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Drn3nkKo-TeEXHONOrMYECKNIA MHCTUTYT MeTannoB 1 cnnaBsoB HAH YkpaunHbl, Kues

MOAUDULIMPOBAHUE SA9BTEKTUYECKUX
AJTIOMUHUEBDLIX CIMNJIABOB C NPUMEHEHUEM

AKTUBHbIX JOBABOK *

ﬂpose,qu nMTepaTypruZ aHaJin3 COCTOSAHVS Hay4HbIX ncenenoBaHni BINSIHNS Pa3J/INYHbIX XUMUWUYECKNX 3J1e-
MEHTOB Ha CTPYKTypy v CBOVICTBA 3a3BTEKTUHECKNX aIIOMUHNEBbIX CI/1aBOB, OTMEYEHbI JIOCTOMHCTBA M HELO-

CTaTKu NMPUMEHSIBLLIMXCS] MOANPUKATOPOB.
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BeeneHune

B nocnegHue roabl 3a9BTEKTUHECKNE CUITYMUHBI,
obnapatouime psaoM yHUKabHbIX CBOMCTB (HU3KUM
KOO OULMEHTOM JIMHEMHOrO pacLMpeHns, OocTa-
TOYHO BbICOKMM MOAYSIEM YMPYroCTW, MOBbILLIEHHOMN
M3HOCOCTOMKOCTbIO) BbI3blBAIOT 3HAYUTENbHbLIN UHTE-
pec y pa3paboT4yMKOB U MNOTEHLUMANbHBIX NOTPebuTe-
nen Takmx cnnaeBoB. B yacTHOCTW, 3a9BTEKTUYECKME
CUJIYMUHBI LUMPOKO MCMOML3YIOT ANS AeTanen ABu-
ratefien BHYTPEHHErO CropaHusa aBTOMOOWNENn, Ko-
TOpble N3roTaBNMBaloT GACOHHbLIM INTBEM UN XUS-
KOW wTamMnoBkom. lNMpumeHeHne e Takux CriaBoB
ons nony4eHms aedpopMrpoBaHHbIX NonygpadbprkaTos
MEeTOAO0M MONYHEMNPEPBLIBHOIO NUTbSA 1 NOCNeayoLLe-
ro NPeccoBaHUs MK LWTAMMNOBKN 3aTPYOHEHO M3-3a
dOpMNPOBAHNSA B UX CTPYKTYpPE TPybbIX NEepPBUYHHBIX
KPUCTaNoOB KPEMHUS, CHUXAIOLLMX TEXHONOMMYHOCTb
npw nutee n gedpopmaumn [1].

B coBpemMeHHON TexHuke pAas WU3roTOBJIEHUS
MOPLUHEN M FONOBOK UMIVHAPOB ABUraTeNem BHYT-
peHHero cropanusa (ABC) Wnpoko NpUMEHSOTCS 3a-
3BTEKTMYECKNE CUTYMUHbI PA3SIMYHOMO XMMUYECKOIr0o
cocTaBa (Tabn.1).

Takne cnnaebl MICNOJb3YIOT, B OCHOBHOM, B INTOM
COCTOSIHMW, TaK Kak CTPYKTypa MHOrodasHbIX CNoX-
HONErMPOBAHHbLIX aJIlOMUHUEBBIX CMJ1aBOB, COAep Ka-
wasa 60sbLIOoe KONMNYECTBO 9BTEKTUKM, ABNSeTCs 60-
Jlee XapornpoyHom, 4em 3akaneHHbix [1, 2].

Mpn pa3paboTke paunoHanbHbIX COCTaBOB 3a-
3BTEKTUYECKUX CUITYMUHOB HabnogaeTcs TEHOEH-
LNS K YBEIMYEHWNIO B HNX MAQCCOBOW A0SIM KPEMHUS, KO-
TOPbIN CHUXAET KOIDPUUMEHT NX TEPMUYECKOrO pac-
wmpeHusi. B To e Bpems BBOA, B TaKMe CriaBbl Meau,
MarHusi, HUKens n kobassra CnocoOCTBYET MOBbILLEHWNIO
MX MEXaHMNYECKMX CBOMCTB. YTO KacaeTcs MapraHua, 1o
OH HenTpannadyeT BpPedHOE BAMSIHME >Xenesa, Bcerga
NPWUCYTCTBYIOLLErO B 3TUX CuslymMuHax [3].

Kpome ykazaHHbIx getanen [BC, 3aaBTekTnyeckme
CWIYMWHbI NPUMEHSIIOT /19 N3rOTOBNEHUS TOPMO3HbIX
6apabaHoB ¥ b3 UWINHOPOB.

B HacTosLLee BpeMs N3BECTEH OMbIT M3rOTOBIEHNS
6noka UMnMHApPOB ABUraTENS IEFKOBOro aBTOMOOUSA U3
3a3BTEKTNHECKOro cuymuHa ¢ 17 % KpemMHus NnTbem
noa, AaBieHMeEM 6e3 CMEHHbIX MMib3, YTO SBASIeTCH
60/1bLUNM OOCTUXEHNEM B ABUratenecTpoeHnn [4], Tak
Kak nNpy 9TOM CHUXaAETCH Macca MallUVHbI, yy4LlaeTcs

Tabnmya 1
XuMunyeckunii cCoctaB NPUMEHSAEMbIX 3a3BTEKTUYECKUX CUITYMUHOB

HasBa- Copep>xaHue a/1eMeHTOoB, %

m’p‘:;i LS Cu Mg Mn Ni Co Cr v Ti Cd | Be
CHIr 16-22 ( 1,5-2,5| 0,3-1,0 | 0,4-1,0 | 0,9-1,7 0,5-0,9 [1,0-04| - - - -
Yexusa 17-2510,8-5,3( 0,1-1,3 | 0,1-0,8 | 0,1-4,2 0,3-1,2 - - 0,1-0,2 - -
lepmanng | 16-26 | 0,8-4,3 | 0,4-1,3 | 0,4-0,8 | 0,8-3,6 | 1,0-1,25 - - | 0,02-0,1 - 0,02
CLUA 21-2310,9-1,2| 0,75-1,25 - 2,0-2,5 - - 0,1 - - -
®paHuua | 20,0 2,0 0,1 - - - - - - - R
AnoHnsa 20,0 2,5 0,6 - 0,6 - 1,0 - - 0,8 | 0,005
*0630p
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OTBOZ Tenna OT ABUratesns M 3Ha4MTeIbHO MOBbLILLAOTCS
TEXHUKO-3KOHOMMYECKME NoKas3aTenn ero paboThbl.

JinTeriHblie 1 GU3NKo-MexaHn4eckme CBOKVCTBa
3a9BTEKTUHECKNX CUTYMUHOB

3a3BTEKTUYECKNE CUSTYMUHbI OT/IMYAIOTCS Bbl-
COKMMU JINTENHBIMU CBOMNCTBAMM: XOPOLLUEN >XUOKO-
TEKYYECTbO, HEOOSbLUOM JIMHENHON YyCaaKoh U MU-
HUMaNbHON CKJIOHHOCTbIO K 0OPa30BaHUIO FOPAYMX
TpewmH. B paae akcnepnmeHTOB, ONMUCaHHbIX B pa-
6oTe [5], OblNna nccnegoBaHa 3aBUCUMMOCTb XWOKO-
TEKYYECTU [OBOMHbLIX HEMOAMDULMPOBAHHbLIX Cha-
BOB cucTeMsbl Al-Si 0T nx cocTaBa M nokasaHo, 4TO
MaKCMMYM XWAKOTEKYYeCTU Ha rpaduke KoopamHat
«COCTaB-XNAKOTEKY4YECTb» B CMIYyMUHAX CMELLAeTCs
OT 9BTEKTUYECKOWN TOUYKM B 061aCTb 3a3BTEKTUHECKON
KOHUEHTpauum KpemHus. MNoBbilleHne XnokoTekyye-
CcTn cnnaBoB Al-Si 3a3BTEKTUHECKOrO COCTaBa 0ObsIC-
HSIEeTCS, Npexae BCero, OTHOCUTESIbHO BbICOKVMMU TeEnM-
noBbIMM  addekTamMn  KpUCTaNN3aLUmMm NepBUYHOIO
KpemMHusi, 0bnafdaloLero caMmonm BbICOKOW cpean me-
TaIoB TEMNIOTON KpucTanamndaumm — 327 kan/r, NpeBbl-
warowlern 6onee 4em B Tpy pasa TENIOTY KpucTanimsa-
LMK anioMuHns. NoaTtomy Hanuune aaxefHe6onbLIoro
KONMYecTBa NePBUYHBIX KPUCTANIOB KPEMHMUS, 0Opa-
3YIOLMXCA NpY 3aTBEPAEBaHNN 3a9BTEKTUYECKUX CU-
JIYMUHOB, CMocoOCTBYeT NoanepXXaHUo cnjaBa B
KNMAKONOABMXHOM COCTOSAHUN. [lencTBme aToro dak-
Topa coyeTaeTcs ¢ OnaronpuUATHON, C TOYKM 3PEHUS
XUOKOTEKYHECTN, CTPYKTYPOMN MEPBUYHO BbINaBLUNX
KpUcTannoB KpeMHUs. OHM UMEIOT B MEPBOM NpUonN-
XEHUW PABHOOCHYIKO CTPYKTYPY, M30NMPOBaHblI Opyr
OT Apyra v He3Ha4ymnTeslbHO NPENSTCTBYIOT TEYEHUIO
XMOKOro crnnasa.

