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MNpeancnoeue kK nepsomy M3gaHMio

To, 9TO JIETKME METAJUTBI — ATIOMUHWIN, MATHUI ¥ TUTAH — TPATUIIMOHHO aCCOLIMUPO-
BaJIMCh C @9POKOCMUYECKOI OTPACIIblo, HE BCET/Ia ITO3BOJISLIO TOJKHBIM 00pa3oM Olle-
HUTb MX BO3pacTalolee 3HaueHNe KaK KOHCTPYKIIMOHHBIX MaTepraoB 00IIero Ha3Ha-
yeHMs1. ATIOMMHUI, HalIpUMep, B HACTOSIIIEE BPeMsI SIBJISIETCSI BTOPHIM CaMbIM LIMPO-
KO MCITOJIb3YeMbIM METAJIJIOM, 1 COIJIAaCHO IIPOTHO3aM €ro IIPOM3BOJICTBO B TeUCHUE
CJICIYIOIIMX ABYX IECATWICTUM JODKHO pacTu 0oJiee ObICTPhIMU TEMIIAMU, Y€M TEMIIbI
pocTa BceX APYruxX KOHCTPYKLUMOHHBIX METaJIOB. TUTaH, 00Jagarolinii YHUKAIbHbIM
COYeTaHMEM CBOMICTB, IeJal0lIUX eT0 CILIABbl XKM3HEHHO BaXKHBIMU ULl Ta30TYPOMUH-
HbBIX JBUIaTejieil, B HACTOsIIee BpeMsl HAXOAUT MHOXECTBO 00JIacTeil MpUMEHEHUs B
KOHCTPYKIIUSIX CAMOJIETOB I XUMHYIECKOU ITPOMBIIIJICHHOCTH.

Jlerkue cruraBel HUKOTIA He OBLIM TEMOU OTAeIbHOM KHUTH. boiee Toro, Xots 06-
mast METAJLTYPTUsI KaXKI0TO KJlacca JIETKMUX CTUIABOB M paCCMaTpPUBAJIach B OTAEIbHBIX
MU3IaHUSIX, cCaMble TIOCJIEHIE padOThI, OMYOJMKOBAaHHbBIC HAa aHTJIMIMCKOM $I3BbIKE, T10-
SIBUJIMCh HEKOTOPOE BpeMsI TOMY Ha3al — 00 aJlloMUHUEBBIX crutaBax B 1970 roay, mar-
HMEBBIX CILIaBax — B 1966 roay, o TMTAaHOBBIX cI1aBax — B 1956 rogy. MHorue HOBbIe
COOBITHS ITPOM3OIILIM 332 3TO BPEMSsI, U TOTOBSITCS BaxKHble HOBbIC BU/IbI IIPUMEHEHMS
5THUX METAJIJIOB, B OCOOCHHOCTH B TpaHCIopTe. TakuM oOpa3oM, aBTOp HAAEETCs, YTO
MOSIBJICHUE 3TOM MepBOii MOHOTpauu OYAeT CBOEBPEMEHHBIM.

[Ipu moaroToBKe JaHHOUW KHUTH $I TIOIBITAJICS OCBETUTDH CYIIECTBEHHBIE OCOOCH-
HOCTU METaJUTypPruu JIETKUX MeTasuloB. JJoOblua Kaxkaoro MeTajla BKpaTlie paccMaT-
puBaeTCs B IEPBOIi IIaBe, IOCIe YeTo OoJiee MoAPOOHO U3/IaraloTCs JIUTEMHbIE XapaK-
TepUCTUKU, TTIOBEeICHNE IIPU JICTUPOBAHNH, TepMUUIecKast 00paboTKa, CBOICTBA, U3r0-
TOBJICHIE ¥ OCHOBHBIC 00J1acTH IpUMeHeHUs. Bo BTOpoit T1aBe s KpaTKO paccKasall O
GU3MIECKON METaJUTypPTUH aTIOMIUHHUEBEIX CIUIABOB, XOTS OTH OOIINE TTPUHIINITHI TaK-
K€ OTHOCATCS M K Apyrum Metauiam. Ocoboe BHUMaHWE YAEISIEeTCs COOTHOIIEHUIO
MMKPOCTPYKTYPBI M CBOMCTB, a TAKXKE€ POJIM OTAEIbHBIX JETUPYIOIINX JIEMEHTOB, YTO
1 00pasyeT LIeHTpaIbHYI0 TeMy. BeIIensitoTcs crieruanbHbie 0COOEHHOCTH JIETKUX CITIa-
BOB, a TAKXK€ UX MECTO B 00IIIEM MAaIIMHOCTPOSHUM, XOTS CJIeAYeT IOHUMATh, YTO OXBa-
TUTD IJTYOOKO BCE TEMbI HE TIPEACTABISIIIOCh BO3MOXHBIM.

Knura Obl1a HamMcaHa TJIaBHBIM 00pa3oM JJIs CTYASHTOB, U3YYalolIUX MeTallyp-
U0 U MAlIMHOCTPOEHME, XOTsI, KAK MHE KaxKeTCsI, OHAa TaKXe IMOCIYXKUT MOJIe3HbIM
PYKOBOJCTBOM Kak JJIsl IIPOU3BOAUTENICI, TaK U JUISI IOTPeOUTEIeil JIETKUX CILJIABOB.
ITo >Toi1 mpuuMHE B KOHIIE KaXI0i1 T1aBbl IPUBOISITCS KHUTH U CTAaTbU IS TOTTOTHM -
TEJIbHOTO UYTEHUSI, @ B MHOTOUYHMCJICHHBIC PUCYHKY 1 TAOJIMIIBI TAKXKE BKIIFOUCHBI CChLI-
KU Ha 5TU UCTOYHUKU.

Pabora Haj KHUTOI Havanach, KOTJa s HAXOMWJICS B TBOPUECKOM OTITYCKe, Oyayun
cotpynHuKoM O0benMHEHHOTO (haKyIbTeTa MeTaJUTypruu IHCTUTYTa HAYKU 1 TEXHOJIO-
ruu MaH4YecTepcKOro YHUBepCUTETa U COOCTBEHHO MaHUeCTepCKOTO YHUBEPCUTETA, TaK
4TO s1 JOJI)KEH BhIPA3UTh MPU3HATENbHOCTD Ipodeccopy K.M. DHTBUCTY U ipodeccopy
E. Cmurty 3a mienpo npenocTaBjieHHbIe MHE BO3MOXHOCTU U YCIOBUS IJisl paOOTHI.
S1 Takke pU3HATEIEH 3a IOMOIIIb, TTPEAOCTABICHHYIO ABCTPAIMICKIM COBETOM T10 pa3-
BUTUIO aTIFOMMHUST U MHOTMM KOJUIEraM, KOTOPbIE ITOMOIJIM MHE COBeTaMU 1 MH(OpMalI-
eii. B 31011 cBS3M 51 XOTes1 Obl B OCOOEHHOCTH YITOMSIHYTh MM$I TTIOKOIHOTO A-pa E. OMmu,
B npouuiom pabdortasiiero B British Aluminium Company Ltd.; n-pa C. XamMmonaa u3
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yuuBepcuteTa Jluaca; m-pa M. SIkooca; TI Research Laboratories; n-pa . Jpaiisepa,
Rolls-Royce Ltd.; n-pa HOx. Kunra u r-na Y. YHcBopra, Magnesium Electron Ltd.;
r-"a P. [lynkana, IMI Titanium; a-pa . Ctpatdopna, BUpMUHTEMCKUI YHUBEPCUTET;
n-pa C. bennerra, Comalco Australia Ltd. u moero komery a-pa b. ITapkepa, YHuep-
cuteT MoHaiil. Takxke BbIpaxaro 6JarogapHOCTb U3AaTeNt0, 001IeCTBAM M YACTHBIM JIU-
11aM, MPeAOCTaBUBLIUM PUCYHKU U CXEMbI, KOTOPbIE OHU pa3pellid BOCIIPOM3BECTU B
OPUTMHAJILHON WM U3BMEHEHHOI (hopMe.

HaxkoHen, 51 JoKeH BbIpa3uTh CBOIO OCOOYIO O1aroJapHOCTh MOEMY CEKpeTaplo
r-xe I1.0’JIupn u r-xxe Ix. Konkiay, MaH4yecTepcKuii yHUBEPCUTET, KOTOpPbIEC Harle-
yaTaJld PyKOIIUCh U MHOTOYMCJICHHbIE MMPOEKThI, a Takxke Jxkynu ®Ppeiizep u Pobepty
Anekcannepy, YHUBepcUTET MoOHaIIl, KOTOPbIe aKKypaTHO IMOATOTOBWIM MHOTHE (o-
Torpachnu U CXEMEL.

U e I1.
Menvoypu
1980 200



MNpeancnoeune ko BTOpoMy M3AAHMUIO

B naHHOM BTOpOM U3maHUM 001U (hOpMAT COXpaHEH, XOTS U J00aBJIEHO HECKOJIbKO
HOBBIX pa3nesnoB. U3MeHeHUsT KOCHYJIMCh, TJIaBHBIM 00pa3oM, BKIIIOUEHUSI B KHUTY
JTOTTOJTHUTEIBHOTO MaTepuraa, MOSIBUBILIETOCS B pe3yJIbTaTe pa3paboTKU HOBBIX COCTa-
BOB, METO/IOB 00PabOTKU U CIy4aeB MPUMEHEHUS JIETKUX CIJIABOB HA MPOTSKEHUU
MOCJIETHUX BOCbMH JIET.

BonbIIMHCTBO M3MEHEHUIT KOCHYJIOCh AIIOMUHUEBBIX CILJIABOB, KOTOPBIE B CUITY
CBOETO IIUPOKOTO UCIOJIB30BAHUSI U TIPOCTOTHI OOPAILEHUST YACTO UCTIONb3YIOTCS IS
MOJIeIMPOBaHUST HOBBIX TpolieccoB. [lepes muiiom ycunnBalomelicss KOHKYpeHIIUU CO
CTOPOHBI BOJIOKOHHO-aPMUPOBAHHBIX ATIOMUHUEBASI OTPAC/Ib pa3padoTaja HOBYIO ram-
My JIETKUX CTUIaBOB, COAEPKAIIMX JUTUI. DTH CIJIaBbl pACCMAaTPUBAIOTCS MOJAPOOHO,
TMOCKOJIbKY, KaK OXUIAEeTCs, OHU OYIyT BaXXHBIMU KOHCTPYKIIMOHHBIMUA MaTepuaiamMu
JIJIST CJIEYIOIIETO TTOKOJIEHUSI TIaCCaXKMPCKUX CaMOJIETOB. bosibille BHUMAHUS yaesseT-
CsI TEXHOJIOTUH TTOPOIIKOBOM METAJLTYPTUH JIJISI U3TOTOBJICHUS IeTajleil U3 alloMUHUE -
BBIX M TUTAHOBBIX CTUIaBOB. PaccMoTpeHme 3Toit TeMbI BKITI0YaeT 0030p METOI0B 00pa-
GOTKHM C UCITOJIb30BAHUEM OBICTPOTO 3aTBEPIAEBAHUSI, KOTOPHIE MO3BOJISIOT MTOJIYYUTh
HOBBIE CEpUM CIUIABOB, 00JafalolIe CBOMCTBAMU, HE TOCTUTAEMBIMU MOCPEICTBOM
O0OBIYHOI CIIMTKOBOM MeTaLTypruu. KoMITo3uTsl ¢ METaLTMYECKO MaTpUIIei Ha oc-
HOBE AJIIOMUHMST TAKXKe HAXOASIT KOMMEpPUYECKOe TTPUMEHEeHUE Oarogapsi CBOUM YHU-
KaJIbHBIM CBOUCTBaM, MPU 3TOM pa3padaThIBAIOTCSl aHAJIOTUYHbIE MATHUEBbIE CTUIABBI.
Cpenu HOBBIX METO/IOB 00PA0OTKM YIIOMUHAETCS Psil TEXHOJOTUM, HAUUHAST OT JIUThSI
MO, NABJIEHUEM U KOHYAsl CBEPXILIACTUYHBIM (DOPMOBAHUEM.

