(0) BUKOPHUCTAHHS
OaratodyHKIIOHATFHOTO MOAM(IKaTOpa HA OCHOBI KPEMHIIO JTO3BOJISIE OTPUMATH
CIUTAaBM 3 BUCOKMM KOMILIEKCOM MeEXaHIYHMX BiacTuBocTed. Y crmmaBi AK9u
cepelHl 3HAYEHHS MEXI MIIHOCTI B cepiiHOMYy Ta MOAM(IKOBAHOMY CILIaBi
cTaHOBUB 0;=241,61 u 267,8 Mna, BignosigHo. Y AJI4C Taki MOKa3HUKH CKJIAJIH
202,8 u 209,5 Mma, BignoBigHo. Y 1545 Taki mokasHuku ckiaiu 395,86 no 447,34
Mna, BignosigHo. Ile pesymprar MoOAMbIKYBaHHS alIOMIHIEBOTO PO3ILIIABY
KOMITJIEKCHIM HaHOMOM(IKATOPOM Ha OCHOBI TYroIulaBKHX croiiyk Mg,Si 1 SiC
posmipom Big 50 0 100 HM.

[Toxa3HUKH TBEPAOCTI TAKOXK PI3HATHCA Yy pi3HUX cruiaBax. Y AK94 cepenni
3HAauYEHHSA B cepiitHoMy 1 MonudikoBanomy Metaii ctanoBuB 700,706 1 760,29 Mma,
BianoBigHo. Y AJI4C Ttaki nokasuuku cxianu 700,706 ta 760,26 Mma, BIAIIOBIIHO.
MonudikyBaHHs Ma€ MNO3UTUBHUK €QPEeKT TOMY, IO JUCHEPCHUH MOPOLIOK
cwIiIuay Martiro Mg,Si ta kap6iny kpemuiro SiC, 1ogaHuil y TUIIII pO3aBaIbHUX
neueld y koHmeHtparii (SiC+MgySi): Al = 1:3 103BOJUB IiJBHIIUTH IO
BJIACTUBICTh MaTepiay.

3HaueHHS yOapHOI B'SI3KOCTI TaKOX BHUSBUJIUCSA BUIIMMHU CaMe€ B
MOAM(IKOBAHOMY CIUIaB1, B MOPIBHSIHHI 3 cepiiHuM. Y AKOu cepenHi 3HaueHHs B
cepiiiHoMy 1 MomudikoBanomy wMertami craHoBaste 0,101 1 0,124 MJx/m?,
BianosigHo. Y AJI4C Taki nokazHuxu cxiaanu 0,10 ta 0,122 MJIx/M?, BiAIOBiIHO.

[TinBUILIEHHS MEX1 MIITHOCTi, TBEPAOCTI Ta yIapHOI B'SI3KOCTI CIUIaBIB IpPH
BUKOPUCTaHHI MOJU(IKATOPIB HAa OCHOBI CHIINUIY MarHito Mg.Si ta kapbimy
kpeMHit0 SiC noB's3aHe 3 MIKPOCTPYKTYPHUMH 3MIHaMH, 5IKi 0OYMOBJIEHI 3MIHOIO
MeXaHI3My KpucTai3alii.

[Ipu BukopuctanHi MomudikaropiB, Takux sk MgSi 1 SiC, 3
HAaHOPO3MIPHUMH YaCTUHKAMHU B PO3IUIABI YTBOPIOETHCS BETUKA KIJIBKICTh HEHTPIB
KpUCTamizaiii, 1mo OOyMOBIIOE SK OIIBII PIBHOMIPHHM PO3MOAUT JIETYHOUHUX
€JIEMEHTIB Ta IHTepMeTaniAHuX (a3, Tak 1 OTpPUMaHHA OUIbII APIOHO3EPHUCTOI

CTPYKTYPH. 3HUKEHHSI CEpEAHBOr0 pO3MIpY 3€pHa, K MOKa3aHO B po3aiii 4, s
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AKO94, AJI4AC Big 280 mo 110 mxm Ta 1545 Big 200 o 100 MM, 1m0 crpuse
T1BUIIEHHIO MIITHOCTI Ta yIapHOI B'SI3KOCTI.

JlonatkoBuM  eekToM, 10  COpUA€  MIABUIIEHHIO  MEXaHIYHHX
XapaKTepUCTUK, € PIBHOMIPHUN PO3MOALT Ta cTaluIi3alis BTOPUHHHX (a3s.
Kowmmnekcanii Hanomoaudikarop Mg.Si ta SiC crpusie piBHOMIPHOMY PO3TOILTY
IHTepMeTaliIiB, TaKUX K AlzSc Ta Mg:Si, siki 3MILIHIOIOTH MaTPHUIIIO AJTFOMIHIEBOTO
cruiaBy. Ll inTepmeTaniani ¢pa3u MaroTh BUCOKY TBEPICTD 1 CTAOLTI3YIOTh MATPHIIIO
Ta IPaHMII 3epEH AIOMIiHII0, 3a1100iratouu iX poCTYy ITiJT 9ac TEPMOIACOBOI 0OPOOKH.

Criji 3a3HaYUTH peai3alliio MexaH13My JTUCIIePCIMHOTO 3MIITHEHHS, OCKIJIBKU
PIBHOMIPHO po3noiieH1 HaHoyacTUHKU Mg2Si1 SiC € epekTuBHUMHU Oap'epamu 1Jis
JUCIIOKALH, 1110 pyXatoThCA.

[le BimOyBaeTbest Moaudikailis moBepxHi 3epeH. [Ipu 1boMy HaHOYACTUHKU
KPEMHIIO Ta MarHito B3a€MOJIIOTh 3 AJIFOMIHIEM Ha MiK(a3HIi rpaHulll, 3MIHIOIOYN
MOBEPXHEB1 XapaKTEPUCTUKHU 3epeH. Lle Moxe CHpusiTh 3MEHIICHHIO BHYTPIIIHIX
HaIpYT Ta 30UIBIICHHIO aAre3ii Mk 3epHamMu Ta BTOpUHHUMH (pazamu [4, 13, 23].

3BUYAHO MEXaHI3MH JIIOTh CIUJIBHO, 3a0€3MeUy0ur 3HAYHE MOJIIMIIEHHS
BJIACTUBOCTEH MeTainy. B pe3yibTari Mexxa MIITHOCTI 3pOCTa€ 3a paXyHOK 3MILIHEHHS
MDK3EpEHHUX TPaHUlb Ta AMCHEPCIMHOrO 3MINHEHHS, TBEPAICTb IMiJABUILYETHCS
3aBJISIKA HAABHOCTI TBEPJUX IHTEPMETAJIIB Ta BTOPUHHUX (a3, a yaapHa B'SI3KICTh
MOKPAIIYEThCS 3a PaXyHOK YCYHEHHS MakpoJe(eKkTiB Ta 3MIIHEHHS MDK(azHUX

I'PAHUILLb.

5.6 Kopoz3iiiHa CTIHKICTh aJTFOMiHIEBUX CIUIaBIiB

BpaxoByroun royioBHY poiib CTPYKTYPHHUX (DAKTOPIB MPY BUZHAYECHI METOUK
BUNPOOYBaHHSI, HA MEPIIE MICIIe MOKHA BUCYHYTH CIIOCOOM OLIHKH CTPYKTYPHHX
BU/IIB KOPO3ii: MIKKPUCTAIITHOI, pO3IIAPOBYIOYO0i, KOPO3IHHOTO PO3TPICKYBAHHS.

PO3BUTOK  KOpPO31MHOrO  PO3TPICKYBaHHS MoOXe OyThu 0OyMOBJIEHO
BHYTPIIIHIMU HANpyramM y BUJIMBKY, BUHUKHEHHSIM HaIpyT MiJ [1€}0 BTOPUHHUX

MPOJYKTIB KOPO3ii, IO YTBOPIOIOTHCS, 1 PAIOM I1HIIUX JOJATKOBUX IPOIIECIB.
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CyMapHuii e(deKT BCiX MOXJIMBHUX BHUJIIB KOpO3ii IMPU TaKOMy BHUIIPOOYBaHHI
3a3BUYall Ha3MBAIOTh 3arajibHOIO KOpo3i€ro. JIJig OI[IHKK 3araibHOi KOPO31MHOT
CTIMKOCTI HAMMpOCTillle BU3HAYAIOTh BITHOCHI BTPATH XapaKTEPUCTUK MIIIHOCTI Ta
IJIACTUYHOCTI. Biibln yHIBepcalibHUM CIMOCOOOM € BHU3HAYEHHS MaKCHUMaJbHOT
TTTIMOWHY Ta XapakTepy KoposiHux ypaxens [103, 104].