C yBenMyeHneM CoaepXaHns KpEMHUSA NMHENHAs
ycaaka B 9TUX cnjaBax ymeHbluaeTcs [6]. B HekoTo-
pbix paboTax coobLaeTcs O IMKBALUM KPEMHUS B 3a-
3BTEKTUYECKMX cunyMmuHax [4]. Mpun nuTbe B KOKUIb
NepBUYHbIE KPUCTaNbl KPEMHUS 00pasyoT Nullb
MECTHbIE CKOMEeHUs, KOTopble OGofiee nnm meHee
paBHOMEPHO pacnpeneneHbl N0 CEYEHUIO OTIUBKN.
Yucno Takmx CKonsieHUn ymeHbLluaeTcs npu adpoex-
TUBHOM MOAUDULMPOBAHUM U BO3pacTaeT B HEMO-
ONOUUMPOBAHHbBIX AN HEAOCTATOYHO MOANDULMPO-
BaHHbIX CUSTYMUHAX.

Bonee noapobHO M3ydHeHbI PUNKO-MEXaHNYECKME
CBOWCTBA 3a9BTEKTUYECKUX CUIYMWUHOB, W, B MEPBYIO
oyepenp, KOIPDOULMEHT TEPMUNYECKOTO PaCLUMPEHNS,
npeaen NPOYHOCTU, OTHOCUTENBHOE YOJIMHEHWE N OPY-
rme XapakTepucTuku. 3aBUCUMOCTb KO3hdULMEHTa
TEPMMYECKOro pacLuMpeHns cnnaBoB cuctemsl Al-Si
B 001aCTN paboymx TemMnepaTyp HaxoamMTcs B 06paTHOMN
NPOMOPLUNOHANIbHOM 3aBUCUMOCTM OT COOEPXKAHUS
B HUX KpemHud (puc. 1) [7].

BecbMma BaXXHbIMUY CBOMCTBaAMMN 0151 TaKUX OTBET-
CTBEHHbIX AeTanieirl gsuraTtesns BHYTPEHHEero cropa-
HUS Kak NopLlieHb 1 610K LMINHAPOB (6€3 CMEHHBbIX
rnb3) ABASIIOTCHA M3HOCO- U KOPPO3NOHHAs CTOMKO-
CTW, KOTOpble ANs ABOMHbLIX CniaBoB cucteMsl Al-Si
HaxoOsaTcs B 0OPAaTHOM JIMHEMHOW 3aBUCUMOCTU OT
coaepxaHust B HUX KpemHusa [7]. HegocTtaTtkom umc-
CnefoBaHNM Takmx XapakTepucTUK 3ad9BTEKTUYECKNX
CUNTYMUHOB SIBNSIETCS TO, YTO B YKa3aHHbIX paboTax,
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Puc. 1. BavgHune nervpylowmx 31eMEHTOB: Ha TepMU-
4Yeckoe pacLuMpeHne anomMuHng (a); Ha moaynb tOHra
anomMuHus (6)
Kak npaBwno, mn3dy4anu AOBOMHbIE 3a3BTEKTUYECKME
crnnaBbl AJIIOMUHNS C KPEMHUEM, KOTOPbIE HA NPaKTu-
KE NPUMEHSIOTCS O4YEeHb PEOKO.

B psge pabot [5] Obian nosly4eHbl 3aBUCUMOCTU
npegena rnPoYHOCTU U OTHOCUTENBHOIO YAJMHEHUS
OT cOCTaBa ABOWMHbIX HEMOAUDULMPOBAHHbLIX Chfa-
BOB cucTeMbl Al-Si. MIx aHann3 nokasbiBaeT, YTo C yBe-
NINYEHNEM COOEPXaHNS KPEMHUA B 3a9BTEKTUYECKUX
CuUnyMuHax npegen fnpPoYHOCTU MNPU PACTXKEHUN U
OTHOCUTESNIbHOE YAJIMHEHUE YMEHbLLIAIOTCSH, 4TO $B-
NIF9eTCS CYLECTBEHHbIM HEAOCTATKOM 3TMX CMaBOB.
C poctom coaepxaHusa kpemHmsa 0o 30 % 3a3BTek-
TUYECKNE CUNYMUHbI MNOJIHOCTbIO TEPAIOT MaacTuy-
HoCcTb. OgHaKo npeaen NPOYHOCTM NPU PacTAXEHUN
MOANPDULMPOBAHHBIX CMJIABOB C YBEJIMYEHUEM B HUX
MacCOBOW A0/ KPEMHUSA YMEHbLLAETCH HE TaK pes-
KO, KakK y HeMoanduumpoBaHHbIX. CHMXEHNE Npoy-
HOCTM Ha PACTAXEHME Y 3a9BTEKTUYECKMX CUITYMUHOB
MO OTHOLLEHWIO K 3BTEKTUYECKUM NN BIN3KUM K HUM
no cocTtaBy HabnogaeTca Tonbko npu 200 °C. B 06-
nactu pabounx temnepartyp ot 200 go 300 °C, npwu
KOTOPbIX paboTaloT NOPLUHX U Apyr1e aetanu aspura-
Tenewn BHYyTPEHHEro CropaHunst, CHMXXEHME MPOYHOCTM
Ha pacTskXeHVe y 3a9BTEKTUYECKMX CUIYMUHOB 3Ha-
YUTESTIbHO MEHbLLE.

XapakTep B3auMogencTBma antoMUHNS C KPEMHIN -
eM onpegenseTca amarpammoin coctosHus Al-Si [6].
MocneoHas OTHOCUTCA K CUCTEMaM M3 ABYX KOMMO-
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HEHTOB, 0OPAa3YIOLLIMX OBTEKTUKY N UMEIOLLIMX HEOTpa-
HMYEHHYIO PaCTBOPMMOCTb B XWAKOM N OrpaHUyeH-
HYIO — B TBEPAOM COCTOSHUN.

B 3a23BTEKTNYECKNX CUNYMUHAX NEPBUYHBLIN KPEM-
HUN MMEET BN, CEPbIX MAaCCUBHbIX KDUCTaN0B, YTO OT-
NNYaEeT UX OT aBTeKTnYecknx (puc. 1) [7]. MNpn nomoLim
paspaboTaHHol E. A. BOOMOM MEeToaVKM KPpUCTanu-
3aumn B TOHKMX COSX yOaBasoCh NosyyaTb CTPYKTYPY
3a9BTEKTUYECKNX aNIIOMUHNEBBLIX CMJIABOB Ha FPaHsx
KpucTannoB kpeMHus (18 % Si), 3ab6n0KMPOBAHHbIX
TBEPAbIM PACTBOPOM, BbipacTanu eHAPUTHI.

Mpu KpucTanIMdaunm 3adBTEKTUHECKNX CUTYMUN-
HOB KPEMHWI BbIOENSETCS B BUOE NONNIHAPUYECKNX
KpucTtannoB nepsuyHoro kpemuus (KrMK) n nronbya-
ThIX YaCTuL, KPEMHUS B 9BTEKTUKE (pUc. 2). OTK ya-
CTUUbl SBASIOTCA KOHLUEHTPATOpaMu HanpsiXXeHun,
MnO3TOMY MeXaHW4YeCKME CBOWMCTBa TakuUx maTtepua-
JI0B HaxoAaTCs HA HN3KOM YPOBHE, a rnokasaTtesb OT-
HOCUTEJIbHOIO YAJIMHEHUS MTPUBMKAETCH K HYNIEBbIM
3HaYEeHNsAM.

MexaHn4yeckne CBOWCTBA 3adBTEKTUHECKUX CU-
JIYMUHOB MOXHO MOBbICUTb Gnarogaps M3MeHEHUIo
MX CTPYKTYpbl: NyTEM MOANDULMPOBAHUS pacniaBa
pasnnyHbIMU peareHTamMmu, yBenmyeHmns MHTEHCUBHO-

Puc. 2. MukpocTpykTypa 3adBTEKTUYECKNX CUTYMU-
HOB: Hemoauduumposaroro, x100 (a); moandULMpPo-
BaHHoro 0,07 % S, x200 (6)

CTWM TENN00TBOAA OT NMOBEPXHOCTW OT/IMBKM B NPOLLEC-
ce Kpuctanamsaumm cnnasa, a Takke npuMeHeHnem
Opyrnx cnocoboB GU3NYECKOrO0 BO3OENCTBUSA Ha
Takne cnnaebl [9]. Mpn MogudUUMPOBaAHUM NMPOUC-
XOOUT CABUI 9BTEKTUYECKOM TOYKN B CTOPOHY KPEM-
Husa Ha 1,5-2,0 %, a caM KpeMHUIN KpUCTanIm3yeTcs
B BUOE MENKNX HaCTn4YeK chepundeckoin popmel [8].