[1pu moAroTOBKE TAHHOTO HOBOTO U3/IAHUSI 1 BHOBB YIEJIMIJI 0CO00€ BHUMAHUE CO-
OTHOIIEHUIO MUKPOCTPYKTYPBI U CBOMCTB, a TAKXKE CITEIMAIBHBIM OCOOEHHOCTSIM JIeT-
KUX CTUIaBOB, 00€CTIeUNBAIONIMM UM IITMPOKOE MPOMBIIIIEHHOE TTpuMeHeHne. Kpome
BHECEHUS TOOABICHUI B TEKCT KHUTH, MPUOIU3UTETbHO Ha 40% ObIJIO YBEIMUEHO KO-
JINYECTBO PUCYHKOB, a TaKXKe PACIIMPEHbl CITMCKU KHUT U CTaTei ISl JOTIOJIHUTEIb-
Horo yteHus. Ele pa3 nmomguepkuBaio, 4To KHWUTra HalleJieHa IIaBHbIM 00pa3oM Ha ayau-
TOPHIO CTYJIEHTOB U aCIUPAHTOB, XOTs, KAK MHE KaXeTCsl, OHa MOCTYXUT MOJIE3HbIM
PYKOBOIICTBOM U JJIsI TPOU3BOAUTENEN, a TAKXKE MOTPEOUTENEN JTETKUX METAIIOB.

BHOBB BbIpaxaro NpU3HATEIbHOCTD 32 TOMOIIlb, OKA3aHHYIO KOJJIEraMu U COTPY/I-
HUKaMU, IPEJOCTaBUBIINMU MHE MH(popMaIiuio. Beicka3biBato TakKe cioBa 01aronap-
HOCTU M3MATeNsIM, OOIIeCTBAM U YACTHBIM JIMIAM, MpeaocTaBuBIIUM (otorpaduu u
CXEMbl, KOTOPbIE OHU Pa3pellnjii BOCTIPOU3BECTU B OPUTUHAIBHOM WJIM HECKOJIBKO
n3MeHeHHOM Bune. HakoHelr, st XxoTes Obl BBIPa3uTh CBOIO MPU3HATEIHHOCTH TOCTIOXE
Jx. KappykaH, rocnoxe K. Mapuu u B. [Tanmep, KoTopble Haneyataaiu pyKOnuch, a
taxcke JIxxymm Ppeiizep, Anany KoneHco u Pobepry Anekcanaepy, YHuBepcurer Mo-
Halll, KOTOpble aKKypaTHO MOATOTOBWIN OOJIBIIMHCTBO (hoTorpacuii 1 cxeMm.

U Jlxnc. Toameap
Menvbypr, 1988 200



[pepncnoBue Kk TpeTbeMy M3AAHMIO

LleHTpanbHOI TEMOI MEePBBIX ABYX U3TaHMI OBIJIO COOTHOIICHNWE MUKPOCTPYKTYPHI 1
CBOWICTB, TIIe 0c000¢ BHUMAHKE YICISIIOCHh POJIY PA3IMUHBIX JISTUPYIOIINX JIEMECHTOB
B JIETKMX CIUIaBax. DTa o01Ias TeMa COXpaHeHa 1 B TPETbeM M3JaHUU, XOTs B hopMat u
cofiep>KaHe BHECEHbI HEKOTOPbIe 3HAUUTEIbHbIC U3MEHEHUSI.

Kaxk u paHblie, 60Jbliiast 4acTb 3TUX UBMEHEHUI KacaeTcsl BKIIOUYEHMSI HOBOTO
MaTepuaja, KOTOPbIiA B JaHHOM cJlydyae ObLI MPOAUKTOBAH COOBITUSIMU, ITPOU3OIIIEI-
IIIMMU B TeYEHHUE CEMU JIET CO BpeMeHU omnyO0JnKoBaHUsI Broporo uznanus. Hanbonee
3aMETHBIM M3MEHEeHUEM (popmaTa CTao rpynIMpoBaHue B OMHY HOBYIO IJIaBy HH(DOP-
Malli O TOM, YTO OBLJI0 Ha3BAaHO HOBBIMHM MaTepHalaMy U MeTogaMM obpaboTku. B
KauyecTBe IpUMepa MOXHO Ha3BaTh METAJUIMIECKYIO MATPULY W IPYTUe KOMIIO3UTHI,
KOHCTPYKIIMOHHBIC MHTepMETAJIMAHBIC COeNMHEeHNUSI, HaHO(a3HbIe 1 aMOP(HEIE CIIIa-
BBI. IHTEpec K 3TUM U IpYTUM HOBBIM JIETKMM CIIaBaM 3HAYMTEIFHO BO3POC 3a ITOCIe-
JTHUE JECSTh JIET B CBSI3U C HEIPECTAHHBIMU TPEOOBAHUSIMHU YIIYUIIIUTL CBOMCTBA KOH-
CTPYKLMOHHBIX MaTepuanaoB. ITOCKOBKY JIETKME CIUIAaBBI HAXOISTCS «HA IepeIOBOM»
MHOTI'MX 3THUX pa3paboTOK, Mbl BOCHOJIb30BAIUCH PEIOCTABICHHON BO3MOXXHOCTBIO TSI
pPaccMOTPEeHUs 3TON 001aCTH, SABISIOLIEHCS 0OBEKTOM TaKOro 0OJIBIIIOro 00beMa Uc-
CJIeIOBaHMI MO MaTePUAIOBEACHMIO B TTOCIEIHEE BPEMSI.

Elle omHO# 0COOEHHOCTBIO TPETHEro U3AAHUS SIBJISIETCS TO, YTO B HEM YIEJIsIeTCS
0oJiee MPUCTAJIbHOEC BHUMAHME BapruaHTaM MPUMEHEHMS JISTKUX CILIABOB U UX MECTY B
MAIIMHOCTPOCHUH. B M3gaHue BKI0YEHO 00JIbliee KOJUYECTBO KOHKPETHBIX IIPUMEPOB,
B YaCTHOCTH, UCTIOJIb30BAHMSI JISTKMX CIJIABOB B aBHAIIMM 1 aBTOMOOMIIeCTpoeHn . Tak-
Ke 0oJiee OIPOOHO 0OCYKIAIOTCS SKOHOMUYECKHE (PAKTOPhI, CBSI3aHHBIC C TIOAO0POM
MartepuajioB. boyee TOro, MMOCKONBKY JISTKME METAJIIBI YACTO IIPOUTPHIBAIOT KOHKYPEH-
TaM B CWJIy CBOMX BBICOKHMX 3aTpPaT, CBSI3aHHBIX C UX JOOBIUEH M3 MUHEPATBHOTO CHIPhSI,
STUM TIpOIIecCaM yaeJaeHO OOJbIIe BHUMAHUS. DTO TIPUBEJIO K 3HAUNTEIIBHOMY YBEJTUC-
HUIO 00beMa ITepBoii I1aBEL. bojiee moapoOHO onmcaHbl MPOLIECCHl COSTMHEHMS, I CHO-
Ba paccMaTpuBaeTcs 3(P(HEKTUBHOCTb PaOOTHI JIETKMX CIUIABOB, TP 3TOM OCOOBIN aK-
LICHT JIe]aeTCsl Ha MEXaHUYECKOM MOBENEHUN U KOPPO3UIMHOMN YCTOMUMBOCTH.

B pesynbrate aT0oro oobeM KHuru yBenuuuics. Emnie Ha 20% yBeaIMIniIoCch YMCIIO
pucyHKOB. OOHOBJIEHBI CIIMCKM KHUT U CTaTeil IJIs1 JOTOJHUTEbHOIO YTeHUs. XOTs
KHUTa, KaK U paHblile, TpeaHa3HauyeHa MPexKae BCero s CTYICHTOB CTapIIuX KypcoB
¥ acCIIMpPaHTOB, IO MOEMY MHEHMIO, OHA IMOCITY>KUT MOJIE3HBIM PYKOBOACTBOM JIJIS ITPO-
M3BOJMUTEJICH U MOJb30BATEIEN JIETKUX CIUIABOB.

U cHOBA s BBIpaxkalo MPU3HATEIBHOCTD 32 TTOMOIIb, OKa3aHHYIO KOJUIETAMH U CO-
TPYAHUKAMHU, KOTOPBIC TIPEIOCTABMIN MHE MH(MOPMAIINIO 1 TTOJIE3HBIE COOOpasKeHUS.
XorteJ1 Obl BbICKa3aTh CJI0Ba 0J1arogapHOCTU U3AATeIsIM, 0OIIeCTBAM U YACTHBIM JIU-
aM, OTKJIMKHYBIIUMCSI Ha MOIO TIPOChOY MPeaoCTaBUTh MHE (poTorpadmu n guarpam-
MBI, KOTOpBIE OBUTH BOCTIPOM3BEACHBI B KHUTE B OPUTUHAJIBHOM VI U3MEHEHHOM (hop-
Me. Hakownel, xoTesoch ObI BEIPa3WTh ITPU3HATEIIBHOCTL MOEH XXeHe Mapraper 3a I10-
cTosiHHOe BoonylieBiaeHue, Kapoa Mapux u Pam ['epMaHceH, KOoTopble nevyaTaiu py-
KOIUCh, a Takke Jxxyiau @peiizep u Pobepry AnekcaHaepy, KOTOpble, Kak U paHblIIe,
aKKypaTHO MOATOTOBUJIN TaKoe OOIbIIOE KOJIUMYECTBO (POoTOrpacuii U CXeM.

U Jxc. Toameap
Meanwvbypn, 1995 200



MNpepncnoBue k YyeTBEpTOMY M3AAHUIO

C MOMeHTa BbIXOIa TPEThEero u3nanus «JIerkux criaBos» B 1995 rogy yCKOpeHHBIMU TEM-
MaMu MPOIOJIKAIMCH pa3padOTKM HOBBIX CTUIABOB M IPOIIECCOB. YCUIMBAETCS KOHKY-
PEHLMS MEXIY pa3IMYHbIMUA MaTepuaiaMu, KaKk METALTMYECKUMU, TaK U HEMETaJTA-
YeCKHMHM, 110 Mepe TOIr0 KakK IMPOU3BOIUTEIN CTPEMSITCS W 3allIUTUTh CBOW TPaIUIIMOH-
HbI€ PBIHKU, U IPOHUKHYTh Ha PbIHKM KOHKYPEeHTOB. Pa3zpaboTaHbl (hopMyJibl HOBBIX
COCTaBOB AJIIOMUHUEBBIX, MATHUEBBIX U TUTAHOBBIX CILIABOB, IPU 3TOM BCE OOJIbIIE U
0OoJbIIIe BHUMAHUS YIeJIsIeTcsT pa3paboTKe HOBBIX 1 00Jiee 9KOHOMUYHBIX METOAOB 00-
pabotku. B wacTHocTH, Garogapsi mpocToTe OOpaIleHUS ¢ AIIOMUHUEBBIMU CILJIaBAMU
OHM HCITOJIB3YIOTCS B KAYECTBE IKCIIEPUMEHTAIBHBIX MOACIICH AJIsI OOIBIIIMHCTBA U3Me-
HeHuil. B mmocnenHee BpeMsT BO3MOXHOCTH TIPUMEHEHMST B aBTOMOOMJICCTPOCHNH BBI3-
BaJI BO3POKICHNE MHTEepeca K JINTHIM U Ae(DOPMUPYyEeMbIM MarHMNEBBIM CITJIaBaM.