JIns BU3HAYEHHS KOPO31MHOI CTIMKOCTI JMBapHHUX aJIOMIHIEBUX CILIaBIiB
AK9u Tta AJI4C, momudikoBaHWUX CHIIIIAIOM MAarHil0 Ta KapOioM KpPEMHIro,
IPOBE/ICHO BUITPOOYBaHHS HA 3arajibHy Ta MDKKPHCTAIITHY Kopo3ito [69,76].

BunpoOyBaHHs Ha 3araibHy KOpo3it0. [ oOTprMaHHS NOPIBHSUIBHUX JaHUX
I0JI0 KOPO31MHOI CTIMKOCTI CIJIaBIB NPOBOAWIM BUIPOOYBaHHS Ha 3arajibHy
KOPO3i0 3TiIHO 3 JIIOYMMHU TEXHOJOTIYHUMHU IHCTPYKUISIMU TignpueMctsa. s
IMITallii )KOPCTKUX YMOB €KCILTyartailii 0yB oOpaHuii MeTo1 BUIPOOYBaHb B YMOBax
100-BiIcOTKOBOI BITHOCHOI BOJIOTOCTi, @ TaKOXX METOJ TMEPIOJUYHOTO BIUIMBY 3-
BigcotkoBoro po3unHy NaCl npum kiMHaTHIEH TemnepaTypi. TpuBaicTh
BUNPOOyBaHb B 000X BUMajgkax cranoBmwia 30 mi6. s mociipkeHb Ha 3arajbHy
KOpPO3i10 3 BINIMTUX Ta MIcJs TepMIYHOT 00poOKu 3a pexxumoM T6 crmaBiB AK9y 1
AJI4C Oynu BUTOTOBIICHI MO 5 IUIOCKUX 3pa3KiB MPSAMOKYTHOT (GOpMH pO3MipaMu
70x30x5 MM 19 KOKHOT'O 3 METO/IB.

BunpoOyBannss B ymoBax 100-BiACOTKOBOi  BIJIHOCHOCTI  BOJIOTOCTI
IPOBOAMIIN B KaMepi Bojorocti ['-4 3a IBOCTYIIEHEBUM HACTYITHUM ITUKIIOM:

a) 1-ii ctyminp — BigHOcHa Bojoricth Bix 98 go 100%, Temmeparypa
BurnpoOyBanns 40°C, TpuBaiicTh 8§ rom;

0) 2-i1 ctymiHb — BigHOCHa BoJsorictek Big 98 nmo 100%, Temmepatypa
Bunpooysanns 40°C, TpuBaiicts 16 ro.

O1iHKy KOpO31/HOT CTIHKOCTI aJIOMIHIEBHX CIUIaBIB 3T1HO 3 IFOUYUMH
TEXHOJIOTIYHUMH  IHCTPYKUISAMHM  MIANPUEMCTBA, TMPOBOJAMIM WIOJO 3MIHHU
30BHINIHBOTO BHTJISAY 3pa3KiB Ta 3MIHM Mach. YcCepeaHeHl pe3yJbTaTu
BUMNPOOYBaHb HA 3arajbHy KOPO3i0 JIJIsI KOKHOIO 31 CIJIaBIB HABEACHO y TaOJMII

5.9.
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Ta6mui 5.9 — Pe3ynbratu BUNpoOyBaHb Ha 3arajibHy KOPO3ito

Cmas Cepenosuiiie [IIBuakicTh 30BHIMIHII BUATIIA
BUIIPOOYBAHHS KOPpO3ii, 3pa3KiB
kr/(M? -71i0)
AK9y 100-BiacoTKOBa 11,04-10°° 0e3 3MIH
BITHOCHA
AKO9u4, momudikoBanmii BOJIOTICTB 9,84-107° 0e3 3MiH
AJI4C 13,97-10°° 6e3 3MiH
AJI4C, momudikoBanmit 13,12-107° 0e3 3MIH
AK94 5,52-107° Ha [IOBEPXHI €
nepioguyHa Jist JIETKHI HAJIT, IICIA
AK9LI’ MOI[I/I(I)iKOBaHI/Iﬁ 3'BiI[COTKOBOI‘O 5’04 10_6 S3HATTA AKOT'O
po3unny NaCl CIIOCTEPITal0ThCs
AJT4C 7 65- 10~6 OKpeMmi JIp10H1 UATKH
AJI4C, moaudikoBaHuii 7,24-107°

AHani3 pe3yabTaTiB BUMNPOOYBaHb IOKAa3aB, 110 JOCIIHKYBaHI alFOMiHI€EBI
CIUIaBH, HE3aJIe)KHO CTaHy MOBEPXHI, MAIOTh JIOCUTh BUCOKY KOPO31MHY CTIHKICTb
npu BunpoOyBaHHI B ymoBax 100-BiICOTKOBOi BiTHOCHOi BOJOTOCTi, KOPO31iHI
yYpaKe€HHs NpakTU4HO BiAcyTHI. [licig 3-x mukiiB BUIpoOyBaHb HA BCIX 3pa3Kax
BIJI3HAYEHO TIOTEMHIHHS MOBEPXHI y BUTJISAI OJUMHUYHUX TUIAM 1 ATOK. Yepes 10
IIMKJIIB BUTIPOOYBaHb Y KaMepi BOJIOTOCTI Ha 3pa3Kax 3 ayifoMiHieBoro cruiapy AK9q
10 1 micns MmoaudikyBanHs MgoSi 1 SiC Big3HaueHO NOTEMHIHHS TOBEPXHI Y BUTJIAII
M, 1o 3akiMaroth Big 40 mo 80% rmomn moBepxHi. AHaANOTIYHE MOTEMHIHHS
MOBEPXHI XapakTepHe Takox i cruiaBy AJI4C no ta micis moaudikyBanas Mg, Si
ta SiC.

[IBuaKiCTH KOPO3ii 3pa3KiB 3 BUXITHUX 1 MoaudikoBaHHX ciiaBiB AK94 1
AJI4C cxnana Big 9,84-10° mo 13,97-10° kr/(m?nmi6), MO AaN0 MOMKIMBICTB
BIJIMOBITHO JI0 TIKAJIM KOPO31MHOT CTIMKOCTI BiIHECTH 3a3HAUCHI CILJIaBU JI0 TPYIU

«BHUCOKOI cTiiKoCcTI». [licmsa BumpoOyBaHh B yMOBaX MEPIOJUYHOTO BIUIMBY 3-
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BIJICOTKOBOTO PO3YMHY XJIOPUCTOTO HATPil0 Ha TOBEPXHI BUXIJHHUX 1
monupikoBanux cruaBiB AK9u 1 AJI4C cnoctepiramucst KOpo3iliHi ypaxeHHs Y
BUTJIAMIl OKpEeMHX IPiOHUX ISTOK, MPOTE MIBUAKICTH KOPO3il MPU LBOMY TaKOX
He3HayHa - Bix 5,04 10 1o 7,65 107 kr/(m? 1i6).

Pesynpratu BumpoOyBaHb Ha 3arajbHy KOpO3il0 TOKa3ylOTh, IO
MoudikyBaHHS YacTuHKaMU Mg,Si 1 SiC nmpu3BOAUTH A0 MiABUIIIEHHS KOPO31HHOT
CTIMKOCTI CIJIaBIB 3a PaxyHOK 3HIDKEHHS MIBUAKOCTI Kopo3ii: cmaBy AK9u Ha
9,5..12,2%, crnmaBy AJI4C - Ha 5,7... 6,5%. IligBumeHHss KOPO31iHOT CTIHKOCTI
MOXHA TIOSCHUTH TOAPIOHEHHSAM CTPYKTYpU alOMiHIEBUX cIuiaBiB. [lpu
MOAM(IKYBaHHI 30UIBIIYETHCA MPOTSHKHICT MIK(Aa3HUX TIpaHUlb, KUIbKICTh
IHTEpMETANI/IIB Ta JOMIIIKOBUX AaTOMIB, $IKI PO3TAIIOBYBaJuCid B Mik(pa3HUX
IPaHULISIX Y CIUIaB1 10 MOAU(IKYBAHHS, PO3MOIUISIOTHCS MiCist MOAU(DIKyBaHHS Ha
OlMbII 3HAa4YHIM MIONI. BiAMOBIIHO, BOHM MEHIII HETAaTHUBHO BIUIMBATUMYTh Ha
KOPO3iiHY CTIAKICTh aJIFOMIHIE€BUX CIUIaBiB. BaKJIMBY posib Ma€ 1 HaNpyKEHUM CTaH
Moau(iKoBaHOI CTpyKTypH. IIpu BBeaeHH1 aucnepcHuX 4acTMHOK MgoSi 1 SiC
MikpooO'emu cruiaBiB AK9u 1 AJI4C cTatoTh OLIbI €HEPreTUYHO HaNpyKEHUMH,
IO ITiJIBUIILYE KOPO31MHY CTIAKICTb.