BnuvsHmne pasnnyHbix MoOANGOUKATOPOB Ha CTPYKTY-
Py 3a3BTEKTUHECKUX C1/1aBOB cucTemMbl Al-Si

MunKpOCTPYKTYypa 3a3BTEKTUHECKNX CUITYMUHOB B
JINTOM COCTOSIHUM COOEPXNT aSItOMOKPEMHNEBYIO 9B-
TekTuky (o-Al+Si) n n3onMpoBaHHbIE KPUCTANIbI NEP-
BUYHOro kpemHus (puc. 3) [8]. B 06bIHHOM COCTOSIHMMA
3TWN KPUCTaNbl 4OCTUrAOT 3HAYUTESNbHbBIX Pa3MeEpPOB
1, NOCKOJIbKY MMEIOT OCTPOYIroJibHYIO hop

Puc. 3. DopmMbl pocTa NePBUYHBIX KPMUCTaNOB KPEMHUS
B 3a9BTEKTUYECKMX CUSTyMUMHaAxX: a — obpaboTka PCI5; 6,
B —neperpes go 1000 °C n 3anuBka; r— obpaboTka (B %)
0,2Be + 0,6 Mg + 15 Na; 4 — manoe konmyectTBo pocho-
pa; e — obpaboTka (B %) 0,2 Be + 0,6 Mg; x — o6paboTka
(B8 %) 0,2 Be + 0,6 Mg + 0,08 Na; 3 — obpaboTka (B %)
0,2 Be+0,6 Mg + 0,21 Na

My, SIBNSIOTCS KOHLIEHTpaTOpamMu HanpsbkeHuin npu
MPUNOXEHNN MEXAHMYECKUX HArpy30K Ha uspenue.
B cBSI3K C 3TUM 3a9BTEKTUYECKME CUNYMUHbI Nepes,
pasnuekor 06pabaTbiBaOT Pa3MyHbIMU MOANDU-
KaTopamm, KOTOpble CMOCOBCTBYIOT CYLLLECTBEHHOMY
YBEJIMYEHNIO YMCNa KPUCTaNNOB KpeMHus. Mpu aTom
OHU npuobpeTaloT BUAO, OTHOCUTENIbHO HeBOOosNbLUMX
nonmMappoB, KOTOPbIE MOXHO paccMatpumBaTbh Kak
pasnnyHble cevyeHust kyda nNaockocTblo. VIHTepecHon
0COOEHHOCTbIO 3a3BTEKTMYECKMX cnnaBoB Al-Si, npu-
rOTOBJIEHHbIX U3 MaTepuanoB BbICOKOM YACTOThI, SB-
NSeTCs XxapakTepHas geHapuTHas dopma nepBUYHbIX
KPUCTANNOB KPeMHUS. DTOT dhakT CBUOETENbCTBYET
0 TOM, 4YTO POCT KOJIOHMIN SBTEKTUKM OCYLLECTBNAETCS
Ha 3TUX KpUcTannax KpeEMHUS MO 3aBEpPLLUEHUN Nep-
BUYHOW KpucTannmsaumm [9].

BenunymHa n popma nepBuYHbIX KPUCTaI0B KPEM-
HWS1 CYLLLECTBEHHO BISIIOT HA MHOTME TEXHOIOrMYECKne
1 3KCMyaTauyOHHbIE CBOMCTBA 3a3BTEKTUHECKUX CUITY-
MWHOB. B 4yacTHOCTW, OT BENNYMHBI U PABHOMEPHOCTU
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pacrnpeneneHns KpUCTaanoB KPEMHUSI 3aBUCUT
M3HOCOCTOMKOCTb 3TUX Cr/iaBoB. Jlydllen n3Hoco-
CTOWMKOCTbIO 00M1aaatoT CrinaBbl, B KOTOPbIX TBEP-

Tabnvua 2

BnusHune mopamduumpoBaHUs Ha KPUCTaNNIMYECKYIO
CTPYKTYPY NEePBUYHOIr0 KpeMHUs

AblE CTPYKTYPHbIE COCTagnmom'ge pa%rlpe,u,eneHbl AnemeHT | Jo6GaBka, % | Mapametp | MukHOMeTpuue-
pPaBHOMEPHO MO BCEMY O v'beMy. TO Ov‘bﬂCHFleTC‘r'I peweTkn | cKas NNoTHOCTS,
geM, 4YTO CniaBbl C TAKOW CprKTypog obpasyioT Kkr/m3
MPOYHYID MacnsaHyto nneHky. Cmaska npu
oJiee MPOYHYID MACHSHYIO MJIEHKY. aska np Si i 5.43035 2330
9TOM 3a4epPXMBaAETCa Mexay TBepAblMU WU3HO- - -
COCTOWKMMM KpUCTaniamu, 3akpbleasi co6oii no- Si NCXOAHbIi 5,4329 2252
BEPXHOCTb MArkKMX cocTaBnsoLwwmx [8]. 0,05 5,3289 2629
CDopma 1 BeNIM4MHA KPUCTaJJTIOB KPEMHUA OKa- Na 0,10 5,4292 2340
bIBalOT TBEHHOE B/IVSIHWE Ha TEM0oNpPOBO/-
3bIBatOT CYLLLECTBEHHOE Bl € Ha TennonpoBos; 0.20 5.4296 2368
HOCTb 329BTEKTUYECKUX CUYMUHOB. Tak, B INTOM
crnnase amomuHus ¢ 20 % Si MoauduLMpoBa- 0,05 5,4296 2333
HMe MnoBbIlIaeT TennonpoBoaHocTb oT 0,19 mo P 0.10 5,4305 2244
0,2ngaJ'I/CM6'°C - cek [10]. 0,20 5,4310 2935
akm 06pa3oM, 415 NOSYHEHNS Ka4eCTBEHHbIX 0.05 5.4301 5427
OT/IMBOK M3 3a3BTEKTUHECKMX CUTYMUHOB HEOOXO- S
OVMa onepaumsi MoavdULMPOBAHNS CTPYKTYPbI 0.10 5,4305 2347
ON9 N3MENbYeHNSA KPYMHbIX KPUCTANIOB KPEMHUA, 0,20 5,4306 2323

BbIAENSIOLMXCS NPY NEPBUYHON KPUCTaIIN3aLM B
BMOE rpydbiX BKIIKOYEHUI C BOSbLLION TBEPAOCTLIO,

C HEPaBHOMEPHbLIM pacnpeaeneHnem B MeTaNIMYECKON
OCHOBE CrnjiaBa. OTO CHWXaeT GU3NKO-MexaHN4YeCKne
CBOMCTBA W yxyawaeT oO6paboTky pe3aHMeM NUTbIX
3aroToBOK M3 Takmx crniaBoB. Npyn 3TOM, YEM BbilLe
cofepxxaHne KpeMHUS B 3TUX CriaBax, TEM HUXE UX
N1acTUYHOCTb, 00pabaTbiBAEMOCTb U BbilLE Fra30Mno-
rnowieHuve [5].

Mpn BBEAEHMN Pa3INYHBIX MOAMDUKATOPOB B pac-
nnaB 3a3BTEKTUYHECKMX CUITYMUHOB 00Pa3dyroTCst MUKPO-
rPynnMpPOBKM aTOMOB KPEMHUS CXMMUYECKON CBSA3bIO,
OT/INYHOW OT CBA3U, MPUCYLLEN KPUCTANINYECKOM pe-
weTtke KpemHus (puc. 4). MNoarsepxaeHnem 3Toro

Puc. 4. MukpocTpykTypa nunTbiXx 00pa3uoB U3 3a3BTEK-
TUYECKOro cunymuHa: a — 6e3  pobaeku mogudurkato-
pa; 6 —nobaska pochuaa mean 0,2 %mac.; B — nobaska
dochuna meam 0,6 %mac.

ABNSIETCA U3MEHEHNE MIOTHOCTU KPEMHUS (Tabn. 2)
C HebonbLKMM gobaBkamu npumecen. MmeHHo BuA,
9TOWN XMMMNYECKOM CBA3M 1 BNUSET HA GOPMON3MEHE-
HMe KpeMHNEBOW ¢pa3bl B aTIIOMUHMEBLIX CrjlaBax npu

UX KpucTannmsauum. MakcMmMasnbHyl0 KOMMNaKTHOCTb
M BbICOKYIO CUMMETPUID OyayT MMETb BKIIOHYEHUS
KPEMHUSA C METaJIMYECKON COCTaBASAOLWEN CBA3U
Mexay atToMaMy KpeEMHUS 1 aToMamm npumecn [11].

BnunsHne ¢pocpopa

dochop — cambliii aKTUBHbIN PACKUCIUTENb CU-
nymuHoB [10], HO oH cnabo pPacTBOPUM B XUOKOM
QIIOMUHUM U UMEET B HEM OTHOCMUTENIbHO OOJbLUYIO
TEPMOANHAMUNYECKYIO aKTUBHOCTb. 5191 MOBbILLEHUS
pacTBopmuMoCcTn ¢pocdopa ero BBOAAT B pacnjas B
Buae pocopoprcton meam (Cu,P).