LlenTpasbHas TeMa MpeIbIAYIINX N3IaHNM Kacagach MUKPOCTPYKTYPBI/COOTHOIIIE-
HUIT CBOMCTB, IIPU 3TOM 0C000€ BHUMaHUE YIEISI0Ch POJIU PA3TUIHBIX JIETUPYIOIINX
2JIEMEHTOB, MPUCYTCTBYIOIIMX B JIETKMX CIlJIaBax. DTa oO1iasi TeMa Obljla coXxpaHeHa B
YETBEPTOM U3IaHUM, XOTS (hOpMaT U CoAepKaHKME ero MpeTeprean najbHerIIne 3Ha-
yUTeJbHbIE U3MeHeHUs1. Ocoboe BHUMaHKWE BHOBD yaesieTcsl pu3nueckoi MeTaautyp-
TMU aJTIOMUHUEBBIX CIJIABOB, 1 MHOTME U3 3TUX OOLIMX MPUHIIMIIOB TaKXKe KacalroTcs
MAarHueBbIX M TUTAHOBBIX CIUIABOB. PaciiupeHo onucaHue U3MEHEHUM, TPOMCXOIs-
IIMX B IIpolecce 00pabOTKM OCHOBHOTIO Kjacca He IMOoJABepraeMbIX TepMOOOpPaboTKe
AJIIOMMHUEBBIX CIUIABOB. XOTs CO BpeMeHM OTKpbITUSI Anbdpenom BuibMom TBepae-
HUSI IIPY CTApEHUH YK IIPOIILIO CTO JIET, IO-TIPEXXHEMY AeIal0TCs HOBBIC HAOTIOICHUS
110 Mepe TOTO, KaK caMble MOCJIeIHNE SKCIIePUMEHTAIbHBIC METOMIBI ITO3BOJISIIOT pac-
KPBITh IOAPOOHOCTU CBSI3aHHBIX ¢ 3TNM (haKTMIECKMX aTOMHBIX TIpolieccoB. B kaue-
CTBE TIpUMepa MOXHO CKa3aTh, YTO B HACTOSIIIIEE BPeMsT UMEETCSI IOTTOTHUTETbHAST MH-
dopMaIus 0 poar pacTBOPUMBIX M BAKAHCMOHHBIX KJIACTEPOB B TEUCHWE PAHHMX CTa-
NI CTapeHMSsI, a TaKKe MPU APYTUX SBJICHUSIX, B YACTHOCTY BTOPUIHOM TBEpPIACHUU.
Ornpeie/IeHHOTO ycrexa yaaloch T0OUThCS B MOJSIMPOBAHUHN TTPOIIECCOB IUCIIEPCH-
OHHOTI'O TBEPACHMUS, KOTOPOE ObLIO OOBSBICHO B KAU€CTBE MEPBOI HAHOTEXHOJOTUMHU, U
B HACTOSIII€e BPEMsI CYIIECTBYET BO3MOXKHOCTh Pa3pabOTK MUKPOCTPYKTYP MEIKOro
MacliiuTaba B ropas3io 0osiee IIMPOKOI raMMe CIUIaBOB MOCPEICTBOM HCIOJIb30BaHUS
HOBBIX METOJ0B 00pPabOTKU.

Cpenu HEKOTOPBIX HOBBIX TEM HACTOSIIIIETO YETBEPTOro M3AaHMSI MOXKHO Ha3BaTh
JINTBE JICHTBI U JINThE CIISI0O0B, (POpMOBaHNE TTOI3YUECThIO, TEXHOJOTMHU COCTMHEHNSI, B
YaCTHOCTH, pOTAlIMOHHAsI CBapKa TPeHUEM U JIa3epHasl cBapKa, IIeHOMETaJlI, KBa3u-
KPHUCTAJIIBI ¥ IPOM3BONICTBO HaHO(MAa3HBIX MaTepruasioB. boiee mompo6HO paccmaTpu-
BaIOTCSl SKOHOMUYECKUE (DAKTOPHI, CBSIBAHHBIE C TIPOM3BOJCTBOM U MTOA00POM JIETKUX
METaJUIOB M CILJIaBOB, a TakkKe BKJIoYeHa MHMopMalus o0 yruiausanuu. Takxke pac-
IIMPEHBI pa3/Iesibl, KacalolIrecs: caydaeB KOMMEPUECKOTO TTPUMEHEHUS JIETKUX CITjIa-
BOB M MX OOIIETO MeCTa B MAIlIMHOCTPOCHUU. DTO, B YACTHOCTU, OTHOCUTCS K TPaHC-
MOPTY MO Mepe TOT0, KakK aIIOMUHUEBbIE CILIaBbl CTAIKMBAIOTCSI C YCUJIEHUEM KOHKY-
PEHLIMU CO CTOPOHBI MOJUMEPOB, AaPMUPOBAHHBIX BOJIOKHOM B KOHCTPYKIIUSIX CaMoJie-
TOB, U Tjae 0ojiee BICOKME 3aTpaThl HA TOIUIMBO MPUIAIOT KaK aJIIlOMUHUEBBIM, TaK U
MAarHUEBBIM CIUIaBaM OOJIBIIIYIO MPUBJEKATEILHOCTh 0J1aroaapsi TOMy, YTO OHM CHUKa-
10T BEC aBTOMOOWJIEHA.



@ Ilpeducnosue k uemeepmomy uzoanuio

B cBsi3u ¢ aTMIMU U ApYTUMU pa3pabOTKaMM TEKCT KHUTHA OOHOBJICH U pPacIIUpeH
npubu3uTenbHo Ha 20%. JobasieHsl elle 50 pucyHKOB M HECKOJIBKO HOBBIX TaOJIMILI.
B GobIIMHCTBE PUCYHKOB M TAOJIULL YKA3bIBAIOTCS CChLIKM HA MCXOAHbIE UCTOUHUKU
nHGOPMAIIMK, HO OHU HE BKJIFOUEHBI B OOIIINIA TEKCT. AKTyaJIbHBIC CTaThbU U KHUTH JIST
JIOTIOJTHUTEJIBHOTO YTEHUS TIEPECMOTPEHBI M IIepeUnCIIeHBI B KOHIIE Kax 101 ri1aBbl. Kak
M MpPeNroJiaraioch NepBOHAYaIbHO, KHUTA IJIABHBIM 00pa3oM OpMEHTUPOBaHA Ha CTY-
IEHTOB 1 aCIIMPAHTOB, HO HAM MPEICTABIISICTCS, YTO OHA TAKKE IMOCIIYKUT ITOJIE3HBIM
OOIIIMM PYKOBOJICTBOM JUISI TIPOU3BOJUTENICH M TIOTPEOUTEIIEl JIETKMX CILIaBOB.

W BHOBB s NIpU3HATEICH 3a COACUCTBUE, MPEIOCTaBIEHHOE KOJUIeTaMU U COTPY/-
HUKaMH, 3a MHGOPMAIIMIO U COBETHL. B 3TOM OoTHOIIEHNU 0c000 ClieayeT YIIOMSIHYTh
Ix. I'puddurca, E. I'pockana, JIx. [Ixopcrana, P. Jlammm, [Ix.-®. Hue, P.P. Can-
nepca, X. lepknudda, JIx. Teinopa u ABCTpalIuiCKUil COBET MO aTlOMUHUIO. XOTe-
JIOCh OBI TaKKe, HE Ha3bIBasi KOHKPETHBIX MMEH, CKa3aTh CJI0Ba 0J1arogapHOCTH M3MIa-
TeJISIM, OOIIeCTBAM M YaCTHBIM JIMIIaM, OTKJIMKHYBIIMMCS Ha MPOCHOY MPea0CTaBUTh
¢ortorpacduu u cxembl. He Mory He BbIpa3uTh MPU3HATEIbHOCTD 34 YCIOBUS U BO3MOX-
HOCTH, MpeaocTapieHHble DaKyaIbTETOM TEXHOJIOIMU MaTepuaioB YHuBepcuTera Mo-
Halll, a TakXe, KaK 1 B CJlydae BCexX Npenbnymnx u3nanuii, JIxym @dpeiizep, KoTopast
MAacCTepPCKHU BOCIIPOU3BeIa MHOTUE PUCYHKHU B OPUTMHAIbLHOM WM U3MEHEHHOM BUIIE.
W nakoHe1, XoTesx OBl IMOOIarogapuTh MOIO XeHy MaprapeT 3a ee ITOCTOSHHYIO TTO-
JEPXKKY.

U JInc. Tloameap
MenvoypH, 2005 200



FNMABA 1

JNNIETKUE METAJJIbI

1.1. Obwee BBEAEHME

TepMUH «ierkue MeTasbl» TpaAULIMOHHO UCIOAb30BaJICs 1J1s1 0003HAUYEHUS aTIOMMU -
HUSI U MarHusi, TOTOMY YTO OHUM YaCcTO MPUMEHSIIOTCS IS yMEHbIIEHMS Beca aeTajeii
¥ KOHCTPYKLM. EcI MICXOAUTH 13 3TOTO, 3TOM KaTeTOPUHU TaKKe COOTBETCTBYIOT TH -
TaH U OEPUJLIMIA, XOTS MOCAEAHUIN UCITOJB3YeTCs PEIKO U MOAPOOHO B JAHHOMN KHUTE
paccMmaTpuBaThbcs He OyneT. JlaHHble YeThipe MeTajlia UMEIOT OTHOCUTENbHYIO TI0T-
HOCTb B Tipenenax ot 1,7 (Marauii) 1o 4,5 (TUTaH), KOTOPYIO MOXHO CPABHUTH C TJIOT-
HOCThIO 7,9, a Takke 8,9 Gosiee TpaAMLIMOHHBIX KOHCTPYKIIMOHHbBIX METAJIOB KeJie3a
U MEJIY, a TAKKE C OTHOCUTEJIbHOM MIOTHOCThIO OcMUs 22,6, KOTOPBIi MpeacTaBiseT
CcO00# caMBIif TSKEJIBIN U3 BCEX METAJIOB. [lecsITh APYTUX 2JIEMEHTOB, KJIACCU(DUIIN -
PYEMBIX B KaUeCTBE METAJIJIOB, UMEIOT MEHBIIMI Bec, YeM TUTAH, HO 32 UCKJITIOUEHU -
eM 0opa B BUJE MPOYHBIX BOJOKOH, COAEPKAIIMXCS B COOTBETCTBYIOLIEH MaTpulle,
HU OIWH M3 HUX HE UCITOJB3yeTCs B KaUeCTBe MaTepralia OCHOBHI IUIST KOHCTPYKIIH -
OHHBbIX Lenei. [llesouHble MeTalabl — JUTUI, KaJIWil, HATpUii, pyOUauil U Le3uii, a
TaKKe IIeJOYHO-3eMeJIbHbIE METaJlIbl — KaJbIUi U CTPOHLIMI — XapaKTEePU3YIOTCS
W3JIUIITHEH peaKTUBHOCTBIO, B TO BpeMsI KaK UTTPUI M CKaHIWI BCTPEUYAIOTCS CpaB-
HUTEIBHO PEaKo.

1.1.1. Xapaxmepucmukxu ae2Kux memanios u Cniagos

Hanuuue cBoiicTBa JIETKOCTH I103BOJISIET ONTUMU3UPOBATh CBOMCTBA MaTepuraia MHO-
TUX U3IETNI, TOCKOJIBKY YMEHbBIIICHUEM TUIOTHOCTH TOCTUTAETCST MAKCUMAJTBHOE CHU -
keHue Beca (puc. 1.1). UMeHHO B 3TOM 3akji0yaeTcsl oueBUaAHas MPUUYMHA, IO KOTO-
pOIii Jierkye MeTaUlbl BCeraa acCOLMMPOBAIKNCh C TPAHCIIOPTOM, B OCOOEHHOCTHU C

2 BpemeHHoe conpoTtusnexHme

Mogynb

Mpenen Teky4ectn
5 Ha cxaTtue

M3MeHeHve Beca KOHCTPYKLMK

1 1 1 1
0 20 40 60 80 100
MN3meHeHe napametpa

Puc. 1.1. BausiHue onTuMuU3aLny CBOMCTB Ha BeC KOHCTPYKLMHU (¢ padperneHus «Lockheed
Corporation»)



@/4 Thaea 1. Jleekue memannoi

AdPOKOCMMUECKOI OTPACIIbIO, KOTOpas B TeueHue nocaeaHux 50 1eT mocayKuja 3Ha-
YUTEJIbHBIM CTUMYJIOM JJIs1 pa3BUTHS JIETKUX cruiaBoB. [Tpeobaagaronium coodpaxke-
HUEM TaKXe SIBJIsUIOCh COOTHOIIIEHHE MPOYHOCTH U Beca, a Ha JuarpamMme DIIOM Ha
puc. 1.2 npeacTaBieHO LIEHTPaIbHOE MOJOXEHME JIETKUX CIUIABOB Ha OCHOBE aJlio-
MWHUS, MAaTHUAS ¥ TUTAHA B OTHOIIICHUHX KaK IPYTUX KOHCTPYKIIMOHHBIX CIIJIABOB, TaK
U Bcex marepuanoB. [IpeumylecTBa Manoii MJIOTHOCTU MPUOOPETAIOT ellle OoIblee

3HauYEHUE MpU pa3paboTKe KOHCTPYKIIMU, KOTJIa peub UIET O TAKUX MapaMeTpax, Kak

KECTKOCTb U COITPOTUBJIICHUC KOpO6I[eHI/IIO. Haan/IMep, KECTKOCTb HpOCTOﬁ OGanku
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Puc. 1.2. CooTHoIIeHrE MEXIY IIPOYHOCTHIO U IJIOTHOCTHIO Y JIETKUX CILIABOB U APY-
I'MX KOHCTPYKIIMOHHBIX MaTeprasioB. O0paTuTe BHUMaHKUE Ha TO, YTO IIpeiest
TEKY4EeCTH MCIIOJb3YETCS B KAYeCTBE MEPhI IIPOYHOCTH Ui METAJLIOB U I10-
JIMMEPOB, Mpee) IPOYHOCTH Ha CXKaThe — JUIsl KepaMHUKHM, TIpeaeT MPOYHOC-
TH Ha pa3pbiB — [UIS 3J1aCTOMEPOB U BPEMEHHOE COIIPOTUBIIEHUE — JIsI KOM-
mo3utoB (¢ paspeieHust M.®. Di6n)
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KomnapaTtuBHbI BEC — paBHasi XeCTKOCTb

Puc. 1.3. Homorpamma, mo3BoJisiioniasi CpaBHUTh KOMITApAaTUBHBIC Beca pa3IMUHBIX ME-
TaJJIOB WJIM CILIABOB IIPU PaBHBIX YPOBHSIX XKECTKOCTU. DT 3HAYEHUSI MOXHO
MMOJIYYUTh 110 TIePeCCUCHUSIM JTUHUI, ITIPOBEICHHBIX OT TOYKM X, C JIMHUSIMMU,
MPEeICTaBISIONIMMY pa3InyHble METaJUIbl WJIM CIUIaBhl (C pa3pelneHust «Brooks
and Perkins Inc.»)