BunpoOyBaHHST Ha MDKKPUCTAIITHY KOpO3110. MDKKpUCTaJIITHA KOpO3is
(MKK) xapakrtepna st antoMinieBux cruiaBiB. Uytnuicts 10 MKK 3'sBisieTses
BHACIIJIOK CTPYKTYPHOI HEOJHOPITHOCTI T'PAHMIb 3€PEH, BUAUICHHS BTOPHUHHHX
¢da3, 30imHeHHS a0o 30aradyeHHs MNPUJIETIIUX JAUISIHOK O-TBEPJIOTO PO3YHUHY
JETYIOUUMHU elleMeHTaMu. JIOCHIDKeHHSI CXWJIBHOCTI aJIOMIHIEBHUX CIUIaBIB 10
MDKKPUCTAJITHOI KOpPO3ii mpoBoauiu 3rigHo Tl mianmpueMcTBa y po3yuHi, L0
MICTUTB: 3-BIICOTKOBUIN PO3YHMH XJIOPUCTOTO HaTpito Ta 1% consanoi kuciotu HCIL.
Temneparypa poszunny cranoBwia 18...25°C, tpuBanicte BunpoOyBaHHS 24 TO/I.
Hocmmkenns mnokasanmu, mo cmiaBu AK9u ta AJI4C, sgx BuxXIigHl, TaK 1
MoK (iKOBaHI, HE BUSIBIISIOTH CXMJIHBHOCTI O MIKKPUCTATITHOT KOPO3ii.

Koposiiini BiacTuBoCTi cmjaBy 1545 ouiHOBaIM Mpu TPhOX BUAAX

BUNPOOYBaHb: 3arajbHy KOpO3il0, KOPO3iiHE PO3TPICKYBaHHS 1 MIKKPUCTAIITHY
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KOpO3iF0 OCHOBHOro Metanxy 1 3BapHux 1mBiB [105]. Jlami mgocimimkeHb
MDKKPHUCTANITHOI KOpO3ii HaBeaeHo y Tabmui 5.10.

Yytnusicts 70 MKK 3'sBisieTbess BHACTIIOK CTPYKTYPHOI HEOJTHOPITHOCTI
I'PaHMIlb 3€PEH, BUIJICHHS BTOpUHHUX (a3, 301THCHHS a00 30arayeHHs MpUJIerInX
JUISTHOK O-TBEPJIOTO PO3YMHY JETYIOUHMH €JIeMEHTaMH, YTBOPEHHS CyOMIKpo- Ta
MIKpPOITYCTOT Yepe3 CTIK Ta KoaryJsiiio BakaHciil. Y BuxigHomy cmiasi 1545 MKK
iae Bix mitTuHTY o B-dasi (puc. 5.21, a). Y moaudikoBanomy cruiasi 1545 npu
MoM(iKyBaHHI CUIIIIUOM MarHiro Ta KapOiJoM KPEMHIIO 32 pPaXyHOK 3MEHILICHHS
BUJIICHB -(a3u Ta iX pIBHOMIPHOT'O PO3MOAUTY MO 00’ €My 3arOTOBKU CXHJIBHICTD

1o MKK Biacyrus (puc. 5.21, 6).

Tabmuus 5.10 — Pesynbratu BumpoOyBaHb Ha MIUKKPUCTANITHY Ta

PO3IIapOBYIOUY KOPO3110 JUCTIB CIuiaBy 1545

Cnnas MKK Po3mapoByroua kopo3ist
‘ I'a3oBi OynpOamiku giameTpoMm 2-3 MM Ha IUIOIII
1545 BIJICYTHA
10%. ban 4.
1545, I"a3oBi OynbOamku BiacyTHi. ban kopo3ii 2.
) BIJICYTHS
MoaupikoBaHUHA

a — BuxigHui cmas, x100; 6 — moaudikoBanuii cruias, X200

Pucynok 5.21 — MikpocTpyKTypa MmoBepxHi 3pa3kiB ciuiaBy 1545 micins

BUIIPOOYBAHHS Ha MDKKPUCTAIIITHY KOPO31t0
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Tomy, mo cmuaB 1545 BHUKOPHUCTOBYETHCS B 3BapHUX KOHCTPYKIIIfX,
BaXIMBUM MOKA3HUKOM € KOpO3iiiHe po3TpickyBaHHs. KoposiitHe po3TpicKyBaHHS
OLIIHIOBAJIOCS. HA OCHOBHOMY MeETajll Ta 3BapHOMY IIIBi, BUKOHAHOMY aprOHHO-
JyTOBUM 3BapioBaHHsAM. Pe3ynbpTaTi BUIpoOyBaHb HaBeIeHO y Tabymi 5.11.

MKK y nemonudikoBanomy cruiaBi 1545 BiacyTHs, 6an po3miapoByrHOUOl
KOpo3ii 4, po3TPICKyBaHHS OCHOBHOT'O MeTaily uepe3 45 110 BiACyTHE, pyWHYBaHHS
3BapHOTO MIBa cruiaBy 1545 BinOyBaeThes yepes 50 ai6. Y moaudikoBaHOMY CIIIaBi
1545 MKK Takox He BHsIBJIEHa, 0al poO3MIapOBYIOYOi KOPO3li 3HMKYETHCS 10 2,
PO3TPiCKYBaHHS OCHOBHOTO MeTally uepes 45 mib BiACyTHE, pyiiHYBaHHS 3BapHOTO

mBa MoudikoBaHoro criaBy 1545 BinOyBaerbes uepes 70 mio.

Tabmuug 5.11 — Kopo3iiiHe po3TpiCKyBaHHSI OCHOBHOTO METaly Ta 3BapHUX

IIBIB JIUCTIB cIIaBy 1545 TOBIIMHOIO 3 MM.

Kopo3iiine po3TpicKkyBaHHs
OCHOBHUU MeTas 3BapHUU LIOB
. TPUBAJICTh
TPUBAIICTh
Cnas BUINPOOYBaHHS
BUINIPOOYBaHHS 10 | Hampyra,
Harpyra ' 10
pPO3TPICKYBaHHA, MIla _
_ PO3TPICKYBaHH
nio .
s, 110
1545 0,96, 45 200 50
1545,
_ 0,96, 45 200 65
MO (IKOBAHUMA

AmomiHieBUM  cmiaB 1545  Mae  BHCOKI  KOPO3iMHI  BJIACTHUBOCTI.
MonmudikyBanass MQ.Si 1 SiC 103BOAMIO 3HUBUTH TOKA3HHWK PO3MIAPOBYIOYOT
KOpO3ii 3 4€TBEPTOTO JI0 IPYroro daiy.

Takum ynHOM, BBEJICHHS B PO3IIJIaB KOMIUIEKCHOTO MOU(iKaTOpa Ha OCHOBI
HAHOJMCIIEPCHOTO CHITIITUAY MarHito 1 kapoiny KpeMHit0 Haa€ e(peKTUBHUIA BIUIUB

Ha I1IBUIIICHHS KOPO31MHUX BIACTUBOCTEH allfOMIHIEBOTO CILIaBy 1545.
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Bucuosknu

Po3po6ieno Texnosnorii MoandikyBaHHs Ta TEPMO3MILIHIOIOY0i 00pOOKH, SIKi
JIO3BOJISIIOTh CTBOPUTH HOBE MOKOJIIHHSA BUCOKOSIKICHMX AaJIFOMIHIEBUX CIUJIABIB 3
MOKPAIICHAMH  MEXaHIYHUMH,  TEXHOJOTIYHMMH Ta  EKCIUTyaTarliiHuMU
BIacTUBOCTAMU. lle BiIKpuBae MIMPOKI MEPCIEKTUBU IS BUKOPUCTAHHS JaHUX
CIUIaBIB Y KOHCTPYKIIISX BIAMOBITHOTO MPU3HAYCHHS

1. BBeaeHHs B aloMiHI€BI PO3IUIAaBA HAHO JAUCIIEPCHUX MOPOILIKIB CHITIIHTY
MarHiro 1 KapOiay KpeMHIIO Yy BUIJISI TaOJETOK MPU BaroBOMY CIIiBBIIHOIICHHI
nopouikiB SIC+Mg,Si=1:3 103B0JIsI€ MOJETIUUTH PO3PAXyHKH HEOOX1AHOI KIJTbKOCTI
Moaudikaropa B Mpolleci IJIaBKU 1 HE BUMAarae JI0JaTKOBOTO TEXHOJOT1YHOTO
JIMBAPHOTO OCHAIIECHHS;

2. MoaudikyBanHs nuBapHuX amomiHieBux cruiaBiB AK9u 1 AJI4C nHanHo
JUCTIEPCHUMHU YAaCTHMHKAMU CUJIIUY MAarHiro 1 KapOigy KpEeMHIIO J03BOJIHIO
YCYHYTH A€(PEKTH JUTTS: TPIILIUHU, YCAJKOBl PAKOBUHU Ta MOPUCTICTH IO MEPepi3y
BUJIMBKIB IS IeTaIel KpUIbUaTKA TypOOHACOCHOTO arperary.