Havbonee TEXHONOMMYHbIM MOOUPUKATOPOM 3a-
3BTEKTUYECKUX CUIIYMUHOB siBNsieTca dochdua meau,
Tak kak OH NpeacTaBnseT cobon Kpynky pasMepom
1-10 MM B nonepeyHnke, UMEILLYI0 MJOTHOCTb
7,14 r/cm®, 41O ropasmo BbIlE MOTHOCTU XWUAKOro
crnnaea. ATO NO3BONISET BBOAUTbL TAKOW peareHT He-
NMoCpPenCTBEHHO Ha 3epkano MmeTasna 6e3 «KonoKosb-
ymka», a Takxe npucaxmeatb ¢pochdua meam ogHo-
BPEMEHHO C WMXTON. Npn 9TOM Meab nepexoamT B
CMaB U CIAYXUT NIErvpylowmmM anemeHTom [9]. Od-
dekT moamduumposaHna GochopmncTon Mmenbio 3a-
BUCUT OT CTEMEHN €€ U3MENIbYEHUS: YEM MeJibye ee
4YacTuupbl, TEM Ka4eCcTBO MOAMDULMPOBAHMS CriaBa
Bbile. Taikke apdekT MOaANPULMPOBaAHNSA 3aBUCUT OT
Konun4yecTBa BBeAEHHOro mogudukaropa (tabn. 3).

Moaunduumpyowmin apdekt pochopa 0ObACHSA-
10T obpazoBaHnem 3apoapiliert AIP co CTPyKTypon,
noaoOHOWM CTPYKTYpe KPUCTANIOB KPEMHUSA, HA KO-
TOPbIX KPUCTaNIN3YETCA NEPBUYHBIA KpeMHui [1].
OpHako mcnonb3oBatb GOCHOPUCTLIM MoanduUka-
TOP MOXHO NPW YCNIOBUK, YTO COAEPXAHNE KaNbLUS
1 HaTpua B obpabaTbiBAEMOM CraBe He NpeBbilla-
et cooTBeTcTBEeHHO 10 1 30 mAH." [8]. O6pasoBaHue
dochunaa antoMmMHNUS BO3MOXHO NPU KOHLLEHTPaLUKU
docdopa okono 7-10¢ % npu Temnepatype 1050 K.
docodua antommHns B pacnnaee obpasyeTcs No pe-
akumm [9]

AL+P, <5 AIP,,. (1)
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Tabnmuya 3
Pa3mep nepBuUYHbIX KPUCTAJIJIOB KPEMHUA B 3aBUCUMO-
CTU OT MmaccoBou ponun pocdopucTon megn, BBOAUMOMN

B 3a3BTEKTU4YECKUN aJIlOMUHUEBLIN CMJiaB

KOM a/llOMUHUKN, €e TepMoAMmHaMn4eckas
aKTMBHOCTb B HEM MWHMMa/bHA U MO3TOMY
OHa [0JblLUE COXPAHAETCA B pacriase Cusy-
MUHa, a TakKe NPenaTCTBYET ero HACLILLLEHUIO

MaccoBasa gonq

docohopa B pocdo-

CpepnHuii paamep KpUcTanioB KpemM-
HUsa, MKM npu coaepxaHum P (%)

kncnopoaom [12].
BeeneHne 0,01 % S yxe naet 3Ha4MTENb-

HbIN MOONOULMPYIOLNI 3P DEKT, IKBMBANIEHT-
HbIh MmoanduumposaHmio 0,05-0,10 % P. Yee-

- nunyenme B cninase go 0,05-0,07 % S cnocob-

54 CTBYET U3MENBbYEHUIO Ero CTPYKTYpPhI (prc.2, 6).

pucToii meau, % 0,005 | 0,01 0,05 0,1
56 59 62
52 47 44

15 71 80 73 110

OpHako MOoBbLILIEHME COoAepXaHus cepbl 00
0,1-0,2 % He NpMBOAMT K JanbHENLLIEMY U3-

Pesynstathl McCnegoBaHUn PasfiNyHbIX aBTOPOB
nokasbiBatoT [9], 4To pocdhOop YaCTUYHO BXOAUT B TBEP-
Obll pacTBOP Ha OCHOBE KPEMHUS, a HE CBS3bIBAETCS
MOSHOCTLIO B BMAe pochuraa antoMmHus. Takke He UC-
KJIIOYEHO, YTO HA HaYaslbHbIX CTaAUSIX NEPBUYHOM KpU-
CTanM3auun KpeMHUS NpucyTcTemne Yactuy, pochuaa
NOMUHNS B XUAOKOCTU MOXET YBEINYUTb YNACIIO LEHT-
poB kpucTamnmdaumm. OgHako, OTHOCUTENBHOE YUCTO
NepPBUYHbIX KPUCTANINIOB KPEMHUS, BbIPOCLLMX HA YacTu-
uax pochuaa anoMuHUS, HeBeNuKo. MNpu peanndaumm
YNCTO «3aPOAbILLEBOro» MexaHmamMa mMoanduumposa-
HUS Ha YacTuuax AlP okono 15 % nepBuYyHbIX KpUCTa-
JIOB KPEMHMS B MAOCKOCTU Wnvda JOMKHbI BbISIBAATb-
cs Kpuctannnku pocohunaa anomMmHms. B CBa3m ¢ atum
MOXHO CAenaTb BblBO, YTO 32pOAblleBOe AENCTBME
dochmnoa anoMrHNSA He aBNSIETCH €OUHCTBEHHbIM I
pelalowymMm B MexaHn3me mMoanduumpoBaHns 3a3B-
TEKTMYECKNX CUITYMUHOB pOCHOpOM.

OCHOBHblE MEXaHVU3Mbl MOANDULMPOBAHNS 329B-
TEKTUYECKMX CUYMUHOB HOCHOPOM CBOOATCH K 3a-
TPYAHEHNSIM POCTA NEPBUYHBIX KDUCTAINIOB KPEMHUS
n3-3a agcopbuumn atoMmoB docdopa Ha rpaHsax pac-
TYWMX KPUCTaANNOB, a Takke K YBEJIMYEHUIO Yucna
LLEHTPOB KpucTannnsauum [7]. 3aBUCUMOCTU JINHEN-
HOWM CKOPOCTM pOCTa N KOHUEHTPpaLMU ObIPOK B Nep-
BUYHbIX KpUCTanax KpemMHusi MoandUUMPOBaHHbIX
N HemoamduuympoBaHHbix Al-Si cnnaBoB NpUMeEpPHO
OOVHAKOBbLI. ITO CBUAETENLCTBYET O TOM, 4YTO Bpe-
M1, Heobxoammoe Onst obpa3oBaHUA aacopOLMOH-
HbIX CI0EB B MOANDUUMPOBAHHOM cnnaee, 6onblue
M CTPOEHME 3TUX CNoEeB cnoxHee. C 3TUM CBSA3aHO U
YMEHbLUEHNE CKOPOCTU POCTa NEPBUYHBLIX KpMcTan-
JI0B KPEMHUSA B MOANDULMPOBAHHOM crinase [7].

BeepneHwue Takoro mogndurkartopa B cnnas Al-Si He
COMpPOBOXAAETCH ra3o- 1 AbiMoBblAeneHnaMun. MNMpou-
HOCTb MPW PaCTSHXXEHUN MOANPULMPOBAHHOIO Crasa
yBenunumaeTtcs Ha 20-30 % no cpaBHEHUIO C HEMOAM-
dUUMPOBaAHHBIM, NpuyemM 310 3ameTHO Ao 0,6 %mac.
BBEOEHHOro B criaB dochunoa meaun. MNpu ganbHen-
LIEM YBESIMYEHUU €ero Konam4ecTBa npenen rnpovyHo-
CTW MpPU pacTsXXeHUN OCTaeTcs NPakTM4eCKn NoCTo-
AHHbIM [10].

BnunsiHne cepbi

Cepa He 06pasyeT C KpEMHUEM HUKAKUX TyronnaB-
Knx coeguHenuin. NMpoaykTom MmoandurumpoBaHns Cu-
NYyMUHA CEpoW CNYXWT ra3oobpasHblii SO,, KOTOPbIN
NIerko ygansercs oT mexdasHOoN rpaHuupbl KpucTtan-
noB KpeMHua. Cepa xopowo pacTBoOpuMa B Xupa-

MeHeHUo CTPykTypbl. Cepa moandbuumpyet
Takxke 1 9BTEKTUKY o+Si, ogHako aToT adpdpekT cna-
Oee, 4eM MNpu MOANPULMPOBAHUN IBTEKTUHECKNX
cnnasoB ¢ocamm, CoaepXKaLllMmMm HaTPUR.

BnusgHune Hatpus

Ina moandnumpoBaHus 3adBTEKTUHECKUX CUITY-
MUHOB MPUMEHSAOT GTOPUCTBLIN HATPUIA, MeTannye-
CKUIN HATPUIA NN EFr0 COeANHEHMS, obecnedvmBatoLLme
HaneXHbln 3PPEKT U3MENbYEHUSA 3BTEKTUYECKOrO
KPEMHUS B 3TUX CrnjiaBax, HO M3-32 HU3KOM TEeXHO-
JIOTMYHOCTM 3TU CMOCOObLI HEe HALLMW LUMPOKOro pac-
npoctpaHeHus [13]. MoandpuumpoBaHme cunyMnMHOB
HaTpMeM 3ak/oyaeTcsd B TOM, YTO HebonbluMe ero
0006aBKM K CMaBy BbI3bIBAIOT CUIIBHOE N3MESTbYEHNE
3epHa, TaKk Kak OH pacrnofiaraeTcsd Ha NoBEepPXHOCTU
KNacTepOoB, CnyxXalimx npu onpeneneHHbIX yCaoBusaxX
LLEeHTpaMn Kpuctanamaauum, n npensTcTByeT npu-
COEOMHEHNIO aTOMOB K HUM 13 pa3ynopsigo4eHHON
30HbI. [Mpoucxogdwaa npu aToM cdhepongnsaums
KPUCTan0B BbI3bIBAET MOBbLILLIEHNE MEXaHUYEeCKNX
CBOWCTB CM1IaBOB, B TO BPEMSI Kak B HeMOoaAnpuumpo-
BaHHbIX CUIYMUHAX KPUCTassbl BblOENSTCa B Hop-
Me rpyObIX UM UAW MAACTUH U, Kak CneacTBme 3Toro,
obycnaBnmMBalOT HU3KME MAacTUYeckne CBOWMCTBA
cnnaeos [9].