MPAMOYTOJIBHOTO CEYEHUs MPAMO MPONOPLIMOHAIBHA MPOU3BEIEHUIO MOLYJIA YIIPY-
TOCTHU ¥ Ky0a TOJIIMHBL. 3HAYCHUE STOTO COOTHOIIICHUS MILTIOCTPUPYETCS HOMOTpaM-
MOIi, TToOKa3aHHOM Ha puc. 1.3, KOTopas Mo3BOJISIET OLIEHUTh BeC aHAJOTMYHBIX 0aJI0K
Pa3IUYHbIX METAJLJIOB U CIUIABOB IMPU PaBHbIX 3HAYEHUSX KECTKOCTU. UyryHHas (Wiu
cranbHasI) O0anka BecoM 10 Kr OymeT MMETh Ty XK€ KeCTKOCTb, UTO M OaJIKi paBHOM
IMUPUHBI U JUTMHBI BECOM 7 KT M3 TUTaHa, 4,9 KT U3 aloMuHus, 3,8 KT U3 MarHus u
TOJIbKO 2,2 Kr u3 O0epuius. CrnaB Mg-Li BKiIloueH cioja moToMy, UTO 3TO CaMblil
JIeTKMI (OTHOCHUTEIbHASI INIOTHOCTH 1,35) KOMMepUeCKH TOCTYITHBIN KOHCTPYKIIMOH-
HbI cru1aB. CpaBHUTEIbHAS KECTKOCTh OJIMHAKOBBIX BECOB aHAJIOTMYHOM 0aJIKu yBe-
JIMYMBaeTcs B cooTHomeHuu 1: 2,9 : 8,2 : 18,9 nius crtanu, TMTaHa, aTlOMUHMST U Mar-
HUSI COOTBETCTBEHHO.

HMHTepec K BompocaM 5KOHOMUM Beca He JOJDKEH ITPeyMEHbINaTh 3HAYeHUE TOTO
00CTOSITENILCTBA, YTO JIErKHMe MEeTalJibl 00J1aJaloT U APYTUMU CBOMCTBAMU OOJILIIOTO
TEXHOJOTUYECKOTO 3HAYEHU S, HATIPUMEDP, BBICOKOW KOPPO3UOHHOW CTOMKOCTHIO U
BBICOKOM 3JIEKTPO- 1 TEIUIONTPOBOIHOCTHIO JIJIST IIOMUHMST, MEXaHMIECKOI 00padaThI-
BAaeMOCTBIO JIJISI MarHUSl 1 UCKJIIOYMTEIbHON KOPPO3MOHHOM CTOMKOCTBIO TSI TUTAHA.
CpaBHEHHME HEKOTOPBIX (DM3NICCKUX CBOMCTB JaeTcs B Taou. 1.1.

Bepumii 6611 oTKpBIT BoksieHoM Bo ®panumu B 1798 romy B BUIE OKMCIa B MU-
HepajbHOM OepuJie (CuaukaTe 6epuins — alloMUHUS) U B udympyae. HezaBucumo
oT BokieHa oH BriepBbIe ObLI BiIeeH B 1828 romy Benepom u Broccu, koTopsie Boc-
CTAaHOBWJIM XJIOPUJ KaJlneM. bepri1 TpaaulimoHHO BceTaa ObLT TOOOYHBIM MPOAYK-
TOM J00BIYY U3YMpPYZa U 10 HETaBHET0 BPEMEHU OCHOBHBIM UCTOYHUKOM METaJUIU -
yeckoro oepuins. B HacTosee BpeMs 00Jblliee KOJIMUYECTBO OepUIIJINS TOOLIBACT-
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cs1 13 060Jiee TeCHO CBSI3aHHOTO ¢ HUM MUHEPaJbHOIO OepTpaHAnTa (TUAPOOKUCHU CH-
JiukaTa 0epuLius).

bepwnii o61agaeT HEKOTOPBHIMY BBIIAIOIIMMMCS cBoiicTBamMu (Tadiu. 1.1). Ero
JKE€CTKOCTb, U3MepsieMasl ITIOCPEACTBOM YACIbHOIO MOAYJIS YIIPYTOCTH, ITIOYTH Ha MTOPsI-
JIOK OOJIBIIE YASTbHOTO MOIYJIS YIIPYTOCTH IPYTHX JICTKUX METAJUIOB MJIN ITUPOKO MC-
TIOJIB3YEMBIX METAJIJIOB — XKeJie3a, MeIU U HUKEJISL. DTO CITOCOOCTBOBAJIO €TO IIPUMEHEe-
HUIO B TUPOCKOMAaX Y MHEPLIMOHHBIX ccTeMax HaBeaeHMs1. OH 00JagaeT OTHOCUTEIb-
HO BBICOKOI TOUKOI IUIaBJICHMSI, U €70 CeYeHue 3axBaTa (T.e. IPOHULIAeMOCTb) HENT-
POHOB HIKE, UM Y JTI000TO IPYroro MeTajuia. DTU CBOMCTBA IIPUBJICKIIN ITPUCTAITBHOE
BHUMaHHE a3pPOKOCMHUYECKON M aTOMHOI TIpoMBINIIEHHOCTH. HampuMep, n3ydeHne
KOHCTPYKLIMH, MIpeIycMaTpyBalolieii IpuMeHeHNe OepUIIMS B KAYeCTBE OCHOBHOTO
KOHCTPYKLIMOHHOTO MaTepuaja il CBEPX3BYKOBOIO TPAHCIIOPTHOIO caMoJjeTa, yKa-
3bIBaCT HA BO3MOXHOCTb 9KOHOMMHU Beca 10 50% metaieii, B KOTOPbIX OH MOT Obl UC-
oJIb30BaThesl. OOHAKO €ro KOHCTPYKIIMOHHOE TIPUMEHEHNE B OCHOBHOM OTPaHNYM-
BaeTCs NeTAISIMU JUISI KOCMUYECKUX KOpabJjei, a TakxkKe IJIsI CIIyTHUKOBBIX aHTCHH.
B sinepHoii sHepreTuKe OH 061agaeT MOTEHLIMAIOM JUISl KCTIOJIb30BaHUS B KAUeCTBE 000-
JIOUKU TETUTOBBIIEIISIONIETO 3JIEMEHTAa B 9HEPreTHICCKUX peakTopax. Eine omHUM yHI-
KaJbHBIM CBOMCTBOM OCpMIIIUS SIBJISICTCS €r0 BBICOKAS YAeJIbHAs TEIUIOEMKOCTh, KO-
TOpasi NpUOJIU3UTEIBLHO B IBa pa3a 00JIblIIe YASIbHOM TTUIOEMKOCTH aTIOMUHUS 1 Mar-
HUS U B YEThIpe pa3a OoJiblle YACJIbHON TEII0OEMKOCTH TUTaHA. DTa MpUcyllias eMy
CITOCOOHOCTB TTOTJIONIECHUS TeTla B COYCTAaHNU ¢ HU3KOM IIOTHOCTBIO CITOCOOCTBOBA-
JIa TOMY, 9TO OCpUJUIMIA OBUT MCITOJI30BaH B KAUeCTBE OCHOBHI TETUIOBOTO 3KpaHa IpHU
BO3BpalllcHUU B aTMochepy oTceka «MepKypuii», IpUMEHEHHOIO B IIEPBOM ITHJIOTHU-
pyeMOM KOCMHUUYECKOM Kopabiie, pazpadboraHHoM B CoeauHeHHbIx IlITaTax. B 6onee
001IIeM ciTyJae IPUMEHEHMS OH CIIVKIJI B KAYeCTBE TEIJIOOTBOIA M BCTABJISICS B IICH-
TPaJbHYIO YaCTh COCTABHBIX JMCKOBBIX TOPMO30B, UCIIOIb3YEMbIX B IIIACCH OOJIBIIIOTO
BOCHHO-TPAHCIIOPTHOTO camosieTa. bepwuinii 1eMOHCTpUPYET TaKKe YAUBUTEIBHYIO
OINTUYECKYIO OTpaKaTeJbHYIO0 CLIOCOOHOCTh, B OCOOEHHOCTU B MH(MPaKpacHOM Auana-
30HE, YTO CITOCOOCTBOBAJIO €T0 DOCBOMY IIPUMEHEHMIO B CHCTEMaX OOHAPYKCHMS 1Ie-
JIei, a TaKKe B KOCMUUECKHX TeIeCKOTIaX.

HecMoTps Ha 00JIbII0I 00BeM MCCIeIOBAaHUM B HECKOJBKUX CTpaHaX, OepuIIniA
He Hales 6osiee MPOKOTro MPUMEHEHUS 1U3-3a €ro JOPOrocTosIeit TOObIYM U TIPO-
M3BOJICTBA, a TAKXKe MPUCYIIEi eMy HU3KOH IJIaCTUIHOCTH IIPU TeMIIEpaType OKpy-
JKaIoIIe# cpembl U U3-3a TOTO OOCTOSITEIBLCTBA, YTO ITOPOITKOOOPA3HBIN OKHUCET MO-
KeT OBITh KpaiiHe TOKCUYHBIM JJIs Ttoaeii. [Ipo6ieMa HU3KO0M IJI1aCTUMIHOCTHA BO3HM -
KaeT B CBSI3M C pa3MepaMM reKcaroHajabHOM IJIOTHO yHaKOBAaHHOM KPUCTAIMYECKOMN
CTPYKTYphI Gepuiivst. COOTHOIICHUE ¢/a eAMHUYHOM siYeiiku paBHseTcs 1,567, uto
SIBJISICTCSI CAMOI HU3KO# ¥ HanboJiee OTIMYAIOLIEHCS OT UAealbHOM BeIUYuHbI 1,633
13 BceX MeTayioB. OMHUM U3 MOCASACTBUI ATOrO SIBJISICTCSI BhICOKAsI CTETICHb aHU-
30TPOIUU MEXIY MEXaHUYECKMMU CBOMCTBAMM B KpUCTaIorpacduyeckKux Harpas-
JeHnsIX a v ¢. [Ipr KOMHATHOM TeMITepaType CABUT SIBIISICTCS OTPAHMICHHBIM 1 BO3-
MOXHBIM TOJIKO Ha 0a3MCHOM IIJIOCKOCTH, KOTOpash TaKXKe, MEXIYy IIPOYUM, SBIISI-
€TCSI IJIOCKOCTBIO, BAOJIb KOTOPOIl MPOUCXOAUT OTPHIB. KpoMe Toro, moyT HU4YEro
He yIaJoCh cleaaTh s YAy4YlleHUs] CBOMCTB JIETMUPOBAaHUEM, ITOTOMY UTO MaJlblil
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pa3Mep atoma OepwLIns pe3KO OrpaHUYMBAET €T0 PACTBOPUMOCTD JUIST IPYTUX dJIe-
MeHTOB. EAVHCTBEHHBIM MCKITIOUEHHUEM SIBJISICTCS] BTEKTUUCCKUIA cocTaB Be-38Al, y
KOTOPOTO yIaJIOCh JOOUThHCS HEKOTOPOM MOJE3HOM MIACTUYHOCTU. DTOT CIUIaB ObLIT
pa3paboTtaH aBuaniMoHHO# Komritanueit «Lockheed» n momyunn HazBanue Lockalloy.
IMockonbKy OepUIUil U aTIOMUHUI XapaKTepU3yIOTCsl MaJloil B3aMMHOM pacTBOpH-
MOCTBIO JIPYT B Ipyre B TBEpAOU hase, UX CIUIaB B CYLUIHOCTH MPEACTABISICT COOOM
KOMTIO3UTHBIN MaTepranl ¢ MUKPOCTPYKTYPOil, COCTOSIIIIECH M3 XKeCTKUX YacTull Oe-
pusuus B 6oJsiee MSITKOM aTtoMUHUEBON MaTpulie. Jlerkue mo Becy Mmojy4eHHbIe Bbl-
JaBJIMBAaHUEM IITAaMNOBKU (yAeabHbIN Bec 2,09) U TUCT HAILJIX OTPAHUYEHHOE TMPU-
MEHEHUE B ad9POKOCMOHABTHUKE.