3. Po3poOnenuii pexuM  TEPMO3MIIHIOIOUOT OOpOOKH  JIMBaApHOIO
amomiHieBoro criaBy AK94, mMomu@ikoBaHOro CHIIUAOM MarHiro 1 KapOigom
KPEMHIIO, 1110 TIOJIATAE B HArpiBaHH1 AeTanen 10 temneparypu 530 © C, Burpumini 2
rojJl 1 3arapTyBaHHI B MIAIrPITy BOAY, a TaKOX JABOCTYIIHYACTOMY CTapiHHI IO
pexumy: HarpiBaHHs a0 Temmnepatypu 160°C BuTpumka npoTsroM 4 roa. 3
MOJAJIBIITUM OXOJIO/DKCHHSIM Ha TIOBITPi. Y JIOCKOHAJIEHHS TEXHOJOTIi TepMIYHO1
0o0poOKM 3a0e3Mmeunsio MiABUIIEHHS MeXi MiHocTi 3 260 nmo 275Mlla, mexi
TEeKy4docCTi - 3 215 1o 235 MIla 3a He3HaUYHOTO 3HMKEHHS BIJIHOCHOTO TTOIOBKCHHS
MOPIBHSHO 13 3aCTOCYBAaHHSM OJIHOCTYIICHEBOTO CTApiHHS JIeTaleH;

4. dyac omepalii yJOCKOHaJIGHOI TEepMIYHOI OOpoOKM Jeranieid 13
moaudikoBanoro cruiapy AK94 3menmeno 3 23 mo 9 roa, To6to. B 2,5 pasu, 3a
paxyHOK 3MEHINEHHS Yacy BUTPUMKH TIiJ] 3arapTyBaHHS Ta 3aCTOCYBaHHS

JIBOCTYIIIHYACTOrO CTapiHHS, IO JO03BOJUJIO CYTTEBO IMIJABUIIUTH E€KOHOMIYHI
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MOKA3HUKHU Orllepallii TepMiuHOi OOpOoOKU AeTaneil KpWiIb4aTKu TYpOOHACOCHOTO
arperary.

5. Po3po0ieHO peXuM TEPMO3MIIHIOBAIILHOI OOpPOOKH JIMTHX 3aroTOBOK
criaBy 1545, mo mnonsrae y 3araptyBaHHl Bim 580+5°3 0XOJMOMKEHHSM B
OXOJIOJKEHIHN BOAI 1 IITy4YHOMY cTapiHHi mpu Temnepartypi 260+5°C mpotsarom 10

TOJIUH.
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3ATI'AJIbHI BUCHOBKHU

Y poGoTi BuUpimieHI BaXXJIMBI HAYKOBO-TEXHIYHI 3aJadi ITiABUIICHHS
MEXaHIYHUX, TEXHOJOTIYHUX Ta EKCIUTyaTallliHUX BJIACTHUBOCTEM JMBapHUX Ta
nedopMoBaHUX amOMiHIEBUX criaBiB  cucteM Al-Si ta Al-Mg-Sc s
BUTOTOBJICHHS BUPOOIB PaKETHO-KOCMIYHOI TexHIKH. [IpoBeneHi TeopeTHyHl Ta
eKCIIEPUMEHTaJIbHI JOCTIIKEHHSI 3 BIUIMBY KOMILJIEKCHOTO MOAU(DIKYBaHHS Ha
OCHOBI HaHOJIMCIIEPCHOTO CHITIIIM/TY MarHito Ta kapOiay KpeMHIiI0 Ha CTPYKTYypy Ta
BinactuBocti ciuiaBiB cuctemMu Al-Si AK9u, AJI4C nj1d BHUTOTOBIIEHHS JeTalIei
TypOOHACOCHOTO arperary, a Tako aedopMoBaHuii cruiaB cuctemu Al-Mg-Sc 1545
JUIS. CUJIOBUX €JIEMEHTIB aBiallifHOi Ta paKeTHO-KOCMIYHOI TEXHIKH, JI03BOJISIOTH
3pOOUTH HACTYITHI BUCHOBKHU:

1. Jnst 0OpoOkM JMBapHUX Ta A€POPMOBAHUX ATIOMIHIEBUX CILIABIB
cucreM Al-Si ta Al-Mg-Sc po3pobieHo 1 OOrpyHTOBAHO CITOCIO BBEICHHS
KOMILJIEKCHOTO MOAM(IKaTOpa Ha OCHOBI HAHOJMCIEPCHOTO CHJIILMY MAarHiro
Mg2S1 ta kap6iny kpemHuito B-SiC 3 posmipom yactuHok 50...100 HM.
KommiekcHuit MmoaudikaTop Mae HacTymHHN ckiaa, % mac.: Mg,Si — 15...20; SiC
— 20 ... 30; anroMiHIEBHI MOPOIIOK PO3MIPOM YAaCTUHOK 10 1 MKM — pemita.
Po3pobneno TepmoyacoBi mapameTpu Moau(iKyBaHHs alrOMiHi€BHX ciuiaBiB AK9y,
AJI4C 1 1545. Jlnsg piBHOMIpHOTO pO3MOiTy MoaudikaTopa B 00’ €M1 po3IjiaBy, yac
00po6Oku po3inaBy moaudikatopoM 10 xBunuH npu Temmneparypi 750°C. KinbkicTh
Moaudikaropa, o BBOAUTHCS, CTaHOBUTH 0,1% Bix Macu po3IuiaBy.

2. MonudikyBaHHs KOMIUIEKCHUM HAaHOMOJM(IKATOPOM  JTO3BOJIUIIO
3MEHIIUTUA CePeAHIN po3MIp 3epHa JIUTUX 3aroToBok crutaBiB AK94, AJI4C y 2,5
pasu Bix 280 mo 110 MxmMm, y moaudikoBanoMy cmuiaBi 1545 3MeHITyeThCsl po3Mip
3epHa 3 200 no 100 Mxm, To6TO B 2,0 pa3u MOPIBHSAHO 3 HEMOIU(PIKOBAHUM CTAHOM.

3. JloBeI€HO MOKITUBICTD 3aCTOCYBaHHS TEPMO3MIITHIOIOUOT 00pOOKHU /115t
muBapHux amomiHieBux criaBiB AK9u, AJI4C. Ha ocHOBI ekcriepuMeHTalbHUX

JJAHUX 3alpoNoOHOBaHAa TEPMO3MIIHIOOYa O00poOKa, M0 CKJIAJa€ThCA 13
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3araptyBaHHs BiJ Temneparypu 530°C, 0XOJ0KEHHs Y XOJIOJHIA BOJII; CTapiHHS
npu temneparypi 170...180°C npoTsirom 2 roauH, 0XOJOIKEHHS Ha MOBITPI.

4, Brepiie 3amponoHOBAaHO KOMIUIEKCHHH  MEXaHI3M  3MII[HEHHS
JUBApHUX Ta JAehOPMOBAHHUX AIOMIHIEBUX CIUIaBIB TMpH  MOJIU]iIKyBaHHI
HAHOJUCIEPCHUM CHIIIIMIOM MarHiro 1 KapOioM KpEeMHiIo, IO TMOJIArae B
KOHTPOJIIOIOYOMY 3€pEHHOMY 3MIIHEHHI MPU 3HAYHOMY BKJIAJl JUCIEPCIHHOTO
3MII[HEHHS, IO JO3BOJISIE AKTMBHO BIUIMBATH Ha MeEXaHIYHI BJIACTHBOCTI. VY
auBapHOMY MojaudikoBaHoMy cruiaBi AK94 MmiIBHIEHO KOMIUIEKC MEXaHIYHUX
BJIACTUBOCTEH CILJIaBY y MOPIBHSAHHI 3 HE MOAU(IKOBAHUM CTaHOM: Gy 3 240 10 265
MlIla (ua 8...10%), ;3 205 o 230 MIla (ua 10...12%), 6 3 3,0 10 3,2 BigHOCHHUX
BicoTkiB (Ha 3...6%), KCU 3 0,10 mo 0,12 MJIx/M? (#a 10...20%), HB 3 700 1o
760 Mmna (Ha 8...9%). Y nuBapHoMmy moaudikoBanomy ciuiaBi AJI4C migBuiieHo
KOMILJIEKC MEXaHIYHUX BJIACTUBOCTEW CIUJIaBY Y MOPIBHSAHHI 3 HE MOAN(DIKOBAHUM
cTtaHoM: G 3 230 10 250 MIla (Ha 7...9%), 6, 3 200 no 222 MIla (Ha 9...11%), 6 3
2,9 1o 3,1 BimHOCHMX BimcoTkiB (Ha 3...6%), KCU 3 0,10 go 0,12 MJIx/M? (Ha
10...20%), HB 3 3 695 ngo 750 Mna (Ha 7...8%). Y nedopmoBaHOMY
Moau(iKOBaHOMY cIUiaBi 1545 MiJBUINEHO KOMIUIEKC MEXaHIYHUX BIACTUBOCTEH
CIUIaBIB y MOPIBHSHHI 3 HE MOAM(IKOBAHUM CTaHOM: G 3 396 no 447 Mlla (na
12...13%), or 3 269 no 315 MlIla (na 16...17%), 6 3 15,0 no 17,0 BigHOCHHUX
BiicOTKIB (Ha 12...13%).