MexaHnam MmoanduuUMpoBaHnUs CUIYMUHOB CBO-
ONTCHA K CledyloweMy: B MOMEHT 3apOXAEHUs 9B-
TEKTMYECKOM KONOHUU HaTPUin, aacopobunpysack Ha no-
BEPXHOCTUN KPUCTAISIMKOB KPEMHUS, COEPXMBAET UX
passuTne, Gnarogaps Yemy aatoMUHUIA CTAHOBUTCS
Beaywen ¢ason. JeHopuTt antoMUHNA, Pas3BUBasiCb
B YCJ/IOBUSIX CUJIbHOIO NEPEOXNaXAEHUS N COEPXN-
BaOLLEro BAMSHUSA NMpUMecen HaTpus, npnobpeTaet
CMOCOBHOCTb K POCTY B BUAE CUJIbHO PA3BETBIEHHbIX
KPUCTan0B C TOHYaANLINMM OCAMU, PA3AENSIOLLNMU
XNAKOCTb Ha PO, MUKPOOOBLEMOB, 3aMKHYThIX B MEXOC-
HbIX MNPOCTPaHCTBax AeHaputoB. Kpuctanamsauyus
KPEMHUSA B TaKMX MUKPOOObLEMAxX U MPUBOAUT K €ro
pPE3KOMY U3MesbYeHUIO [7].

OCHOBHOW MPUYMNHON N3MESNTbYEHNS KDEMHUS B 3a-
3BTEKTMYECKUX CUSTYyMUHAX ABMSieTCcs 6110KMpoBaHne
M OrpaHnyeHne ero pocta MEeXOCHbIMU MPOCTPaH-
cTBaMM AEHOPUTOB, FAe OH KpucTtannmdyetcsa 6Gna-
rogaps ocoboin dopme KpucTtannmsauum Benyllen
dasbl nog Bo3aencTeauem mogudukaropa [7].

MoagudununpoBaHmne 3a3BTEKTUHECKUX CMIABOB
Al-Si rmgpodocdaraMmm LLENOYHbIX METaJIIOB COMpPO-
BOXA2ETCH U3MEHEHMEM (POPM POCTa NEPBUYHBIX KPU-
ctannos. pn kpuctanamsauym HeMoaNPULMPOBAH-
HOro criyiaBa GOPMUPYIOTCS NiacTUHYaTble NepBuYy-
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Hble KpUcTannbl KpeMHus. locne kpuctannvsayum
MoaMGUUMPOBAHHOIo cnnaesa dopmupytoTcs che-
pu4ecKue nepBuYHbIE KpucTaibl (puc. 5) [14].
MpucytcTBme B antoMunHmneBoM crnaee 0,1 %mac.
HaTPUS NPUBOOUT K CHUXEHUIO MOBEPXHOCTHOrO Ha-
TskeHna metanna npu 1000 K Ha 0,2 H/m, 4yTO 3Ha-
YnTeNbHO OONbLUE BEMYMH, HEOOXOOUMbIX ANiS
npMOaHUs 4YacTuue YcKopeHus. Takum obpas3om,
KpUCTaNIM3aumsa NepBUYHbIX KPUCTAIOB KPEMHUS
npMBEOET K MepepacnpeneneHmio KOHLEeHTpauum
NOBEPXHOCTHO-aKTUBHbIX BelecTs [15].

Puc. 5. Mopdonoruvs wapoBuaHbIX KPUCTaNI0B
B-Si TBEpOOro pacteopa B cunymMuHe, X200

OpaHako MoaANPUUMPOBAHUIO CUITYMUHOB HATPUEM
M ero cConsiMu NpuUCyLL HegoCTaTKN: ONaCHOCTb Mo-
Ny4eHUs 4aCTUYHO MOANPULIMPOBAHHOM NNV MEPEMO-
ANPULMPOBAHHON CTPYKTYPbI; CHUXKEHNE XUOKOTEKY-
4yeCcTu pacnnasa; NOBbILLEHHAsA CKIIOHHOCTb K ra3omno-
rMOLLEHNIO. HO rMaBHbIN U3 HUX — 9TO OrPaHNYEHHOoEe
BpEMS OMNYyCTVUMOW BblAEPXKM pacniasa nocse BBoAa
MoamdukaTopa (06b14HO A0 30 MUH), 4TO CBA3AHO C UC-
napeHnem 1 OKUCNEHNEM nerkonnaBkoro HaTpus [16].

BnunsiHne cTpoHums

[Mockonbky MoaMdUUMPOBaAHUE HATPUEM MMEET
ps4 HeQOCTATKOB, TO Oblna NpeanpuHaTa nonbITka 3a-
MEHbl 9TOr0 3/IEMEHTA U €ro COeANHEHNN OPYrMMN.
CTpOHUMIA, NOO0OHO HATPUIO, BbI3bIBAET U3MESIbYEHME
ANIIOMUHUNEBO-KPEMHMEBOW 9BTEKTUKN U B TO XXE BPEMS
obecneunBaeT cTabunbHbIN 9PPEKT MOaUDULMPOBA-
HUS pacniasBa, KOTOPbI COXPaHSeTCs npu AJnTenb-
HOM ero BbICTanBaHuUM (40 6 4) ¥ MHOrOKpPaTHOM nepe-
nnaee moauduumpoBaHHoro cnnaea (3-4 pasa) [17].

Mpn kpuctannmsaymu cnnaBa CO CKOPOCTbIO
0,8 °C/c CTPOHUMIN N3MENbYaAET KPpUCTas bl 3BTEKTU-
4eCKOro KPEMHUS N U3BMEHSET UX GOPMY OT UroNbYa-
TOW 40 KOMMakTHOM. Dopma KpUCTanioB NepBUYHOIO
KPEMHUS Takke N3MEHSIETCS.

MI3amMeHeHne CTpyKTypblCnaaBanpuBoaANTKU3MEHE-
HUIO ero CBOMNCTB. YPOBEHb MEXaHNYECKNX CBONCTB NpU
BBEOEHMN CTPOHLMSA B kKonnyecTse 0,4 % noBbilLaeTcs
OTHOCUTENBHO MCXOOHOIMO COCTOSIHUS, OOCTMIRas Mak-
CUMasIbHbIX 3HaYeHuli 6; — 170 MMan & — 4,5 % [17].
Ma3meHeHne GopmMbl KPEMHUS B 9BTEKTUKE MPUBOAUT K
YMEHBLLUEHMIO KOSIMYECTBA KOHLEHTPATOPOB Hanpsixe-
HVI M NOBbILLIEHNIO MPOYHOCTU N MAIACTUYHOCTW CiaBa.

BnuvsHune 6epunnvs

Bepunnuii ¢ KpeMHMEM He 00pa3yloT HUKAKKX
Tyronnaekmx coeguHeHuin. Mpoaykt moanduumpo-
BaHWS CUlyMUHA OepunimemM — TyronnaBkuii okcug,
BeO, KOoTOphLIli XOPOLLO pacTBOPUM B pacnyiase Cu-
JIyMUHA 1 NO3TOMY ero TepMoamHaMmmnyeckast akTue-
HOCTb B pacnjase MakcumasbHa. bepunnnin xopowo
PacTBOPUM B XNOKOM aJIlOMUHUN, OH €0MHCTBEHHbIN
13 3JIEMEHTOB, KOTOPbLIV 061aaeT YHUKaNbHOW Cno-
COBOHOCTbIO HAAEXHO 3ALLNLLATL XXUOKNA CUITYMUH OT
NMPOHUKHOBEHMS B HEro kmcnopoga [18].

Ha puc. 6, B nprBegeHa MUKPOCTPYKTYpa CUIYyMU-
Ha, copgepxauero oo 0,07 % Be, aHanna KOTOpOW Mno-
KasblBaeT, 4To 6epunnuii B konndectse 0,07 % moan-
drumMpyeT 3a3BTEKTUYECKME CMaBbl B TAKOM Xe CTe-
neHu, kak 1 dpocdop, BKItoHas IBTEKTMKY o + Si [19].