Bepunnuii B HacTosiiiee BpeMsi MoIydyaroT IJTaBHBIM 00pa3oM METOAaMU TTOPOIIKO-
BOI1 MeTajurypruu. JIOOBITHIN 13 MUHEPAJIOB Oepuiijia WM OepTpaHIUTa METaJLI MO -
Bepraetcsl BAKYyMHOH TIJIaBKEe W 3aTeM JIM0O OTJIMBAETCs B HEOOJBIINE CIUTKH, TIOM -
BepraeTcsi MeXaHMUeCKoi 00paboTKe 1 MpeBpaIlaeTcs B CTPYKKY U U3MEIbUYaeTCsl yaap-
HBIM JIEHCTBUEM, JIMOO aTOMU3UPYETCSI HETIOCPEACTBEHHO B MHEPTHOM ra3e JUIsl TIoJTy-
YyeHUs1 MopoIkoB. [Topomku OoOBIYHO YIUIOTHSIOTCS MOCPEACTBOM TOPSYETO
M30CTaTUYECKOTO MPECCOBaHMS, a MoJyJaolirecs B pe3yabTare OpUKeTbl 00JaaatoT
CBOMCTBaMMU, SIBJISTIOIIMMHUCS OoJiee U30TPOITHBIMU, YeM CBOICTBA, MOJlydaeMble C T10-
MOIIBIO JIUTHIX CIUTKOB. [IpOYHOCTHBIE CBOMCTBA 3aBUCST OT YPOBHSI COXPAaHMUBIIIETO-
cs1 BeO (06b1uHO 1—2%) 1 ipuMeceii (3Kesie30, ATIOMUHUI U KPEMHUIT), 3HAUEHKS T1a-
CTUYHOCTU OOBIYHO cOCTaBIISIIOT 3—5%. BpukeThbl 3aTeM MOXHO 00pabaThIBaTh KOB-
KO, MPOKaThIBATh B JINCT UJIW MTOABEPTaTh MIPECCOBAHUIO [IJIST TTIOTYUYECHUS TIPYTKA WU
Tpyobl. CritaB Lockalloy (ceitdac Takzke M3BeCTHBIN o Ha3BaHueM AlBeMet™ 162) B
HacTosiee BpeMsl TakKe MPOM3BOIUTCST TIOCPEICTBOM aTOMU3AIIMY B MHEPTHOM Ta3e
pacIuUIaBJeHHBIX TTPEIBAPUTEIBLHO JIETUPOBAHHBIX CMECEH, a TToTyyaeMble B pe3yJibTaTe
3TOTO MOPOLIKU YTUIOTHSIIOTCSI U 00pabaThIBAIOTCS B TOPSIUEM COCTOSIHUM TaK, KaK OIMu-
CaHO BBIILIE.

1.1.2. OmnocumeavHnas pacnpocmpaHeHHOCHb

PacueTHOe comepkaHne OCHOBHBIX XUMUYECKUX 3JIEMEHTOB B 3¢eMHOI KOpE ITPUBEIECHO
B TaOJ1. 1.2, U3 KOTOPOI1 BUIHO, YTO JIETKME METAJUIbl — aJIIOMUHMIA, MAaTHUI U TUTAH —
3aHUMAIOT IePBOE, TPETHE U YETBEPTOE MECTO B MOPSIIKE BCTPEYAEMOCTH KOHCTPYKIIH -
OHHBIX META/UIOB. MOXHO TakXe BUIETb, YTO TPAAULIMOHHBIE METAJIBI — Me/lb, CBH-
Hell ¥ LIMHK — IPUCYTCTBYIOT B KosinuecTBax MeHbLINX 0,10% kaxnpiii. iMeroTcs Tak-
K€ pacueThl BCTPEUaeMOCTH METAJJIOB B OKEaHE, KOTOPBII SIBJIICTCSI OCHOBHBIM KOM-
MepUeCKMUM UCTOUHMKOM MarHust. Mopckast Bona coaepxur 0,13% sToro meTasuia, Tak
YTO B KaxKAOM Ky0. KM IIpUCYTCTBYeT 1,3 TOHHBI MarHusi, 4YTO MpUOJIU3UTEILHO SKBU-
BQJICHTHO TPEXKPAaTHOMY TOJJOBOMY MUPOBOMY TOTpedsieHuto maruust B 2004 romy.
B 11ies10M, 3amachl JIeTKMX METAJUIOB aJIeKBATHBI IS YIOBJICTBOPEHMST TIPEIITOIaraeMbIX
MOTPeOHOCTEI HAa HECKOJIBKO CTOJIeTUI Briepea. CTeneHb UX UCIIOJIb30BaHus, 110 BCeil
BUIMMOCTHU, OyJIET TIIaBHBIM 00pa30M OTIPEACISATHCS UX OYIyIel CTOMMOCTBIO 10 CPaB-
HEHUIO ¢ KOHKYPEHTHBIMU MaTepHalaMH, B YaCTHOCTH, TAKUMU KaK CTajlb U ILJIACT-
Macca, a TakxKe HaJIM4MeM DJICKTPUUYECKOI S3HEPIU, HEOOXOAUMOM I UX JOOBIYM U3
MUWHEPaJIOB.
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Tabnuua 1.2. Cogep>xaHne OCHOBHbIX XMMWUYECKUX 9MEMEHTOB B 3eMHoii kope (Stanner, R.J.L.,
American Scientist, 64, 258, 1976)

AnemeHT % Mo Becy
Kucnopon 45,2
KpemHui 27,2
AntoMuHUiA 8,0
Keneso 5,8
Kanbuuit 5,06
Marnui 2,77
Hatpuia 2,32
Kanwui 1,68
TutaH 0,86
Bopopon 0,14
MapraHey 0,10
®dochop 0,10
Wtoro 99,23

1.1.3. Tendenuuu 6 npouzeoocmee u CAy4au NpuUMeHeHus

TeHgeHINN B TIPOM3BOACTBE PA3JIMYHBIX METAJJIOB M TIJIACTMACC TIpeICcTaBIICHB Ha
puc. 1.4, KOTOpPBIi1 TOKA3bIBAET, YTO JIETKME METAJLIbI B 3HAUYUTEILHON CTETIEHM TIPEe/I-
CTaBJISIOT cO00# MaTepuanbl ABaaLiaToro Beka. B mepuon ¢ 1900 mo 1950 rox rogoBoe
MPOU3BOICTBO AJTIOMUHMS B MUPE YBEJTUIMIOCH B 250 pa3 ¢ mpubausuteabHo 6000 ToHH
1o 1,5 MmuumoHa TOHH. JIOMOJTHUTEIbHOE BOCBMUKPATHOE YBEIMYCHUE ITPOU3O0IILIO B
cJIenyIollleil YeTBepTU BeKa, KOraa ajJlOMUHMI IpeB3olles] Medb, KOTOpasl CUMTalach
BTOPBIM IO TIPUMEHSIEMOCTH METaJIOM.

B TeueHue 3Toro nmeproaa romoBoi TEMIT pOCTa IPOU3BOAICTBA ATIOMUHUS B CPEll-
HeM coctaBui 9,2%. C koHua 1970-X rogoB ciipoc Ha OOJIbIIMHCTBO ChIPbEBBIX MaTe-
pHaoB TIepeXUBaJl KoJacOaHUs, I CYMMAapHBIA TOTOBOI IIPUPOCT OB 3HAYUTEIHHO
MeHblie (puc. 1.4). OTU TeHASHUMU OTpaXKaloT MUPOBbIEe SGKOHOMUYECKUE LIUKIIbI, BbI-
xon Kuras n Poccuiickoit @enepanii Ha MO3UIUU KPYITHEAIINX TOPTOBBIX ITapTHE-
POB, a TaKxXe MOBBIIICHNE BHUMAHUS K PCUUKINHTY. MHUpPOBOE TIPOM3BOACTBO IIep-
BUYHOTO (HOBOTO) alOMUHHUS POCIO B CPeAHEM MPUOIU3UTENBbHO Ha 4% B roj B Te-
yeHue aByx necatmiaetuii ¢ 1980 mo 2000 rom v JOCTUTIIO OPUEHTHUPOBOYHOTO 00bEMa
29,2 mummona ToHH B 2004 romy. B 3TOT ITepro mpou3BOACTBO BTOPUYHOTO (TIepepa-
00TaHHOI'0) AJTIOMUHMS, TI0 HEKOTOPBIM OLIeHKaM, Bo3pocyo ¢ 3,8 g0 8,4 MuinoHa
ToHH B 2004 rogy. YyryH u cTajib, Ha KOTOPBIE MO-ITPEKHEMY TIPUXOIUTCS TTPUOIN3U-
TeJabHO 95% Bcero moTped/isieMOro MeTajuia U IIPOU3BOACTBO KOTOPHIX B TEUEHUE Je-
catuietus B iepuon ¢ 1980 mo 1990 roa octaBanock akTHUUECKU 0€3 UBMEHEHUI Ha
ypoBHe npuMepHo 700 MUIIMOHOB TOHH, B 2004 roay npeoaoJiesii OTMETKY B 1 MUJLIN-
apa TOHH. 31ech MHTEPECHO OTMETUTh, YTO CYMMapHOe 00IIee Koraa-Indo Ipou3Be-
JIEHHOE KOJIMYECTBO AJIIOMUHUS (OLEHMBaeMOe NMprUMepPHO B oObeMe 720 MUIMOHOB
ToHH 10 2004 roga) MeHbIIIe TOIOBOTO MOCTaBIIeMOro oobeMa uyryHa! MoxKHO Takxke
OTMETHUTh, YTO IMPOU3BOJCTBO TOBAPHBIX IJIACTMACC U IPYTUX ITOJIMMEPHBIX MaTepura-
JIOB, IEMOHCTPMPOBAaBIIEE BIeYaT/IsolIe TeMIbl pocta B iepuof ¢ 1950 mo 1980 rox,
K 2004 rogy 1OCTUIIO OPUEHTUPOBOYHOTO 00beMa B 185 MUJIIJIMOHOB TOHH.
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Puc. 1.4. Lluppbl MUPOBOro NMpOMU3BOACTBA Pa3IMUHbBIX METAJJIOB U IJIACTMACC

B mocnienHme rofibl ABa MOTUTUYECKUX COOBITHUST OKA3aJIM OCHOBHOE BIIMSTHUE HA TTPO-
M3BOJACTBO 1 LIEHOOOpa30BaHUE JIETKUX MeTa/10B. [IepBbIM COOBITHEM OBLITO MpEeBpallie-
Hue obiBiIero Coserckoro Coto3a B CoapyskectBo HezaBucumbix I'ocynapcTs, 3a KOTo-
PBIM TIOCJIEIOBAJIa TIOCTABKA OOJIBIIOTO KOJTMYECTBA METAJUIOB JUISI TIPOJIAXKU 3aIrlaHbIM
CTpaHaM, YacTo MO 3aHWXXEHHBIM LIeHaM. bojiee BaXHbIM COOBITHEM CTasl OBICTPBINA Te-
pexon Kutas B TeueHue nociaeaHux 20 JgeT U3 COCTOSIHUS TJIaBHBIM 00pa30M arpapHoro
o0111ecTBa KO Bce OoJiee 1 Oojiee MHAYCTpUaibHOM 9KoHOMUKe. KuTait B HacTosiiee Bpe-
M1 SIBJISIETCSI MUPOBBIM JIMAEPOM IO ITPOM3BOACTBY AJIIOMUHMS, a Poccus HaxonuTces Ha
BTOpOM MecTe; 3a Heli cnenyioT Kanana, CoennHenHbie L tatel, ABcTpanus u bpasunus
(tabu. 1.3). B Kutae oxxumaercst HOBoe 3HAUUTEIBHOE paclIMpeHne MPOU3BOACTBA aJTo-
MUHMST, OAHAKO 3[eCh MOTpeOJIeHUE ATIOMUHMS Ha AYIY HACEJICHUS OCTaeTCs HU3KUM,
1 B 2002 roay OHO COCTaBWJIO TOJIbKO 3,4 KT 1o cpaBHeHUIO ¢ 29,3 Kr B CoeIMHEHHBIX
ITarax u 27,9 xr B AAmonun. Kutaii Takke ctan KpyImHEUIIIMM B MUPE TTPOU3BOIUTENIEM
MAarHusl ¥ ObICTPO YBEJIMYMBAET CBOU MOIIIHOCTH IO MPOU3BOACTBY TUTAHOBOM TYOKMU.