S. [Ipy  BUBYEHHI  KOpO3IMHMUX  BIACTUBOCTEH  JIMBapHUX  Ta
nehopMOBAHOTO ATFOMIHIEBUX CIUIABIB (MIKKPUCTAIITHOI, PO3IIAPOBYHOY0i KOPO31i
Ta KOPO3IMHOIO PO3TPICKYBAaHHS) BCTAaHOBWJIM, IO MOJU(DIKOBAHI aTIOMIHIEBI
crutaBu AK94 ta AJI4C maroTh BUCOKY KOPO3iHY CTIHKICTh MIPU BUMPOOYBaHHI B
ymoBax 100% BiAHOCHOi BOJOrOoCTI 1 HE BHUSBJISAIOTH CXWJIBHOCTI JO
MDKKpUCTamiTHOI  Kopo3ii. Ilpu BunmpoOyBaHHSX Ha 3arajbHy KOPO3iIO
moaudikyBanHs dactkaMu MQ,Si i SIC mpu3BOAUTE 10 3HMKEHHS IIIBHIKOCTI
kopo3sii: crutapy AK94 —nHa 9,5...12,2 %, crinaBy AJI4C —Ha 5,7...6,5%; BiJIOBIAHO
JI0 IIKalyd KOpo3iiHOo1 cTikocTi amtomiHieBl criaBu AK9u 1 AJI4C micns

Moau(iKyBaHHS BITHOCITHCS JO TPYIU «BUCOKOI cTiiikocTi». [Ipu ekcruryarariii
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Mo (IKOBAHOTO CIUTaBy 1545 BUSBIEHO BIJICYTHICTh MDKKPHUCTATITHOT KOPO3ii B
Moar(iKOBAaHOMY CITIaBi, 3HWKEHHS Oajia po3ImapoByroUuoi kKoposii 3 4 Oanma s
BUX1HOTO cruiaBy 1545 mo Gana 2 B monugikoBaHoMy crutaBi 1545, 3HmKeHHS
KOPO31MHOT0 PO3TPICKYBAaHHS 3BAPHUX IIBIB MOJAM(IKOBAHOTO CILJIABY.

6. Po3po6neni «Texuomoriuna inctpykuiss TI Ne 102.25210.00377 3
NPUTOTYBaHHS altoMiHieBoro cmaBy AJl4, mMoaudikoBaHOTO KOMIUIEKCHUM
HAaHOMOAM(IKATOPOM Ha OCHOBI CHIIIMAY MarHilo Ta KapOigy KpeMHII0» Ta
«Texnonoriuna iHcTpykuist T1 Ne 102.25210.00376 3 npuroTyBaHHs aJtOMiHIEBOTO
crutapy 1545 cucremu  Al-MgQ-Sc,  mMoaudikoBaHOTO  KOMILIEKCHUM
HAaHOMOJIM(PIKATOPOM HA OCHOBI CHJIINUAY MarHir0 Ta KapOily KpEeMHIIO», SKI
BIIPOBAKEHI Y JINBApHOMY BUPOOHUIITBI [lepikaBHoro mianpuemctBa « BupodbHuue
oO0'eqnanns IliBmenHo wmammHoOyniBHUE 3aBox imeni O. M. MakapoBay.
Pe3ynpTaTi poOOTH BIPOBAIKEHI PU OTPUMAHHI JINBAPHUX ATIOMIHIEBUX CILIABIB
AKO94, AJI4C Ta pedopmoBaHoro cruiaBy 1545 y mNOpoOMHUCIOBUX YMOBax
HepxaBHoro nignpuemcta «Bupoonude o0'ennanns [liBgeHHO MalIMHOOY 11BHUM
3aBox 1meHi O. M. MakapoBa» Ta HaByajdbHUU npouec JIHITPOBCHKOIO
HaI[lOHaJIbHOTO yHiBepcuteTy iMeHi Onecs ['onuapa. Otpumano IlatenT Ykpainu
Ha KopucHy wmojaenb Ne 157286, C22C 1/06 (2006.01) «Cmnocid onepskaHHs

BUJIUBKIB 3 CHITyMIHIBY.
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s 1HCTPYKIiS MOIIMPIOETHCS HA MPUTOTYBaHHA poOouoro criaBy AK9

(AJI4), moanhikoBaHOTO KOMITJIEKCHUM MOIM(IKATOPOM.

1. XiMIUHUHN CKJIa]
1.1 Ximiunuii cknan cruaBy AK9 (mami AJI4) srimno 3 JICTY 2839-94

3a3Ha4YeH y Tabi. 1.

Ta0mums 1
Ximiuanii ckian crnaBy AJl4
Cmias OcHoBHI eneMeHTH, %
Al Si Mg Mn
OCHOBa 8,0-10,5 0,17-0,35 0,2-0,5
AJl4 Jomimmku, %
(AK9)
Fe Cu Zn Sn Be Pb Ni | Ti+Zr CyMa
JIOMIIIIOK
3-0,6 3-1,1
K-0.9 0,30 0,30 | 0,01 | 0,20 | 0,05 | 0,10 | 0,15 K-14

2. lllnxTa
2.1. BuxigauMu mMaTepianamu 11l CKIaJaHHs UXTH €:
2.1.1. Cunymin B uymkax mapok AKI12ou (CHUJI-00), AK120u (CHUJI-0),
AK124 (CUJI-1) ACTY2839-94 (TOCT1583-93).
2.1.2. Amominiit nepsunamii Mapok A85, A8, A7, A6, A7-ETOCT 11069-74
B yymkax o 15 xr 'OCT 11070-74.
2.1.3. MarHi# B uymkax mapok MI'-90, MI'-95, MI'-96 ICTY 2187-93.

2.1.4. Jliratypa amoMiHiii-Mapraseis, npurotryBanss 3a incrpykuiero 11T «BO
[IM3».
2.1.5. Bigxoau BIacHOTO BUPOOHMIITBA Y BUTJISA NIEPEIJIaBy, SKIO BOHU HE

€ OpakoMm 3a XIMIYHHM CKJIQJIOM.
2.2. 36epiranHs BiIXOJiB MPOBOIUTH Y KOpoOkax. KoxkeH KopoO MOBHHEH

MaTu OMPKY 13 3a3HAUYECHHSIM MapKH CIUIABY.
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TpancriopTyBaHHs BiIXO/1B B1IOYBAa€ThCS Y KOPOOKAxX 13 OUPKOIO, 110 BKA3yeE
MapKy MaTtepiayry BiIXO/IB.

Binxomu y Burisai npuOyTKiB, UyIIOK CIUIaBy, 3a0pakoOBaHMX BHJIMBKIB
iIMXx ado po3pizaHux Ha cTpiukoBid muii moaeni JIC-80-2 no po3mipiB, 3pydHHX
JUTS 3aBaHTAXKEHHSI, CIIJIECKIB Ta JITHUKIB MOBUHHI OyTH MONEPEAHBO MeperiaBieH]
Ta 3JIUT1 B YYIIKH.

2.3. l1luxToBKy CIuiaBy NMPOBOAUTH 13 3acTocyBaHHSAM 60% BIIXOMIB IS
BUJIMBKIB TUITy KopmyciB T203-011 ta T206-011 140 ... 60% m1st iHIIUX BUIUBKIB.

KinpkicTe meperniaBy JUTHUKIB Yy 3arajibHid KiJIbKOCTI MEpPEIUIaBy HE Mae
nepeBunryBati 20% BiJ Baru neperniaBy BiJIXOIIB.

2.4. Buxinni marepianu nounHi Bignosigatu ['OCTy, matu ceprudikatu
nmocrayajabHHUKa a0 MacropTH 3a XIMCKJIaJIOM BijJ XIMIYHOI JJabopartopii 1exy ado
O3JL

2.5. BuxijiHi MmaTepiaiv MOBUHHI OYTH OUMIIIEHI TICKOCTPYMHUHHUM CIIOCOOOM
no /1. AK-301.

2.6. Po3paxyHOK IIMXTH NPOBOJUTH 32 HACTYITHUM BMICTOM KOMIIOHEHTIB, %:
KpemHii — 9,3; marniii — 0,3; mapranens — 0,4,

[Ipu oTprMaHHI TapTii CUITYMIHY, II0 CKIAAAETHCS 3 KITBKOX IJIaBOK 3 PI3HUM
BMICTOM KPEMHIIO, JUISl PO3PAXYHKY IIMXTHU JIO3BOJISIETHCA YCEPEAHIOBATH BMICT
KPEMHIIO, SKIIO PI3HULS 3HaxoauThcss B Mexax 1%. Ilpu po30ixHOCTI BMICTY
KpeMHito Ounblie 1% ruiaBku rpynyBaty naprii 3 po301KHICTIO, He nepeBuIye 1%
KOXXHOT MapTii.