R
A

Puc. 6. MukpocTtpyktypa cnnasoB Al + 20 % Si (a);
Al+20 % Si + 3 NaH,PO,, x200 (6); 3a9BTEKTU4ECKOr0 CU-
nymuHa, moguduumposaHHoro 0,07 % Be, x100 (B)

BavsHune cypbmbi

BBeneHne B 3a9BTEKTUYECKME CUNYMUHBI f0b6a-
BOK CypbMbl 06ecneumBaeT apdekT ANTENBHOMO MO-
andunumposaHus. Kpome Toro, npy 9TOM MoBbILLAET-
CS MNAOTHOCTb OT/IMBOK, YTO CYLLECTBEHHO yy4llaeT
UX MIACTUYHOCTb W MPOYHOCTHbIE CBOWCTBA, OCOOEH-
HO NPU NOBbILLIEHHbLIX TEMMNepaTypax. 3Tn Ao0aBkM He
NMPUBOAAT K ra30BON MOPUCTOCTU Aaxe Npu NnTbe
C MasibIM1 CKOPOCTSIMU 3aTBEPAEBAHUS (MACCHBHbIE
OTNIMBKU B NecyaHble popmbl). CTPpyKTypa 1 CBONCTBA
OT/IMBOK MEHEE YYBCTBUTEJSIbHbI K YC/IOBUSIM OXJ1aX-
OEHNS, YTO BECbMa BaXHO A9 OeTaseil CNOXHOW
KOHpUrypaumn.

Ho B TO Xe Bpemsa 0oGaBkM CypbMbl MOTYT Bbl-
3BaTb YKPYMNHEHME 3epHa o.-TBEPAOro pacTaopa npu
INTbE, YTO MPUBOAUT K CHUXEHWUIO MIACTUYHOCTU U
MPOYHOCTM cniaBos [1].

Ona npenoTBpalleHnss NoAo0OHbIX HeraTMBHbIX
BMEeHUI Bblna caenaHa NorbiTka KOMMIEKCHORO MO-
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anduumpoBaHus cunymmHos. CoBMeCTHOE BO34eW-
cTBMEe Moampuumpylowmx nobaBok obecrnevnBaet
CYLLLECTBEHHOE MOBbILLIEHME MPOYHOCTHbIX U NacTU-
YeCcKnx CBOWCTB CMniaBOB 3a cyeT Gonee Gnaronpu-
ATHbIX YCIOBUI CTPYKTYPOOOpa3oBaHMS NMNTbIX 3a-
roToBok [9].

BnusiHne tutaHa v 6opa

Mpn MoaMdUUMPOBAHNM 323BTEKTUHECKUX asto-
MWHWEBBLIX CMJIABOB HEOOMbLUMMMK JOOaBkaMm Tyro-
MAaBKNX MeTaNNoB 3PP EKT N3MENbYEHNA 3ePHA 3aBU -
CUT OT creayowmx GakTopoB: NCXOAHOr0 COCTOAHUS
BBOAMMbIX 400aBOK, BDEMEHU BbIOEPXKN U TEMMNEpPa-
Typbl 0O0pabaTbiBaEMOro crnjaBa, KonmyecTsa BBEOEH-
Horo moamdwukatopa n cnocoba ero npucanku [20].

Ina nonyyeHns HEOOGXOAMMOIro N3MeNbY4eHuUs
3epHa BaXHOE 3HAYEeHMEe MMEeEeT paBHOMEPHOE pac-
npeneneHne 4acTuy, MIHTEPMETaNIMO0B TYronjiaBKnx
MeTannoB no o6bemy MoaMPUUMPYEMOro crsasa.
Yactuubl anbopunaa n kapbuga TutaHa npakTuyecku
He pacTBOPSIOTCS B alIOMUHNEBBIX CrlaBax.

Mpwn B3aMMOOENCTBUM C aIIOMUHNEM BNIEMEHTbI-
MoamdurkaTopbl 0OPa3yloT TyronjaaBkMe WUHTepMe-
Tananapbl (TiAIa, TiBz), obnapgawowme OgHOTUMHBIMU
KpucTanamyeckmmn pewetkamu. Hactmubl TiAl, 1 TiB,
[OJKHbI ObITb CHEPMYECKUMN U UMETL pa3Mepbl —
nepsble 1-2 MkM, a BTopble — He 6onee 100. KpynHbie
KpvicTanibl TiAl,, metouwie ocnabneHHble ancopOLUMOH-
Hbl€ CBSI3M C a/IIOMMHMEM B pe3ysibTaTte HakorieHus Ha
€ro NoBEePXHOCTM aTOMOB BOAOPOAA W OPYrvX NpuMe-
cel, pacnonararlTcs no rpaHuuam 3epeH [21]. B pac-
nnaBe MNOSIBAISIETCA MHOMO LIEHTPOB KpUCTanM3aumu,
4YTO OOYCNaBIMBAET M3MENbYEHNE 3epHa B OT/IMBKAX.
CoBmecTHaa nobaBka TUTaHa 1 6opa B l0OOM COOT-
HOLLEHUW GNaronpusTHO BAUSIET HA CTPYKTYPY CrnJasa,
NPUBOAS K 3HAUMUTENIbHOMY M3MesbYeHnto 3epHa [20].

Ha puc. 7 nokazaHa 3aBMCMMOCTb addeKkTa 13-
MesibYeHUS OT KOHLLeHTpauum [o6aBOK TUTaHa U
6opa ans HeEKOTOPbIX aJlOMUHUEBBLIX CMiaBoB [7].
AHann3 NpuBefEeHHbIX OaHHbIX MOKa3blBAET, YTO
C YBENIMYEHMEM cOofepXaHusa 6opa Npu NOCTOSH-
HOM coAepXaHun TuTaHa 3OPEKT U3MesbYeHUS
3epHa BO3pacTaeT A0 COOTHOLWEHUS TuTaHa 1 bopa
2:1. Hanbonblaga cteneHb U3Menb4eHUs 3epHa
B 3aBMCUMMOCTM OT POCTa CoAepXaHusa [o6aBok
6opa Habnopaetca npu 0,02 n 0,04 % Ti. B anio-

Puc. 7. MnkpocTpyKTypa 3a3BTEKTUHECKOIO CUITYMUN-
Hac 0,05 % Bun 0,3 % Ti, x200

MUHMEBLINM cnnaB godasku Ti 1 B BBOOAT B BUAE
nuratypbl Al-Ti-5B. 9TO no3BONSET 3HAYUTESNIBHO
YAYYLLINTb MEXaHNYeCKMe CBOMCTBA CUTYMUHOB 1 00-
pabaTbiBa€MOCTb UX pe3aHneM. Tak, Oss KOKUbHOMN
oTnmBkM cnnaea ¢ 21 % Si MmexaHunyeckme CBONCTBA
nosblwatoTcsa ¢ 14-15 go 17-18 kr/Mm?2, OTHOCUTESb-
Hoe yanuHeHue ot 0,2 oo 2,0-2,5 %. ObpabaTbiBae-
MOCTb pe3aHunem yenmymeaeTca Ha 300-400 % [1].

BnuvsHue ckaHans

CkaHauin 0bpasyeT ¢ aloMUHUEM AMarpaMmmy 3B-
TEKTUYECKOroTUNaCOrpPaHNYeHHOMPACTBOPUMOCTbIO.

TemnepaTypa 3BTEKTUYECKOro NpeBpalleHns
655 °C mMano otnm4aeTcs oT TemnepaTypbl NNaBneHns
ANIIOMUHNS, MakCcuManbHas pacTBOPUMOCTb CKaHAUS
B TBepaom cocTosiHum 0,35 %, aBTekTMYeckas Touka
coctaBnget 0,55 %. B 3a3BTEKTMYECKUX CUITYMUHAX
npv BBEOEHUN CKaHOWS NEPBUYHO KPUCTASIU3NPYIOT-
cA YacTuupl anomvHraa Al,Sc, cnyxatye ueHTpamu
3apoXOeHns 3epeH TBeEpPAOro ajlloMUHMEBOrO pac-
TBOpa. MepsunyHble kpuctannbl Al,Sc, obpasyoLe-
CS1 B NPEAKPUCTaNI3AaLMOHHbIN NEPUOA N CyXallume
3apoablllamMm 3epeH aJloMUHUEBOrO TBEPAOro pac-
TBOpA, UMEIOT KPUCTAIMYECKYIOD CTPYKTYPY C YHU-
KasibHbIM Pa3MeEPHO-CTPYKTYPHbIM COOTBETCTBMEM
KPUCTaNIMYECKON peLLETKE aftoMUHUS. DTOT pakTop
onpegenseT BbiCOKYIO 3P PEKTUBHOCTb MOANDULM-
pyloLero genctensa gobasku ckangus [22].

Mpw NOBbLILEHNN COAEPXAHNS CKaHOVSA B Npeae-
Nlax pacTBOPVMOCTU B TBEPAOM pPacTBOPE YMEHbLLE-
HWS1 Pa3MEpPOB 3epHa He HabntogaeTca. HesHaunTenb-
HOEe ero n3mesib4eHMe Ha4YMHaAEeTCs C MOMeHTa obpa-
30BaHMS 9BTEKTUKM, TO €CTb C MOMEHTa MOSBIEHUS
yacTuy, Al,Sc, Bxopawmx B ee cocTas. [peBbileHve
CKaHAMEM 3BTEKTUYECKOrO COAepXaHus U, Kak Cnea-
CTBUE, NOSABIEHNE NEPBUYHBIX YaCTUL, A|SSC B pacnna-
BE, MPMBOANT K PE3KOMY N3MeSIbYEeHMIO 3epHa [23].