LleHbl Ha MeTaJLIbl U3MEHSIFOTCS KaXKIIbIiA TOM 1 3aBUCST OT (haKTOPOB, BIUSIOIIMX Ha
cIipoc 1 mpemtoxenune. Hampumep, BBITYCK Ha PHIHOK OOJIBIINX KOJTUYCCTB ATIOMUHUS
CHI', xoTopbIii ymoMHHAJICS BbILIE, B COUETAHUU C MOCASACTBUSIMU MUPOBOTO SKOHOMMU-
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Tabnuua 1.3. MupoBoe Npon3BOACTBO NEPBUYHOIO antomuHust B 1996, 2000 1 2004 rogax (aaHHble
MexpayHapogHOro MHCTUTYTa anioMuHus B JToHOOHE)

1996 2000 2004
Adpuka 1015 1178 1711
Asuns 1624 2221 2735
KnTan ? 2794 6 589
3BanapHas EBpona 3192 3801 4 295
BoctouHas EBpona (Bknovas PD) 3185 3 689 4138
INaTnHckas Amepuka 2107 2167 2 356
CeBepHasa Amepuka 5 860 6 041 5110
OkeaHus 1656 2 094 2 246

Toicaun MCTPUUYCCKUX TOHH

yeckoro craja B Hayajie 1990-X rogoB npuBes K MaJeHNIo LEeHbI aTIOMUHMST CO CPEIHETO
ypoBHs 1675 nonapoB CILA 3a Tonny B 1990 romy no ypoBhst MeHee 1100 gomapos CIITA
B 1993 romy. OgHUM M3 MOCIAEACTBUI 3TOTO OBUIO 3aKPHITHE HEKOTOPHIX 3aIlaHBIX aJTio-
MMHUEBBIX 3aBOJOB, COKpAIIICHIE KOJIMUYECTBA IPYTUX TIPESAIIPUATHIA, TaXKe TIPH TOM YTO
amoMmuHueBblie 3aBoabl B CHI B 1ie1oM cuutanuck MeHee 3¢ ¢GeKTMBHLIMU. B TeueHue ae-
carueTys ¢ 1995 mo 2004 ron eHs! Ha JIOHIOHCKOM OMpXKe MEeTaJJIOB HAXOIWJINCH B IIpe-
nenax ot 1325 nonnapos CIIA 3a TonHy B 1999 roay no 1806 moyutapos CILIA B 1995 rony,
MPU 3TOM CPEIHSIS 1IeHa 3a Bech Iepuof, coctasmia 1506 nomtapos CIIA.

Ha mporsckenun mecsatunetust ¢ 1983 roma mo 1993 ron 1ieHa MarHusi ocTaBajach
OTHOCUTEJILHO ITOCTOSTHHOM M TT0 BECy B cpeaHeM Oblia IIPUOIU3UTEIBEHO B IBa pasa
OoJiblle LIeHbI aTioMuHusI. OTHAKO MePEeMEHUMBOCTD LICHBI aJIIOMUHUS O3Havaja, yTo
COOTHOIICHME IIEHBI MATHUSI U LICHBI AIIOMUHUS BpeMEHaMU K0J1e0aj1oCh OT 2,5 10 YpOB-
HSI 9yTh HIDKE 1,5, T.€. BEJIMIMHBI, IPU KOTOPOI MarHWil CTAHOBUTCSI KOHKYPEHTOCITO-
COOHBIM MO 00beMy. TpyaHO TakxKe caeaTh MpsSAMOe CpaBHEHUE CTOMMOCTHU allOMM-
HUSI CO CTaJIbIO M3-3a Pa3JIMINiA B INIOTHOCTH, XOTSI MOXXHO OTMETHUTD, UTO JIUCT U3 aJIi0-
MHWHHIEBOTO CIIaBa, KaK IMPaBUJIO, B TPU-YETBIPE pas3a JOPOXKe JIUCTA U3 MATKOM CTaIn
TaKOro e Beca. DTOT Mepena LieH COKpaIlaeTcs Py U3TOTOBACHUN U3ACIUNA U3 Te-
pepaboOTaHHOTO MeTaJljla WX B CIydae TaKUX M3ICIUIA, TSI KOTOPBIX 00heM MJIU TUIO-
IIaIb SIBJISIOTCS OCHOBHBIMU (PaKTOPaMU.

B GOoNBIIMHCTBE CTpaH aIIlOMUHMIA UCIIOJIb3YeTCs B MSITU OCHOBHBIX 001aCTSIX: CTPO-
WUTEJILCTBO M MOHTaXXHbBIC PAaOOTHI; KOHTEMHEPHI 1 YIIAKOBKA; TPAHCIIOPT; 3JICKTPUUEC-
K€ MPOBOIHUKN; MAIlTMHBI 1 000pynoBaHue. COOTHOIICHNE MEXKIY 3TUMH O0JIaCTIMU
B pa3HbIX CTpaHaX 3HAYUTEJbHO OTJIMYAETCS B 3aBUCMMOCTHY OT YPOBHE MHIYCTpUAI-
3alMU 1 9KOHOMMYECKOTro GarococtosiHus. B kauecTBe mpumepa Ha puc. 1.5 maercs
cpaBHeHUE OTpedieHus amoMuHus B 2002 roiy ABYX CErOAHSIITHUX KPYTTHEUIIIMX CTpaH-
norpedutesieit aToro metamia, 1.e. CoeauHeHHbIX LltaroB u Kurtas. B CoennHeHHBIX
IlTatax TpaHcropt (31,6%) cras OCHOBHBIM TIOTPEOUTENIEM; 32 HUM CJIIyeT YITaKOBKa
(20,7%), B TO BpeMsI KaK IECATh JIET TOMY Ha3aa MMEJIO MECTO OOpaTHOE IOJIOXKEHUE.
B Kurae pblHOK B 3HaYUTEIbHOI CTEIEHU OPUEHTUPOBAH Ha CTPOUTEILCTBO U MOHTAXK-
Hble paboThl (33%), B TO BpeMsi KaK Ha YIIaKOBKY npuxonutcs 8%. TpaHcrnopT moTpeou
24% amoMUHUsI, UCITONb30BaHHOrO B KuTtae, 1 MHTEPECHO OTMETUTh, 4TO, eciii B Co-
equHeHHbIX [l TaTax B 2003 rogy Ha kaxkayio 1000 yeioBeK MPUXOAUIOCH TPUOIUZUTEIBHO
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800 aBromoburei, B Kurae ata undpa cocranisuia MmeHee 20. Cambliil 00JIbIION TTOTEH-
AT JUT JATbHEHIIETO pocTa MOTPeOIeHUST aTIOMIHYS, KaK HaM TIPEICTaBIIsIeTCs, Iei-
CTBUTEJILHO CBsI3aH ¢ aBToMoOmiaeM, Iipu 3ToM B CoenuHeHHbIX LlITaTax 3TOT mokazaTenb
MOBBICWICS CO CPEIHEro 3HaueHus1 8 KT Ha aBToMo0ub B 1971 romy 10 90 xr B 1994 roay u
130 xr B 2004 rony. B EBporie KoJu4ecTBO aTlOMUHUS B KaXKJIOM aBTOMOOWIIE COCTABJISI-
J10 mpuou3uTeabHo 100 kr B 2000 roay v corjiacHO HEKOTOPBIM ITPOrHO3aM AOJIKHO YBe-
mmuutbes co 150 kr B 2005 romy mo 200 xr x 2015 romy.

Kak BugHoO Ha puc. 1.4, MUpoBOe MPOU3BOJACTBO MarHUs ObIJIO OTHOCUTEBHO MO-
CTOSIHHBIM Ha ypoBHe npuoausuteabHo 250 000 ToHH B Toj B TeueHUe Oosiee ABYX Je-
CATUJICTUI, HaunHas ¢ ipuMepHo 1970 roma v BIutoTh 10 koH1a 1990-x romos. Ha mipo-
TSCKEHUUW 3TOTO TTeproa MPUOIM3UTEIFHO TPU YSTBEPTH MarHUs OBUIO M3pacXoIoBa-
HO B KaUeCTBe JIETUPYIOLINX 100aBOK I arfoMuHus (~55%), B KauecTBe obecceprBa-
ouieil 1o6aBku s ctajeit (~15%) u njis npou3BOACTBA YYTyHa C IIAPOBUIHBIM
rpaputom (~6%). Menee 20% akTHUuecKH UCIOIb30BATIOCH JJIST TIPOM3BOACTBA Mar-
HUEBBIX CILUIABOB IIPEXIE BCErO B KAYECTBE KOKMILHOIO JIMThS [IJIsI a39POKOCMUYECKOM
M TPAHCHOPTHOM oTpacieii. OaQHAKO B IIEpUOA AeCATUICTUs HaunHas ¢ 1994 roma u
BIUTOTH 10 2004 ToIa yBeTMUEHKE IIPOU3BOICTBA KOKMIHHOTO JINThS 13 MATHUEBOTO CILIa-
Ba B CpeIHEM paBHSLIOCH 16% B 101, a 00beM, UCIIOIb3YEMbIii UIS 3TOM 1IeJI1, 10 HEKOTO-
pbiM onieHKaM, B 2004 romy Beipoc 10 152 000 ToHH. DTO COCTABISLIO MPUOIU3UTEIHBHO
OIIHY TPETh BCETO BBIITYCKAEMOT0 MarHusi. MUpOBOM CIIpOC Ha MarHuii, nckmoyvas Ku-
taii u Poccuio, ¢ 2003 roga o 2004 rox Beipoc Ha 8% u coctaBui 410 000 TOHH; oxXuaa-
etcs, uto K 2010 roay on nipeseicut 500 000 ToHH. Jlo cux rop Ha necdhopMupyeMble Mar-
HUEBBIC CIUIABBI MPUXOIUIOCh OTHOCUTEBHO HE3HAYNTEIHEHOE IIPUMEHEHUE 3TOTO Me-
TaJula, IOCKOJIbKY I'eKCaroHaJbHasi KpUCTa/UIMYeCKast CTPYKTypa JejlaeT 3TU CILIaBbI Me-
Hee MOAIAIOIMMUCS TOPSTYEN WIIU XOJIOIHON 00paboTKe.

CTpouTensCTBO Tpaxcnopt
N MOHTaXHble TpaHcrnopt 24%
paboThbl 31,8%
14,6%

OnekTpo-
TeXHUKa

15%

KoHTenHepbl
1 ynakoBka

21,1%

CTpounTensCcTBO
1N MOHTaXHblE
paboThbl

33%

MaLmnHbl
n obopy-
JoBaHue

10%

OkcnopT
%

Mpoyas
npoayKuus
ObITOBOrO
HasHa4YeHUs Ynakoska

OneKkTpoTexHuka 3,6% o
630 o 5%  Dpyrue I'Ipc:)qee
ToBapbl 5%

MoTpebutensckme MallmHb! ONUTENbHOro
TOBapsbl v obopyaosarie Momnb30BaHus

ONNTENBHOro 5,8% 5%

Nonb30BaHust °

6,7%
a) 6)

Puc. 1.5. IMotpebnenue amtomunus B CoennHeHHbix LlTarax (@) u Kutae (6) B 2002 romy
(manueie Hunt, W.H., JOM, 56, No. 9, 21, 2004)
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Puc. 1.6. CooTHOILIIEHUE YAETBHOTO YCJIOBHOTO Tipeaea Tekyyectu 0,2% (oTHOLIeHUE
YCJIOBHOTO Tpefesia TeKy4eCTH K OTHOCUTENIbHOM MJIOTHOCTH) U TeMITepaTypbl
IUTSL JIETKUX CIUIABOB, CTaJIell M HUKEJIEBBIX CIIJIABOB