BMmicT noMilok miJ 4ac po3paxyHKy IIMXTH HE Ma€ MEpPEBULIYBaTH: 3aili3a
IIPH JIUTTI B KOKUIB - 0,40 %; Tutany — 0,10 %; 6epuniro — 0,08 %; ceuniro — 0,03%;

cypemu — 0,015%.

3. IligroToBKa neui
3.1. IlnaBky nmpoBoautu B neyax CAT-0,16, CAH-0,5 ta CAH-1,0 a6o B
THUTJISIX

pO31aBajIbHUX TICYEH.
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3.2. Ileui moBUHHI OYTH PETEIbHO OYMIICHI BIJl IIUIAKY Ta 3aJIMIIKIB CIJIaBY
MOTIEPE/IHIX TJIABOK.

3.3. Ilpu BukopucTaHHI Meyi, B fAKIi roTyBamacs IHIIA MapKa CILUIaBY,
MOMEPEeTHbO MPOBECTH IJIABKY JIsi MPOMHUBAHHS a00 3aMIHUTH THUTENb (IS
pO31aBaIbHOI Medi).

3.4. IIpoMuBHY IUTaBKY MPOBOJAUTH HABICKOIO aJIOMIHIIO a00 CHIYMIiHY, IO
ctanoBUTh 50...60 % €MHOCTI 1eui 3 BUTPUMKOIO HOTO B PO3ILIABJICHOMY CTaHi HE
MeHIIe 2-x roauH. llpu mpomMuBaHHI HEOOXITHO MEPEMINIyBaTH PO3IUIABICHUIN
aJIOMIHIN Tak, 11100 BIH OMHMBaB BCIO poO0OUYy MOBEPXHIO BaHHM Tedi. Temmeparypa
AITIOMIHIIO TOBHMHHA OyTH 3a TOKa3aHHSAMHU NOpWIaaiB He Huxk4owo 3a 740°C.

AJIOMIHIN pO3TTMBAETHCS 110 BUITUBHULISIM.

4. 3aBaHTaXCHHS IUXTU

4.1. 3aBaHTa)XKeHHS IIUXTH MPOBOJAUTH B HArpiTy 10 Temrepatypu 750 ... 800
°C (3a moKa3aHHSMU NPWIAAIB) M4 a00 TUTeNb. 3aBaHTakeHHs neueld tTuny CAH
IIPOBOJUTHCA JUIIE HAa (POpKaMepy . 3aBaHTAXKEHHS Y BAHHH 3a00POHSIETHCS.

4.2. Hacammepen y mi4 3aBaHTaXyBaTH UYIIKKM CHJIYMIHY, QJIIOMIHIIO 1
JiratTypy ajgioMiHId-mapraHenpb, MPUYOMY MaprasieBa JiiraTypa IOBHUHHA
PO3TaIIOBYBATUCS MOOJIM3Y HArpiBayiB.

4.3. Tlicnst po3IUIaBJICHHS YYLIOK CHUIYMIHY Ta QJIIOMIHIIO 3aBaHTAXKUTHU Ta
PO3ILIABUTH TIEpEriaB BiAXO/IiB.

[Ticns 1pOro 3a JOMOMOTOI0 CKpeOKa pPOOUTH pETENbHE MEePeMilllyBaHHS
CIUIaBY Y BaHHI eYl, HOBEPXHIO CIUIABY OYMIIATH BIJl LIIAKY, SIKUI 30MpaeThCs Ha

cxuiil (hopkamepu.

5. Po3nuBaHHS cIlaBy B pO3AaTKOBI eyl
5.1. ns BuuBkiB 1 kateropii (3 rpymnu) TUIy KOPIyCiB, HACOCIB, KPHIIIOK,
KpUJIbYATOK HAO1p CIUIaBy BUKOHYBATH O€3MOCEPEIHBO B TUTJI PO3/IaTKOBHX MEUEH.
Tursi mnoBMHHI OyTH HAIlOBHEHI PIIKUM CIJIaBOM He Outblie HiXK Ha 88 % 00'emy ix

BHYTPILIIHBOI BUCOTH.
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5.2. IIpu nepenuBi criaBy HEOOX1JIHO MParHyTH, 00 CTPyMiHb MeTaly OyB
SIKOMOTa TTOBHIIIUM 1 KOPOTIIHM.
5.3 Ilicas koxHOro HabOpy MeTamy MOBEPXHIO pO3IUIaBy B THUIJIL Ta

PO3JIMBHOMY KiBIIIl, @ TAKOX M€Yl MOBUHHI OyTH OUMIIICH] BiJ] TIEJICHHU.

6. PadinyBanus ta Moaudikailis crijiaBy

6.1. PadinyBanHs Ta Moau(pIKyBaHHS CIUIAaBY NPOBOAMTA B THUTIISAX
PO3AaTKOBUX IEYEH MTOCITIIOBHO.

6.2. KoHTposib ra30HACMYEHOCTI CIJIaBy MPOBOJUTH METOJOM BaKyyMHOI
npoOu micis onepauii Mogu(IKyBaHHS.

6.3. [Ipu He3a10BUIBHUX pe3yibTaTax BUIPOOYBaHb BAKYyMHOI IPOOHU CILIAB
0o0poOUTH BakyyMOM. Y pa3l KOJM MOBTOPHE BaKyyMyBaHHsS HE Ja€ MO3UTHBHUX
pe3yNbTaTiB, IOMYCKAEThCS JIETa3yBaTh CIUIAB TUTAHOBOIO CTPYKKOIO.

6.4. OO6pobOKa criaBy TUTAHOBOIO CTPY)KKOIO JIOIYCKAEThCS HE Oubie 3-X

pasis.

7. KOHTpOJIb XIMIYHOTO CKJIaay

7.1. Ilicns padginyBaHHS METATy TPOBOJIUTH €KCIIPEC-aHalll3 METaly Ha BMICT
Mg i Fe.

7.2. Hagam npoOy Ha BMicT Mg 1 Fe Opatu 6e3nocepenHbo nepea noyaTkoM
PO3JIMBY THUIJIA 1 Uepe3 KOXKHI 2 TOJUMHU MICHsl MOYaTKy po3nuBy. BinOip mpob Bix
CIUIaBY, MPU3HAYECHOTO JIJIsi IPIOHMX BUJIMBKIB, TPOBOJIUTH Yepe3 KOKHY |1 Toauny
BUTPUMKH CIUIaBY B THTJII.

7.3. Tlicnsg moBeAeHHsT XIMIYHOTO CKJIaay cCIuiaBy 3a BmicToM Mg Ta Fe
MIPOBOJIUTH B1101p MPoOU IJIs MACTIOPTHOTO XIMIYHOTO aHai3y cIuiaBy. Binbip mpo6

poOUTH 3 TUTJIS, B IKOMY CILIaB OOPOOIISIIM TUTAHOBOIO CTPYKKOIO.

8. MonudikyBaHHA CIIJIaBY KOMIJIEKCHUM HaHOMOJHU(DIKaTOpOM

8.1. CrnaB migaatu MoaudiKyBaHHIO.
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8.2. MoaudikyBaHHs CIJIaBy JIUCIEPCHUM IOPOIIKOM CHIIIUAY MarHito
Mg.Si xap6igom kpemHito SiC IPOBOIUTH B THIIISIX PO3AATKOBUX TEUEH, SKIIO B
TeXIMpoIlieci He 00yMOBIIEH] 1HIII CTOCOON MOAN(IKYBaHHS:

(SIC+Mg.Si): Al=1:3

SiC+Mg,Si+Al

SiC+Mg,Si=1:3

8.3. Tabnerku ms monudikaii B kimbkocTi 0,1% BiJx Baru piIkoro Metany
3arOpHYTHU B ATIOMIiHIEBY (DOIBTY, TOTIM MTOMICTUTH B I3BIHOYOK.

8.4. Temmeparypa po3mjaBy y THUIJl MEpea MOYaTKOM MOAUGIKyBaHHS
noBuHHa cTaHOBUTU 740 °C (32 MOKa3HUKOM MPUIIALTY).

8.5. BunganuTu nuiak i3 moBepXHi po3IiaBy. /J[3BIHOYOK OIMYCTUTH y PO3ILIaB
Ha Bizgcrtadi 50... 100 MM Big JHA TUTIIA.

8.6. [lepemimaTu po31uiaB 3a JONOMOIOO JI3BIHOYKA MPOTAToM 8...10 XB, ipu
IbOMY BKJIFOUAIOUHU IIUKJIM PEBEPCHOTO MEpPEMINIYBaHHs 10 3...4 XB. Ta MEePI0ANYHI
3YNUHKM MepeMilTyBaHHsl Ha 4yac He Ouipiie 1 xB. Butpumaru posmias 5...6 xB.
Bupanutu 1nuiak 13 moBepxHi po3IljiaBy.