BnusiHne penko3emesibHbIX MeTassioB (UTTPUM
m uepuin)

NTTpuin n uepunin pactBOpsItOTCS B XXMAOKOM asto-
MUHUU, 4TO MOBbIWaeT 3PPHEKTUBHOCTb PACKMNCIN-
Tens 3a3BTEKTUYECKOrOo CUJIyMUHA, HO TOJIbKO 40
3Ha4yeHun koHueHTpaumin 0,2 Y un 0,1 % Ce [21].
MpnY > 0,2 n Ce > 0,1 % OHX NpPOSABNAIOT cebs Kak
NMOBEPXHOCTHO-aKTUBHbIE 3nieMeHThbl (MAJ): amucnep-
rmpytoT no apdekty PebmHaepa ckoarynmpoBaHHbIe
LEeHTPbl KpUcTannusaumm n 610KMpPYT No aacopb-
LMOHHOMY MexaHU3My HaHO4YaCTULbl KpeMHUS. B pe-
3ynbTarte NPoucxXoamT nepeMmoanduumnpoBaHve 3a-
3BTEKTUYECKOro cunymunHa [12].

PesynbraTbl NpOBEOEHHbLIX MCCNnegoBaHU Mo-
Kasanu, 4To WUTTPUI CNOCOOCTBYET HEKOTOPOMY
YMEHbLLUEHNIO PasMepPOB KPUCTaNIOB MEPBUYHOIO
KPEMHUS B HEMOOUDUUMPOBAHHBLIX 3a3BTEKTUYE-
CKUX CUSTYMUHAX N OONOSIHUTENbHOMY UX U3MEbYe-
HMIO B cnnaeax, MoaAUMULUUPOBAHHbLIX HGOCHOPOM.
970 cBfI3aHO C 0OpasoBaHMEM NpPU BBEOEHUU UT-
TPUS OOMOJIHUTENBHBLIX LIEHTPOB KpucTanansaumm
NEPBUYHOIrO KPEMHUS, B 4YACTHOCTU, TMOPUAOB U
docohunaos. Npn BBEAEHNN NTTPUS B CUTYMUHbI, CO-
hepxawime Bogopoa, Habnogaetcs 6onee cuibHoe
n3MenbyeHne KPUCTaNIOB NMEPBUYHOIO KPEMHUS U
NOBbILLIEHME MJIOTHOCTM cniaBa. OTO CBSA3aHO C 06-
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pas3oBaHMEM TMAPUOOB B pe3ynbTaTte B3aMMOAEN-
CTBUS UTTPUS C BOAOPOAOM. HepocTaTtkoM AaHHOro
MoamdumkaTopa SBNSETCS CYLLECTBEHHOE CHUXEHWEe
KO3ddMUMEHTa NMHENHOrO pacluvpenuns [24].
Llepnii, nogobHO NTTPUIO B 3a9BTEKTUYECKUX CUITY-
MMHaX, CMOCOOCTBYET U3MESIbYEHMIO KPUCTIIIOB Nep-
BUYHOIO KPEMHUS, NOBLILLAET TBEPAOCTb MPU KOMHAT-
HOV 1 NOBBbILLEHHbIX TEMMepaTypax, CHXaeT Koapdu-
LUMEHT JIMHEMHOIO PaCLUMPEHUs], YyyLIaeT MexaHuye-
CKUE U NPaKTU4eCKN He BNNSIET Ha NITEHbIE CBOMCTBA.
JobaBka mMogudukaTopa peaKxo3emMenbHOro me-
Tanna (P3) nepen BBogom Al-Sr-nuratypbl Bbi3blBaeT
BblAENEHME NEPBUYHOIO KPEMHUS B pOpPME PO3ETOK
Ha GOHE MESIKOKPUCTANNINYECKOM 3BTEKTUKN. [1pn nc-
NMoNb30BaHMN TONLKO OAHOro moandukatopa P3 pas-
Mep KPUCTaIIOB NEPBUYHOINO KPEMHUSA 3HAYUTENBHO
yMeHbLuaeTest. MNpu eeoae 1 P3 1 0,4 % Al-Sr cpenHuii
pasmep KpUCTAINIOB YyMeHbLUaeTcs 4o 35 MKM 1 aToT
adpdekT anmTes gonblue [25].
BruvsiHne yrbTpaancriepCHbIX YHacTULL HUTPYAOB
BnusiHne ynbTpagMcnepcHbIX YacTul, HUTPUOOB
Ha MepBuYHbIE KPUCTabl B MPOLECCEe 3aTBepaeBa-
HMUST MOXHO onumcaTtb crneaylollen cxemon. Kpucrtann
KpPeMHMS B MPOLLECCe POCTa BbITAJIKMBAET Nepen cobor
yNbTPaAMCNepCcHbIE YacTuubl. HakonneHuio vx nepeq,
DPOHTOM KpUCTaNNN3aLMN CNOoCcOOCTBYET U NINKBALIMS
MOBEPXHOCTHO-aKTMBHbIX BELLECTB Ha MOBEPXHOCTU
pasgena ¢as (puc. 8, a). Npoucxoamnt YacTuyHast 6,10-

6

OT aKTMBALMOHHOIO Ha koonepaTuBHbIN. [py 3TOM
KoadpPuumeHT andpdpy3mm asota npudnuxaeTcs no
Be/INYMHE K KOapPpnumenTy camogndpdysnm pactBo-
putens (10° M2/c). Takum 06pa3om, B 3a3BTEKTUYE-
ckmx Al-Si cnnaBax cywecTByeT NOBbILLIEHHAS BEPO-
ATHOCTb 006pa30BaHUS MPOYHbIX MUKPOrPYMNMMPOBOK
aTOMOB a30Ta C KpemMHueMm [26].

O06paboTka 3a3BTEKTUHYECKOrO CUyMUHA ONTU-
MasibHbIM KOJIMYECTBOM HUTPUOOB NPUBOANT K YMEHb-
LWEHUNID OOBLEMHOM O0MM MEPBUYHOIO KPEMHUS OT
20,3 00 15,9 %, MHOrOKOMMNOHEHTHbIX 9BTEKTUK — OT
58,2 00 40,6 % n yBennyeHmto 06beMHON 4ONN OBOW-
HOW 3BTeKTUKM — OT 21,5 0o 43,6 %. lNpeBbilleHne
ONTUManbHOro KOJINYECTBA HUTPUOOB USMEHSET OO b-
€MHble 00NN B CTOPOHY BbIXOAHOro metanna. MHTeH-
CUBHOCTb BblAENEHNS KPEMHUS NPU KpUcTannnaaumm
cnjiaBa C HATPMAAMM MEHbLUE, MOCKOJbKY 3aTBEPAE-
BaHMe cnnaea npu 610KMPOBAHUN HATPUOAMWN CPO-
CTaloLWMX rpaHen NepBUYHOro KPEMHMSA MPOUCXOanT
He nyTeM pocTa KPUCTa/ioB, a GOPMUPOBAHMEM
HOBbIX LIEHTPOB KpuUcTanam3auum. AHaNormyHble n3-
MEHEHNS NPOUCXOOAT U MPU KpUcTannmsaumm MHO-
rOKOMMOHEHTHbIX 9BTEKTUK. AMUCNEepPCHbIE HUTPUObI
BNNSIOT Ha BCE CTPYKTYPHbIE COCTaBAdAOLME 323B-
TEKTUYECKOrO cunymmHa [27].

Tyronnaekue HATPUAbI CNOCOOCTBYIOT yBENYEHMIO
0edPeKTHOCTN CTPYKTYPbI U ANCMEPCHOMY YIPOYHEHNIO
MaTtpuupl. Mpn 3TOM NAOTHOCTb ANCIOKALMIA YBENHN-

—

HaImpaBJICHUE pOCTa
Kpucrauia

B r

Puc. 8. MexaHnam moanduumpoBaHms 1 BblAeeHs NEPBUYHONO KPEMHUS B Criia-

Be KC749

KMPOBKa pacTyLler rpaHu kKpuctamna. Heszabnokupo-
BaHHbIE 4aCTX MOBEPXHOCTU KpucTasiia npoaosmkaroT
pacTtu, a 3ab10KMPOBaHHAsA MOBEPXHOCTb MPMOCTaHaB-
NMBaeT CBOe ABumxeHue (puc. 8, 6). Takoe Bo3aeincTeme
YacTuL, Ha PacTyLMA KpUCTasT NPUBOAUT K 00paso-
BaHWIO 3aMKHYTbIX BHYTPU NEPBUYHON (pasdbl 06BHEMOB
XnakocTtu (puc. 8, B, r). BHyTpn aT1x 06bEMOB BO3MOX-
Ha ONOKMPOBKA BHYTPEHHENM rpaHuupl pasgena ¢das,
4YTO NPUBOAUT K BbIKIIMHUBAHWUIO MEPBUYHO KPUCTAIUN-
3ytoLlen gpasbl U cneayeT oXuaaTh, YHTO B 9TUX 0O0bemax
OyayT 06pa30BbIBATLCS MUKPOMYCTOThI M CHUXATLCS
KOHLUEHTpMpPOBaHHasa ycaaka [26].