TuTtaH B 3HAUMTENLHBIX 00beMax He TTPOU3BOAMIICS 10 KOoHIIAa 1940-x romos, moka
€ro OTHOCHUTEJILHO HU3Kas IUIOTHOCTD M BbICOKast TouKa rmasiaeHus (1678°C) He cranu
paccMaTpUBaThC B KAYECTBE YHUKAIbHBIX U MPUBJIEKATEIbHBIX CBOMCTB ISl IIOTEH-
LIMAJIbHOM 3aMEHbI UM aJTIOMMHUS [IPU U3TOTOBJIECHUM OOIIMBKY U KOHCTPYKLUK BbI-
COKOCKOPOCTHBIX CaMOJIETOB, MOJBEPralolIUXCsl a3POAMHAMUYECKOMY HarpeBaHUIO.
B nepuon necstumnetus ¢ 1947 mo 1957 ron ObLIO BBIIEICHO MTOYTH HEOTPAHUUYCHHOE
(bmHaHCHMpPOBaHUE 1 MIPOBECHO OJHO M3 KPYIMHEHIIINX 32 BCIO UCTOPUIO METAJUTypTrH-
YECKUX UCCIIeI0BAaHMIA, TTOCBAIIIEHHOE TUTAHY U €ro ciuiaBaM. [1o HEKOTOPHIM OLIeH-
KaM, B 10T nepuon B CoequHeHHBIX [lITaTax 66110 moTpauyeHo 400 MUJIIIMOHOB AOJIIA-
poB, a ogHa u3 (pupM mposesa nzyuyeHue 6osee 3000 cruraBoB. OnWH pe3yabTaT, BbI3-
BaBIIMIA pa30o4apoBaHUE Y UCCIICIOBATENCH, 3aKII09aJICS B TOM, YTO TUTAHOBBIE CILIa-
BbI IIPOSIBJISUIM OTHOCUTEJIBHO CJIa0ble CBOMCTBA IOJI3yYECTH, SIBJISIBILIMXCSI CJICACTBUEM
XapaKTePHBIX IUISI HUX OYE€Hb BICOKMX TOUYEK TUIABJIEHUS. DTOT (haKTOp B COUYETAHUM C
BHE3aIHbIM CMEILEHUEM IIPUOPUTETOB OT YIIPABISIEMbIX YEJIOBEKOM CAMOJIETOB K YII-
paBJIsIeMOMY PAKETHOMY OPYXKMIO TIOCIIYKIJI IIPUYMHOM MaIeHUsI MHTepeca K TUTAHY B
1957—58 romax. C Tex Top BHIOOP TUTAHOBBIX CTUIABOB ISl KOHCTPYKTOPCKUX LieJieit
OCHOBBIBAJICSI Ha OoJiee pallMOHAIbHOIM 6a3e SKOHOMUYECKOM 3(h(eKTUBHOCTU U YHU -
KaJIbHOCTH OIIPeIe/IEHHbIX CBOMCTB. BhicoKas yaeabHast IPOYHOCTh TUTAHOBBIX CILIA-
BOB IT0 CPAaBHEHUIO C APYTUMHU JIETKUMM CITJIaBAMM, CTAISIMU M HUKEJICBBIMY CTUIaBaMU
rnokasaHa Ha puc. 1.6. To 06CTOATENBCTBO, YTO JAHHOE MPEUMYIIECTBO COXPAHSIETCS
o TemmnepaTtypbl pubausuTenabHo 500°C, crmocoO6CTBOBAIO BCEOOIEeMY MPU3HAHUIO
HEKOTOPBIX TUTAHOBBIX CTJIABOB B KAYECTBE MaTepurasa yisi OTBETCTBEHHBIX KOMILJIEK-
TYIOILMX ra30BbIX TYPOMH. TUTAHOBBIE CILIABBI TAKKE HAXOMST BCe OoJIee IIIMPOKOE IIPH-
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MCHEHNE B M3TOTOBJICHNY OTBETCTBEHHBIX 2JIEMEHTOB KOHCTPYKIIMU CAMOJICTOB, BKITIO-
yasg KOBaHBIC IIACCH, DJIEMEHTHI KPEIUICHUS IBUTATEJIC U BEICOKOIIPOYHBIN KPEITe:K.
TpagnMOHHO Ha TIPUMEHEHNE B a9POKOCMHUYECKOM OTpacay MPUXOAUIoCh 10 75%
TUTAHOBOIO IIPOKATa, OJHAKO 3TOT YPOBEHb B HacTosI1Iee BpeMs yiiai Huke 50%. boJib-
IIIast 9acTh OCTaBIIEiiCs JOJIM HAXOAUT BCe Oojiee IIMPOKOE IMTPUMEHEHNE B XUMUYEC-
KO 1 3HEePreTUYeCKOol OTpacisixX, Tae KJIIOUEBYIO POJIb UIPaeT MPEBOCXOAHAS KOPPO-
3MOHHAsI YCTOMYMBOCTD TUTAHA.

MupoBoe MpOU3BOJACTBO TUTAHA B BUIIE TYOKU (pazaes 1.4) 1ToCTUII0 MUKOBOIO 3HA-
yeHus1, paBHoro npuoausuteabHo 180 000 ToHH, B cepeauHe 1980-X romoB, Koraa xo-
JIOMHAsI BOTHA OKa3bIBaJIa JOMUHUPYIOIIee BIusHIE, a K 2002 rogy OHO COCTaBUIIO BCETO
JIAIIB TIOJIOBUHY TOM LIUMPEL. B 3T0 BpeMss MUpOBOE TTPOM3BOICTBO TUTAHA U TTPOKATa
M3 TUTAHOBBIX CITJIaBOB paBHsI0Ch 57 000 TOHH M COMTacHO MPOrHO3aM JIOKHO TIOCTUT-
HyTb 80 000 ToHH B 2010 romy. B 2002 romy CIIA (28%), CHI (26%) u SAnonus (25%)
noctaBuiy 1outu 80% Bcero MUPOBOro TUTaHOBOro npokata. Kuraii (7%) B T0 Bpems
OBLI MSITHIM I10 BeJIMYMHE IMPOM3BOAMUTEIEM, IIPU 3TOM B HACTOSIIIIEE BPEMSI peaIu3yIOTCS
1iaHel yaBoeHus Beimycka ¢ 7 000 TorH B 2003 romy mo 14 000 TorH K 2010 romy.

1.1.4. Ilepepabomka

B cuny moHumanusi Toro akTa, YT0 UCTOYHUKU MUHEPATBHOTO ChIPbsI HE SIBISIIOTCS
0eCKOHEYHBIMHU, TIepepaboTKe KaK CPElICTBY SKOHOMUU METAJUIOB B HACTOSIIIIEE BPEMsI
yaesieTcs MHOTO BHUMaHUsI, PaBHO KakK COKPAIIEHWIO KOJIMYeCTBA SHEPIMU 1 BHIOPO-
COB IMTAPHUKOBBIX 'A30B, COMYTCTBYIOLIMX 100bIYEe METAJUIOB. PacueT 3HaYMTEIbHOTO BO3-
JeCTBYUS, KOTOPOE IOJIST TIepepabOTKM MOXKET OKa3bIBaTh Ha OCTAIOIIMECS 3aachl psia
METaJUIOB, MOKa3aH Ha puc. 1.7 Ha OCHOBE M3BECTHBIX pe3epBoB. Hampumep, B ciyvae
AIIIOMUHMS TIPOTHO3UPYETCSI, UTO J0Js TlepepaboTKu, paBHast 50%, mo3posuia b1 o6ec-
TeYUTh TTPOAOJKUATEIBHOCTD 3a11acoB B TeUeHUE NMPpuoImM3uTeasHo 320 jieT, B TO Bpems

2 800 | 1 Antomurmin

8 700

3

z 600

% 500

% 400 YyryH/cTanb

g 300

E 200 [ Hukenb
Menb

e 100 CsuHel,
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[onsa nepepabotku, %

Puc. 1.7. PacueTHOE COOTHOIIEHUE MEXIY OCTABIIMMUCS FOIaMK UCIIOJb30BaHMS 3aria-
COB HEKOTOPBIX METAJUIOB U IOJISIMU IIepepabOTKI, UCXOIS M3 N3BECTHBIX 3alla-
COB MUHEpaJbHOTO Chipbs (¢ pa3peweHus Jxx. Pankuna u T. Hopreiita, Opra-
HU3aLKs HAYYHBIX U IIPOMBILUIEHHBIX MccaenoBannii bpuranckoro Coopyske-
cTtBa Hauuii, OTaeseHue MuHepasoB, MeaboypH)
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Kak jouist, paBHast 80%, 11o3BoJinjIa Obl YBEJIMYKUTD 3Ty IIPOJOJIKUTEIBHOCTD 00JIee YeM
no 800 net. B Coenqunennpix Ilrarax, SAnonnu u 6onbiieit vactu EBporbl BBeICHBI
HEKOTOpPbIC OTpaHMUYCHUsI, TpeOyIolMe IepepadaThiBaTh MaTepUabl, KCIIOJIb3yeMbIe
JIJIS1 TIOTPEOUTENBCKUX BUIOB MPOAYKIIMU, OOPATHO B T€ XK€ CaMble€ BUIbI MPOIYKIIUU.
C 2006 roga, nanpumep, Esponeiickuii Coro3 BBeAET B A€MICTBUE TPEOOBAHKE, TI0 KOTOPO-
My JI0JIS1 METAJUIOB, YTMIM3UPYEMBIX JIJIsl [IOBTOPHOIO MCIIOIb30BAHUSI U3 CTAPbIX ABTOMO-
Ousieii, JoJDKHA OBITh YBEJIMUEHA 110 KpaiiHel Mepe 10 85% cpemHero Beca aBTOMOOMIIS.

CTtuMya U151 TIepepabOTKU JIETKUX METa/UIOB SIBJISIETCSI OCOOEHHO MOIIHBIM, I10-
CKOJIbKY TIEpBUYHBIC 3aTPaThl HA UX IIPOM3BOMICTBO SIBIISIOTCS OTHOCUTEIBHO BHICOKH -
mu. JJis1 almoMuHMS eperUiaBKa jioMa TpedyeT MpUMepHo 5% Toil sHepruu, Koropast
HeoOxoauMa JJjisl JOObIYM TOTO K& CaMOro Beca MEePBUUYHOr0 MeTajja U3 OOKCUTHOM
pyabl. B HacTosiiiee BpeMsi COOTHOILIEHUE MEXAY BTOPUYHBIM (JIOMOM) 1 IEPBUYHBIM
aIOMMHUEM COCTaBjisieT npuOanu3uTebHO 30%, 4TO 3HAYMTENIBHO HUXKE KOJIUYECTBA,
BOCCTAaHaB/IMBAEMOIo U3 CcTajau wind Mean. OQHAKo, KakK BUAHO U3 Tabl. 1.4, oTHOCHU-
TeJIbHO JOJITUI CPOK CITY>KObI HEKOTOPBIX aJIIOMUHUICOASPKALLIMX U3ACTNI MOXKET OT-
paHUYMBATh ITOCTAaBKU MCIIOJIb30BAHHOIO MeTalljia.