8.7. Bigibpatu mpoOu AJisg XIMIYHOTO aHali3y Ta MEXaHIYHUX BUIIPOOYBaHb.

9. KoHTposb pexxuMy I1aBKU

9.1. Temneparypa B meui CAH (3a mokazHMKaMHM MpUIIJIiIB) HE Mae
nepesuiysatu 820... 850 °C.

9.2. IleperpiB crutaBy npH IJIABJICHHI, IMATOTOBIII Ta PO3JIMBAaHHI HE TIOBUHEH
nepeBunryBati 780°C (3a mokazHUKaMH NPUIIAAIB).

9.3. IlpoBectnn TepmMoOOpOOKY po3miaBy 3 moaudikatopoMm mpu 750°C
npotsirom 5...10 xB.

9.4. 3aranpHa TPHUBAIICTh IUIABKM Ta PO3JIMBAaHHA CIUIABY HE IOBHUHHA
nepepumyBati: ans neder tuny CAT ta CAH 8 roaun (Binm modartky

PO3ILIABJICHHS).
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10. Texnika 6e3meku

10.1. Omneparii 3aBaHTa)KCHHSI IUXTH B IMi4, J0OABKU MIUXTH, PO3TUBAHHSA,
nepeMillyBaHHs CIUIaBYy, OUMILEHHS T€4i, BUJAJICHHA OKHUCHHUX IUIIBOK , BITOOPY
npo0 TPOBOJUTH TIIBKM NMPH BUMKHEHIM TUTENBbHINA medi abo BIAMOBIAHINA 30HI
€JIEKTPONEYEH.

10.2. Ilepen BCTaHOBJEHHSM THUIJIS B MY MEPEBIPUTH HOTO Ha BIJICYTHICTh
TPIIIMH, PaKOBUH, pO3AYTOCTeW Ta Micub posnany. [lepeBipky mnpoBoauTH
Bi3yaJbHO.

10.3. TpancnopTyBaHHS YaBYHHOTO THUTJIS 3 PIKUM CILJIABOM MTPOBOJUTH 32
JOTIOMOT'OO TIPUCTOCYBaHHSI.

10.4. 3a00opoHsETHCA:

a) KOPUCTYBATUCS HECTIPABHUM 1HCTPYMEHTOM Ta MPUCTPOSIMH;

0) miIrpiB IHCTPYMEHTY 3aHYPEHHSAM Yy PIIKUIA CILIaB.

10.5. BcTaHoByIeHHS Ta BUJTyY€HHSI TUTJISl TPOBOJUTH TUIHKU IIPU BUMKHEHIM

meul.
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[ls 1HCTpYKIli TOUIMPIOETHCS Ha MPUTOTYBaHHA poOoyoro crutaBy 1545,
MO (IKOBAHOTO KOMIUIEKCHUM MOIA(IKATOPOM.

1.

XiIMIYHUH CKJIaq

1.1 Ximiyamii ckmag cmiaBy 1545 3rigHo 3 macmoprom [111-61-84
3a3HayeHui y Taba. 1.

Ta0mumns 1
XimMiyHu# ckian cruiapy 1545

CriaB OcHOBHI elleMeHTH, % Mac.
Al Mg Sc Mn
5,7-6.7 0,3-05 0.1
OCHOBHA ,7-6, .3-0, 0.25

1545 Jlomimku, He OinbIe, % mac.
Cu Zn Zr Fe Si Be Trmmi

0,0002-
0,1 0,1 0,05-0,15| 0,3 0,2 0,005 0,1
2. [IuxTa

2.1. BuxignuMu mMatepianamu JJisl CKJIaJaHHS [IUXTH €:
2.1.1. AmowminieBmii crnaB cuctemu Al — Mg - Sc I'OCT 4784-97.

2.1.2. Amowminii nepBunHuii mapok A83, A8, A7 I'OCT 11069-2001 B
yymkax ['OCT 11070-74.

2.1.3. Maruiit B uymkax mapok MI'-90, MI'-95, MI'-96 JICTY 2187-93
(TOCT 804-93).

2.1.4. Mapranens BoautH Jiirarypor Al-60% Mn.
2.1.5. Ckanniii BBogutu Jiratyporo Al-5% Sc.

2.2. IlluxtyBaHHs crjaBy HOpoBOAUTH 13 3acTocyBaHHsIM  40...60%
QTFOM1HI€BHX BiJIXO/IIB.
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2.3. Buxigni matepianu nouHH1 Binnosigatu ['OCT, matu cepTudikatu
nocTayaibHUKa a0o0 Macrnopra Ha XIMIYHHMA CKIIaj Bl XIMIYHOI J1abopatopii 1exy
yu O3JL.

2.4. BuxiaHi MmaTepiaiav MOBUHHI OyTH OUMIIICH] ITICKOCTPYMHUHHUM CIIOCOOOM
no /1. AK-301.

2.5. Po3paxyHOK MIMXTH MPOBOJAMTH HA HACTYNMHHI BMICT KOMIIOHEHTIB, %
Mac.: MarHiu — 6,3; ckauaiit — 0,4; mapraners — 0,2.

[Ipn otpumanHi mnapTii amoMiHiEBOoro cruiaBy cucreMu Al-Mg, mo
CKJIQJAETHCS 3 JEKUTBKOX MapoK 3 piI3HUM BMICTOM MarHito, JUisl pO3paxyHKy IIUXTH
JTIO3BOJIIETHCSl YCEPEIHIOBATH BMICT MArHit0, SIKIIO BiJIMIHHICTh 3HAaXOJUTHCS B
mexax 1%. [Ipu po36ixkHOCTI BMICTY MarHito Ouibiie 1% miaBku rpymnyBaTu napTii
3 pO301KHICTIO, HE TIepeBuIytoun 1% KOXKHOT mapTii.

BMmicT 1omMinIok npu po3paxyHKy IMIMXTH HE IOBUHEH MEPEBULIYBATH %o Mac.:
Mizb — 0,08; muak — 0,08; mupkonii — 0,12; 3amizo — 0,2; kpemuiit — 0,1; 6eprutiit —
0,001.

2.6. 'oTOBY IMXTY B KOpOOax MEPEMICTUTH Ha MJIABWIbHY AUISTHKY pa3oM 13

MMUXTOBHUM JINCTOM, HiI[HI/IcaHI/IM MaﬁCTpOM MIUXTOBOI'O ABOPY.

3. IliarotoBka neui

3.1. IlnaBky BukonyBatu y neuax CAT-0,16, CAH-0,5 ta CAH-1,0 a6o B
TUTIIAX
pO31aBajIbHUX TTEUECH.

3.2. Ileui noBUHHI OyTH PETEIBHO OYMILIEHI BiJl IUIAKY Ta 3JIMILIKIB CIUIaBY
MOTIEPETHIX TUIABOK.

3.3. [lpu BukopucCTaHHI Ieyi, B fKii roTyBajacs 1HIIAa MapKa CILUIaBy,
NOMNEPEeTHbO MPOBECTH IIJIABKY MJisi MPOMHUBAHHS a00 3aMIHUTH THUTeNb (IS
po31aBajIbHOI Medi).

3.4. IlpoMUBHY TUIAaBKY TTPOBOJAUTH HABICKOIO aTIOMIiHIIO a00 CHIIYMiHY, IO
ctaHoBUTH 50...60 % eMHOCTI Medi 3 BUTPUMKOIO HOro B PO3IJIABIIEHOMY CTaH1 HeE

MeHme 2-x roawH. [Ipm mpoMuBaHHI HEOOXIAHO TEPEMIITYBaTH PO3IIABICHUI
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aTIOMIHIN Tak, 11100 BIH OMHMBAaB BCIO poOOUYy MOBEPXHIO BaHHM Teul. TemmnepaTrypa
AJIIOMIHIIO TIOBUHHAa OYyTH 3a TMOKa3aHHAMH MNpWiaaiB He Hiwk4owo 3a 740°C.

ATIOMiHI! PO3TMBAETHCS 110 BUITUBHUIISIMH.

4. 3aBaHTaXECHHS IUXTU

4.1. 3aBaHTa)KCHHSI IIUXTH MPOBOJIUTHU B M4, HArpiTy a0 Temneparypu 750 ...
800 ° C (3a moka3HuKaMu mpuiafiiB). 3aBantaxenHs neue Tury CAH npoBoguThes
auie Ha popkaMepH. 3aBaHTaKEHHS y BAHHU 3a00pOHSIETHCA.