B 323BTEKTUHECKMX CUITYMUHAX 3HAYUTESIbHOE CHU-
XeHne kosdduumeHTa anddy3nm azota MOXeT ObiTb
CBSI3aHO C YCW/IEHMEM B3aMMOAENCTBUS MEXAY
MWKPOrPynnMpoBKaMu M a3oToM, H4TO MNPUMBOOUT K
MOCTENEHHOMY U3MEHEHUID MexaHu3ama andaysumn

BaeTcaAB2pa3sa (ot~ 1,2-1014m?> oo~ 3,0 1014 m2).
B npouecce npedpopmaummn Takmne obpasupl NpoxoanT
CTaauIo NIEFKOr0 CKOJIbXEHUSI, KOTOpasa 3akaH4YnBaeT-
cs 06pa3oBaHNEM CKOMIEHU aucnokaumi. Ha BTo-
pow cTagmmn 06pasyloTCs MOCKNE CKOMIeHUS ANCIO-
Kauun. B uenom ancnepcHolie TyronaaBkme 4acTulbl,
B 3aBUCUMOCTU OT crnocoba BBeAEHUs OAUCNEPCHbIX
HUTPVOOB B pacnnas, SBASIOTCS YHMBEPCAbHbIMM
ancnepraropamu $Gas3oBbIX M CTPYKTYPHbIX COCTaB-
nawowmx cnnaea [28].

BbiBOAbI

— CyLLecTByeT 3Ha4YUTENBHOE KOIMYECTBO MoandU-
KaTOpPOB, KOTOPbLIE MONOXUTENBHO BANSIOT HA CTPYKTYPY
N PUINKO-MEXAHNYECKME CBOWMCTBA 3a9BTEKTUHECKUX
CUMJIYMNHOB, HO, Hapsay C AOCTOMHCTBAMU, Kaxdplh 13
HKX 06NagaeT u BECOMbIMUW HEAOCTaTKaMM.

— TexHonornyecknin apdekT, noayyaembii npwu
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MCMOMb30BaHMN U3BECTHbLIX MOAMMUKATOPOB, Aanek ¢dopmMa — KOMMakTHas, pacnpeneneHne — paBHoMep-
OT TpeboBaHWN, KOTOpble MPEeObsaBASEeT K 3a3BTeK- HOe, 6 — He MeHee 500 Mra, a xxenatensHo — 700).
TUYECKUM aJIlOMUHMEBBLIM CrlaBaM pasBuBatoLLiee- — Heobxoamm nonck HOBbIX HAY4YHO-TEXHUYECKMX
CS1 BbICOKOTEXHOIOrM4Yeckoe Npoun3BOACTBO (pa3Mep peLleHui B 3To obnacTtu.

4acTuL, NePBMYHOIo KpemMHus He Bonblue 20 MKM, KX
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CKOPOBATATBKO KO. . MoangikyBaHHSI 3a€BTEKTUYHMX aNlOMIHUIEBUX CMaBiB i3 3aCTO-
CYBaHHAM aKTUBHMX 00OaBOK

BuikoHaHoO nitepatypHuvi aHasi3 cTaHy HayKOBUX OCJIAXEHb BIJINBY PIBHUX XIMIYHUX €/IeEMEHTIB Ha CTPYKTYPY
Ta B/1IaCTUBOCTI 3a€BTEKTUYHUX aJIlOMIHIEBUX CI1/1aBiB, BiI3HA4Y€HO riepeBarvi Ta HeAo0J1ikvu MoangikaTtopiB, SKi
npvi UbOMY BUKOPUCTOBYBAJINCh.

SKOROBAGATKO YU. Modifying of hypereutectic aluminium alloys with the use of active
additions

There is conducted the literary analysis of the modern state of scientific researches concerning influence of
different chemical elements on the structure and properties of hypereutectic aluminium alloys. The merits and

demerits of the used modifiers are marked.

VYOK 62-412/669.14.018

T. B. lopsinHoBa

OAO «An4yeBCKUIn MeTaNNyprn4eckruin KomomnHar», AnyeBck

BJINMAHUE HAYAJIbHbIX YCIOBUN KPUCTAJUJIU3ALUMN
HA MAKPOCTPYKTYPY B VYIJ10BbIX S3OHAX CNY50B
NEPUTEKTUYECKUX MAPOK CTAJIN

lpoBeneH cpaBHUTEsbHbIV aHaIN3 BANSIHS Pa3/INndHbIX CXeM Tern00TBOAA B KPUCTa/I/IN3aTope Ha COCTOSI-
HME NOBEPXHOCTU Y MaKpOCTPYKTYPbI YITIOBbIX 30H HEMPEPbIBHOINTbLIX CISI00B epUTEKTUHECKUX MapPOK cTa-

Jin.

KnroyeBbie cnoBa: ciis0, Ternio0TBOA, KPUCTaIN3ALMNS, MaKpOCTPYKTYpa

HecMoOTps Ha 3HAYUTENbHbIE YCMEXU, OOCTUMHY-
Tble B Hallel cTpaHe 1 3a pybexom B 06nacTtu uc-
MoJIb30OBaHUS HEMpepbIBHOrO NINTbA CTanu, nepen
MeTansypraMmu CToST 3aga4m B 061acTy COBEpPLUEH-
CTBOBaHUSA TEXHOOMMK, YIyHLLEHNS Ka4eCTBa Henpe-
PbIBHONIMTOrO MeTasna, pPacLUMPEeHUs COPTaMeHTa,
OCBOEHMS HOBbIX Mapok cTann. OgHO3Ha4YHOro peLle-
HMS BONPOCa O NPUYMHAX BO3SHUKHOBEHUS N CTEMNEHN
BNUSIHUS Pa3NNYHbIX PaKTOPOB Ha KAa4eCTBO MaKpOo-
CTPYKTYpPbl CNsiO0B MO OTAENbHbIM BUAaM OedeKkToB
HeT. OOycnoBeHo 3TO TeM, 4To kaxaas MHJ13 npen-
CTaBnsieT coboli CNOXHbIA arperaTt co CBOel cre-
UNDUKON KaK B TEXHOS1I0IMK pasnnekn Metanna, Tak un
B KOHCTPYKLUUM KpucTannmsaTtopa, 30Hbl BTOPUHHOIO
oxnaxaeHus [1]. NMoaToMy o4eHb BaxXHO nogobpartb
onTuManbHO GnaronpuaTHble ycnoBus ons Gopmu-
poBaHus 1 nogaepxaHnsa 6e3aedekTHOro COCTOSHUSA
KOPOYKM 1, BNOCNeACcTBUn, cnsaba.

Ha ¢popmupyioLLyocs Kopoyky cnsba Ha Havasb-
HOW cTaguMu 3aTBepaeBaHusa OeNCTBYIOT (OUINKO-
XUMUYecKne, TepMoamHammyeckme Harpysku. [lo-
3TOMY, CHMXEHME CYMMAaPHOW BEINYUHbI IHEPrun
pas3pyLleHnst, cknaapiBaloLWEnca M3 TepMoynpyrmx
HaMPSXXEHUN U SHEPrun paspylleHnUs Ha rpaHule
«MEeTaI-BKII0YEHNE>», KpalriHe BaxHO. Ha kpuBonu-
HelHon MHJ13-mawuvHe (MeTannypruyeckas asvHa

— 32 M, BepTUKanbHbIA KPUCTANIM3aTop BbICOTOM
900 MM, paanyc 30Hbl n3rméa — 10 M) An4yeBCKoro
MeTaslyprmieckoro komobuHata npu pasnmBke ne-
PUTEKTUYECKNX HU3KOKPEMHUCTLIX Mapok cTanen
Obl1I0 OTMEYEHO aKTVBHOE NOBEAEHME METaIA B KPUC-
Tannam3aTope, BblpaXaloLeecs B 3HAYMUTENbHbIX KO-
nebaHusax ypoBHSA MeTanna (npu paboTtarouwen cuc-
TEME aBTOMATUYECKOrO KOHTPOJSS YPOBHS MeTasnna
LevCon) 50-70 mm.

KonebaHus ypoBHS MeTasnna B KpuctanamaaTope
BbllLE A0MYCTUMbIX KpariHe OTpuuaTenbHbIl pakTop,
NPUBOOAWMIA K 3aTArMBaHUIO LUIakoobpasyoLlen
CMEeCK B NMOAKOPKOBYIO U MPOMEXYTOYHYIO 30HY, 4YTO
NMPUBOAMT K OCNabNeHUNI0 MEXKPUCTAIUTHBIX CBSI-
3ei. Tonyku Xuakon ¢asbl 0O0BACHAOTCA OONbLLOWN
CKOPOCTbIO NEPUTEKTUYECKON peakuum, koTopas 3a-
K/l0HaeTcsa B Nepexone Xenesa U3 OfgHOM annoTpo-
nM4yeckom Gpopmbl B APYryio, 4TO NPUBOAMT K HEPaB-
HOMEPHOMY HapacTaHUIo Kopodkn cnsba. Havany
pPas3nnBKU MEPUTEKTUHECKMX MAPOK CTanen cooT-
BeTcTByeT TemnepaTtypa 1541 °C B npomkoBLUeE
n 1520 °C — B kpucTannmaaTtope. B cooTBeTCTBUM
¢ anarpammont Fe-C B aTOM MHTepBane Ttemnepa-
TYp HayMHalTCa annoTponuMyeckme npespatle-
Hua &-xenesa, obnagaloWero Kpuctanin4yeckomn
peweTkon OOGbEMHO-LEHTPUPOBAHHOIO kKyba co
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