4.2. Hacamnepen y mid 3aBaHTaXyBaTH Je(OpMOBaHUIN aIFOMIHIEBUH CIIJIaB
cuctemu Al-Mg-Sc, uuctuil amoMiHIA Ta JIraTypu ajdlOMiHIA-MapraHenb Ta
amoMiHIf-ckauaii. [Ipu 3aBaHTa)X€HH1 IMIUXTH HEOOX1JHO KOHTPOJIOBATH, 10O
BIJICTaHb MIXK IITUXTOIO Ta HarpiBauamu Oysa He MeHie 200 mwm.

4.3. Ilicns posmiiaBiieHHs antoMiHieBoro cmiaBy cuctemu Al-Mg-Sc ta
YUCTOrO AJIFOMIHIIO 3aBaHTAKUTH MEPEIyiaB BiIXO/IB.

4.4. Tlicna po3miaBi€HHS BCl€l MIMXTH, 3 METOK TNPUCKOPEHHS ILJIABKH,
JIOMYCKA€EThCSl JTOJaBaHHS YYIIOK JIraTypd, IO HE PO3YMHHWIACS, ATFOMIHIN-
Mmapraseip. [icis iporo 3a 10noMororo ckpedka poOUTH peTeibHE ePEMIITyBaHHS
CIUIaBY y BaHHI I€Yl, MOBEPXHIO CIUIABY OYMIIATH BiJ 3TYCTKIB IEJEHU, ILIIAKY,

KU 30upaeThes Ha CXUJTl (hopKaMepH.

5. Po3znuBaHHS ciuiaBy B po3AaBajibHi eyl
5.1. Habip cruiaBy pobuTH 6€3mocepeIHpO B THTJII pO3IaTKOBUX meveit. Turmi
NOBUHHI OyTH HANOBHEHI PIAKUM CIUIAaBOM He Ounblie HiX Ha 88 % o0'eMy ix
BHYTPIIIHHOI BUCOTH.
5.2. Ilpu nepenuBi crjiaBy HEOOX1THO MPArHyTH, U100 CTPyMiHb MeTaly OyB
SIKOMOTa MOBHIIIMM 1 KOPOTIIUM.
5.3 Ilicns koxHOro HaOOpy MeTaqy MOBEPXHIO pO3IUIaBy B THUIJIL Ta

PO3JIMBHOMY KiBIIIl, @ TAKOK M€Yl MOBUHHI OyTH OUYMIIICH] BiJ] TIJTIBOK.
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6. PadinyBanus Ta Moaudikailis CrijiaBy

6.1. PadinyBanHs Ta Moau(IKyBaHHS CIUIaBY MPOBOAMTA B THUIJISNX
PO3AaTKOBUX MEYEH MOCIIIOBHO.

6.2. KoHTposib Ta30HACHYCHOCTI CIUIaBy MPOBOIWTH METOJOM BaKyyMHOI
poOu michst oneparii MOAu(IKyBaHHS.

6.3. [Ipu He3aIOBUTHPHHX pe3yiIbTaTax BUMPOOYBaHb BAKYYMHOI IIPOOH CIUTaB
00poOuTH BakyyMOM. Y pa3l KOJH MOBTOPHE BaKyyMyBaHHS HE Ja€ MO3UTHUBHUX
pe3ybTaTiB, IOMYCKAEThCS JIEra3yBaTh CIUIAB TUTAHOBOIO CTPYKKOIO.

6.4. OO6pobOKa cmiiaBy TUTAaHOBOIO CTPY>KKOIO JIOMYCKA€ThCS HE Oubie 3-X

pasis.

7. KOHTpOJIb XIMIYHOTO CKJIaay

7.1. Ilicns padinyBaHHS METATy TPOBOJIUTH €KCITPEC-aHalll3 METally Ha BMICT
Mg i Fe.

7.2. Hapami npo0Oy Ha BMicT Mg 1 Fe Opatu 6e3nocepeiHbo nepe1 mouyaTtkom
PO3JIMBY THUIJIA 1 Uepe3 KOXKHI 2 TOJUHU MICHsl MOYaTKy po3nuBy. BinOip mpod Bix
CIUIaBY, IPU3HAUEHOTO JJIsi ApiIOHMX BUJIMBKIB, IPOBOJUTH Yepe3 KOKHY 1 roauny
BUTPHUMKH CIJIABY B THUTI.

7.3. Tlicnsg moBefeHHS XIMIYHOTO CKIJIany cCIuiaBy 3a BmictoM Mg Tta Fe
MPOBOJUTH B1A01p MpoOU Jisi MACTIOPTHOTO XIMIYHOTO aHami3y cruiaBy. Binoip npo6

pOOUTH 3 TUTJIS, B IKOMY CILIaB 0OPOOJISIIA TUTAHOBOIO CTPYKKOIO.

8. MonudikyBaHHA CIIJIaBY KOMIJIEKCHUM HaHOMOJU(DIKaTOpOM

8.1. CrutaB mignatv MoAu(IKyBaHHIO.

8.2 MoaudikyBaHHS CIUIaBY AWCIEPCHUM IMOPOIIKOM CIJIIIMIY MAarHiro
Mg.Si kap6igom kpeMHito SiC IPOBOIUTH B THIVISIX PO3AATKOBUX TEUCH, SKIIO B
TeXTpolieci He 00yMOBJICHI 1HIIN CIOCOON MO (DIKyBAHHS:

(SiIC+Mg,Si): Al=1:3

SiC+Mg,Si+Al

SiC+Mg,Si=1:3
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8.3. MoaudikyBaHHad TNPOBOAUTH TaOJeTKaMu ISl MOAM(IKYyBaHHS
amroMiHieBHX criiaBiB ckimany SiC:Al = 1:3 mac.

8.4. Tabnerku mia MmomudikyBaHHs B KutbkocTi 0,1% Bim Barum pimkoro
MeTaJly 3arOpHYTH B aIFOMIHIEBY ()OJIBTY, TTOTIM MOMICTUTH B JI3BIHOYOK.

8.5. Temmeparypa pos3miaBy B THUIJI TEpea MOYaTKOM MOAM(IKYBaHHS
noBuHHA ctaHOBUTH 720 ... 740 °C 3a moka3HUKaMU MPUIIATY.

8.6. Bunanutu nutak i3 moBepxHi po3iiaBy. J[3BIHOYOK OMYCTUTH B PO3ILIIAB
Ha BigcTadb 50...100 MM Big qHA THTIIS.

8.7. Ilepemimiatul po3ruiaB 3a JOIOMOTOIO JI3BIHOUKA MPOTITOM 3-5 XB.

9. KoHTpOJb pexuMy IIaBKU

9.1. Temnepatypa B neui Tuny CAH (3a moka3HUKaMu pUIIaJIiB) HE TOBUHHA
nepesuiysatu 820...840 °C.

9.2. TleperpiB cruraBy IpH IUTaBIll, MIATOTOBII Ta PO3JIMBAaHHI HE MMOBUHEH
nepeuiyBatu 780°C (3a moKa3HUKAMU MPIIAJIIB).

9.3. IlpoBect TepmMooOpoOKY posmiaBy 3 moaudikatopoMm mpu 750°C
npotsrom 5...10 xB.

9.4. 3aranpHa TPUBANICTh IUIABKM Ta PO3JMBAHHA CIUIABY HE IOBHUHHA
nepesunyBatu: st nedeit tuny CAT ta CAH 8 romun (Big mouaTky

PO3IJIABIICHHS ).

10. Texnika 6e3neku

10.1. Oneparii 3aBaHTaKEHHS IIUXTH B Mi4, H100aBKU IIUXTH, PO3JTUBAHHS,
nepeMillyBaHHs CIUJIaBy, OYHUINCHHS TeYl, BUJAJICHHS OKHMCHHUX IUIIBOK, BilmOOpYy
po0 TPOBOJUTH TIABLKM NMPH BUMKHEHIM THUTENBHINA medi abo BIAMOBIAHINA 30HI
€JICKTPOIICUEH.

10.2. Tlepen BCTAaHOBIICGHHSIM THUTJIA B T4 TIEPEBIPUTH HOTO HA BiJICYTHICTH
TPIIMH, PAKOBHUH, PO3AYTOCTEH Ta Miclb pos3nany. IlepeBipky mNpoBOIUTH
BI3yaJIbHO.

10.3. TpancnopTyBaHHsI YaBYHHOT'O TUTJIS 3 P1IKUM CIIJIABOM IPOBOJUTH 3
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JIOTIOMOTOFO TIPUCTOCYBaHHSI.
10.4. 3a0oponsieThe:
a) KOPUCTYBATUCS HECTIPABHUM 1HCTPYMEHTOM Ta MPUCTPOSIMH;
0) miAIrpiB IHCTPYMEHTY 3aHYPEHHSM Y PIIKHUI CIIaB.

10.5. BcraHOBIIEHHS Ta BHJTyY€HHS TUTJIS IPOBOIUTH TUIBKH MTPU BUMKHEH1H

meui.
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