Jlerkwme cruraBbI B LIEJIOM, IEUCTBUTEILHO, IIPEACTABIISIIOT COOOI OTIpeaeICHHYIO IPO-
GJieMy, ITIOCKOJIbKY OHM HE MOT'YT OYMILATHCS, T.€. JISTUPYIOLIKUE JIEMEHTHI HE MOI'YT U3-
BJICKATHCSI WU yaaisaThes. ClienoBaTeIbHO, €CJIU CIUIABbI JJIS1 KOHKPETHBIX U3ICIUid He
OYIyT OTIENISATHCS U OTPAaHUIMBATHCSI 3aKPHITOI CXeMOI, ITepeIuIaBKa, Kak IpaBuiIo, TIpH-
BOIUT K YXYOIICHUIO UX KauyecTBa. B cilyyae aTfloMIMHUEBBIX CIUIABOB ITePEIIIaBICHHBIN
OOBIYHbIIA CKpAIl IIABHBIM 00Pa30M UCITOIb3YETCS IS IMTEIMHBIX LIEXOB, KOTOPLIE, B CBOIO
oyepeb, MOTYT IepepadoTaTh TOJILKO ONpene/eHHOE KOJIMYECTBO cKparna. Takum obpa-
30M, CYIIIECTBYET HEOOXOMMMOCTh IepepabOTKI OOJIBIIETO KOJIMUECTBA BTOPUIHBIX aJTi0-
MWHHEBBIX CIUIABOB B JIMTHIC 3arOTOBKHU, MCIIOJIB3YeMEbIC IS TIPOU3BOACTBA AcHopMu-
PYeMBbIX MaTepUaioB. B 9TOM OTHOIIEHUM aIIOMUHMI 00ECIIeYMBAET CAMYIO BBICOKYIO
CTOMMOCTb JII000TO0 MnepepadaThIBAEMOTO YIIAKOBOYHOI'O MaTepuaa, u, Harpumep, ad-
(hbeKTUBHBIN cOOpP TSI TIPOM3BOJACTBA Tapbl M3TOTOBICHHBIX MOJHOCTHIO U3 aJTIOMM-
HUEBOTO CIUIaBa 0AHOK IJIST HAIIUTKOB MMEET CYIISCTBEHHOE 3HAUCHME IS ycIiexa

Tabnuua 1.4.mobarnbHble pacyeTbl CPOKOB CryXO6bl U Jonv nepepaboTkn U3nenuin n3 antoMmnHus
(c paspelleHns MexgyHapopHOro MHCTUTYTa antoMUHWS, JTOHOOH)

CpenHuii CpepHsas pons
OCHOBHble KOHEUHbIE PbIHKMN CpoK cnyx6bl, nepepaboTku,
rogbl NPOLIEHTbI

CTpouTenbCTBO U MOHTaXHble paboThbl 25-50 80-85
TpaHcrnopT — nerkoeble aBTOMOGUIN 10-15 90-95
TpaHcnopT — aspokocMuyeckas 15-25 90-95
NPOMBILWNEHHOCTb
TpaHcnopT — MOpPCKOW 15-40 40-90
TpaHcnopT — rpy3oBble aBTOMOOUNN, 15-30 50-90
aBTOOYChbI, XenesHble JOporun
MalwnHocTpoeHne — MaluvHbl U CTaHKK 10-30 30-90
MawmnHocTpoeHne — anekTpuyeckne 10-50 40-80
CUCTEeMbI
YnakoBka — 6aHKu 0,1-1,0 30-90
YnakoBka — ¢ponbra 0,1-1,0 20-90
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1 KOHKYPEHTOCIIOCOOHOCTHU 3TOM npoayKuuu (paszaes 3.6.5). B Mupe yeTbipe U3 KaxKIbIX
MSITH 0AHOK VIS HAIIMTKOB M3TOTOBJISIIOTCS U3 AIIOMUHMEBBIX CIUIABOB, M CETOMHSIIIHSIS
JIOJIS TIepepabOTKU B cpeaHeM cocTaBisieT 55%. B HacTosiiee Bpemst ata 1udpa IpeBbi-
maet 70% B CoeauneHHbIx Ll tarax u goxomnut 10 90% B LlBeuuu u LlBeiinapuu.
CxeMa, Ha KOTOPOIt M300pazkeHa ITOIBITKA ITPEACTaBUTH CII0KHBIC B3AMMOICUCTBHS,
KacalollKecs POM3BOICTBA, UCIIOIb30BAHMS U ITIepepabOTKU aTIOMUHUS, I0Ka3aHa Ha
puc. 1.8. ABTOMOOUIIbHASI MPOMBIIIIEHHOCTh B HACTOSIIIIEE BpeMsl SIBJISETCS BTOPbIM
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Puc. 1.8. Cxemarnueckoe n300pakeHe B3aUMOACHCTBYS BUAOB IIPUMEHEHUS U Tiepepa-
OOTKM B aJIlOMMHUEBOM IMPOU3BOACTBE (¢ pa3peieHust A. ['ecuHra)




1.2. IIpouzeodcmeo anrromuHus J

10 BEJIMYMHE TTOCTABIIMKOM JIOMAa M3 AJIIOMUHMEBBIX CTJIABOB, XOTSI €T0 COPTUPOBKA 1
OTIeJICHUE OT OIPYIMX MaTepHaoB IIOCE TOro, KaK BRIOPOIIICHHBIC aBTOMOOWIIHN IO -
BEepraloTcs pe3ke Ha MEeJIKUE YacTH, MPEACTaBIsIeT TeXHUUECKME CIOKHOCTU. B HacTo-
siee BpeMsi OObIYHO UCTIONb3YyIoTes (hiioTalimoHHble MeToabl. B EBponeiickom Corose
B 2002 roay ObUIO BOCCTaHOBJIEHO MpUMepHO 90% aBTOMOOMJIBHBIX aTIOMUHUEBBIX
CILIABOB 110 cpaBHEHUIO ¢ 80%, KOTOpbIE ObUIM BOCCTAHOBJIEHBI U3 CTPOUTEIbHbBIX U3-
JIEJIUIA U 3JICKTPUYCCKUX IIPUOOPOB, U TOJIbKO 40% OBLIO BOCCTAHOBJICHO U3 YIIAKOBOY-
HBIX MaTepuajioB. AmoMuHueBast orpacib B CoenmHeHHBIX IllTaTax mocraBuia 1meib
nooutbest 100-npoLieHTHOM TepepaboTKu alloMUMHUEBbIX cI1aBoB K 2020 roay. Takast
cMenasi 3a1ada moTpedyeT KPYIMHbBIX TEXHUYECKUX JOCTUKEHU I, TTTABHBIM 00pa3oM pas3-
pabOTKy HEIOPOTOCTOSIIEH TEXHOJOIMY OUMCTKU METajllIa, TaK YTOOBI IepepaboTaH-
HBII CKpall MOT CTaTh UCTOYHUKOM TEPBUYHOTO AJTIOMUHMSL.

B 2004 roay mpuOaM3UTEILHO TTOJIOBUHA MUPOBOTO BBIMTYCKA MAarHusl MCMOJIb30Ba-
JIach B KaU4eCTBE JISTHPYIOIICH 700aBKM K aTIOMUHUIIO, M OOJIbIIAsI YacTh €ro rnepepada-
TBIBACTCS HAPSIIy C STUMU CTUIaBaMu. JIpyrumu cioBaMu, mepepadoTKa JoMa U3 MarHu-
©BbIX CILIABOB SIBJISIETCS MEHEe pa3pabOTaHHOM, YeM MepepadoTKa aJlOMUHMS U3-3a Bbl-
COKOI XUMUYECKOM aKTMBHOCTY MAaTHMSI IO OTHOIICHHUIO K KUCIOPOAY U a30Ty U M3-3a
Mpo0JIeM, CBA3aHHBIX C TIPUMECSIMHU TaKMX METAJUIOB, KaK MeIb M HUKEJIb, KOTOPEIC OT-
PULIATEILHO CKa3bIBAIOTCSI Ha KOPPO3UIMHOM CTOMKOCTU. YUCTBII U OTCOPTUPOBAHHbII
JIOM U3 MarHUeBBIX CIUIABOB, IMOJYyYaeMbI M3 CTOSIKOB, MPUOBLICH U APYTUX OTXOIOB
MPOIIECCOB JINThSI, MOXKET MepepadaThIBaThCS HA OTAETBHBIX JIUTEHHBIX TTPEIITPUSTUSX.
Jpyroii ckpam OObIYHO MEepeIUIaBIsieTCs MOA OYMINAKIIUM (JIIOCOM, COCTOSIIUM U3
CMecCH IIeIoUeH U XJIOPUIOB U (DTOPUIOB IIETOUYHBIX U IIEJIOYHO3EMEIBHBIX METAJLIOB.
J17151 MaKCMMaJIbBHOTO BOCCTAHOBJICHUSI METAJIJIOB M YMEHBIIICHUST TOKCUYHBIX Ta30B XKe-
JIaTeJIbHO YAAJIUTh MOBEPXHOCTHBIC IMOKPBITUS, B YaCTHOCTU, TaKue KaK Kpacka, JaK u
MacJio, B pe3y/IbTaTe Yero CTOMMOCTD IepepadOTKM Bo3pacTaeT. 3-3a BEICOKOIO IaBiie-
HUS MapoB MarHusi U OTHOCUTENIbHO HM3KOM Touku kuneHus (1090°C) apuctumnsius
MOXET 00€CIeUUTh MEePCIEKTUBHOE aIbTePHATUBHOE pellleHUE MPOOJIeMbl yaaaeHuUs
mpumeceit n3 toma. OHa MOXET TaKKe IIPEIOCTaBUTh BOZMOXKHOCTD ITOJTYICHUS YUCTOTO
MarHus U3 CIUIaBOB, UTO SIBJISICTCS MEHEe 11eJ1eCO00pa3HbIM [UTS aTIOMUHUS MJIU TUTAHA
(touku kuneHus 2520 u 3289°C cOOTBETCTBEHHO).

MeHnblile BHUMaHUS YACISIIIOCH U YASISIETCS IIepepadoTKe TUTAHOBBIX CIUIABOB HE-
CMOTpS Ha TO, YTO B cpeaHeM ToybKO 0,4 KI KaxabIX 1,3 KT THTAaHOBOI I'yOKM B KOHEY-
HOM MTOTE OKa3bIBACTCS B TOTOBOI MPOAYKIIMU. BhICOKOKaUeCTBEHHBII JIOM U3 TUTa-
HOBOTO CITJIaBa MOKET OBITh MEPeIIaBIeH B IIpeae/Iax 3aMKHYTOM CXeMBI B CIIMTKH WJIN
cs1061. JIpyroii oM, BKITIOYasi TyOKY, MOKET UCTIOJIb30BAThCS JJIsT TIPOU3BOJICTBA (hep-
poTuTaHa 11 100ABOK K CITeLIMaJIbHbIM CTaJISIM.

1.2. MNpounseopcTeo antoMmMHMS

XOTs alIOMUHUI B HACTOSIIIIEE BPeMsI — 3TO BTOPOI1 caMblil TPUMEHSIEMbII MeTaJlJI, OH
SIBJISIETCS CPABHUTEJIbHBIM HOBUYKOM CPEIN PACTIPOCTPAHEHHBIX METAJJIOB U3-3a TPYI-
HOCTel TOOBIUM ero U3 pynbl. B oTanuue oT xkene3a, HampuMep, OH HACTOJbKO ITPOYHO
COGIMHSIETCS C KUCIOPOAOM, YTO BOCCTAHOBUTD €0 YIJIEPOIOM HEBO3MOXKHO. [Ipumec-
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Hast hopma aTroMUHUS OblTa BriepBbie BoieseHa B 1809 romy B AHrmu capom Xambpu
JeiiB1, KOTOPYIO OH MOJYYMI U3 aJIOMUHUEBBIX KBACLIOB, COIM OuCy/IbdaTa alioMu-
Hust. OH Ha3BaJl 3TOT HOBBII METAJL1 «aJIIOMUHYMOM», U 9TO Ha3BaHUE MO-IIPEKHEMY
ucnoub3yeTrcs B CoenuHeHHbIX [ TaTax, B To BpeMs Kak B EBporie 1 00JbIIMHCTBE APY-
TUX CTPaH OH M3BECTEH KaK «aJIIOMUHUI».

IlepBoe KOMMepUecKOe IIPOU3BOACTBO ATIOMUHUS ObUIO OCYIeCTBIeHO BO DpaH-
1y B 1855 rony, xoraa I'. Cant-Knsp JdeBuiib BOCCTAaHOBUII XJI0PUI, aTIOMUHUS Ha-
TpreM. M Kak yacTo ObIBaeT, MOTEHIIMAIbHOE BOGHHOE IIPUMEHEHKE 3TOT0 HOBOTO Me-
TajlJla 00eCneynsio eMy roCyaapCTBEHHYIO MOAAEePXKKY, Tak Kak Hamoneon 111 yBuaen
BO3MOXHOCTb IPUMEHEHUSI aJIOMUHHSI B KAUeCTBE MaTepuasa aJist 00JIer4YeHHbIX 10C-
nexoB. B mepuon ¢ 1855 mo 1859 roa neHa oqHOTO KUjaorpaMma aJlOMUHUS yIaja C
6osee 500 mosnapos g0 40 gonapoB, HO, KaK CBUAETENLCTBYIOT UCTOPUKU, UMITEPATOP
HE MOJIYYMJT HUYEro, KpOMe HeCKOJBKIX ACKOPAaTUBHBIX BOCHHBIX IIIJICMOB, aTIOMUHU -
€BOro 00eIEHHOI0 CepBMU3a ¥ HECKOJIbKUX aJTIOMUHUEBBIX UIPYILIEK IJIsl AeTEi UMIIe-
paTopcKoro ABopa. AJIOMUHMIA, TIPOU3BOAMMBII 10 TexHoaoruu Canrt-Kiapa leBui-
JIsI, UMEJT YUCTOTY MeHee 95% U oKazajics JOpoXe, YeM B TO BpeMsl CTOMJIO 30J10TO.

HesaBucumeble ncciienoBanust, mpopeaeHHbIe B 1886 rony Xosutom B CoeIMHEHHBIX
Iltarax u Bpy Bo @paHLMK, IPUBEIU K pa3pab0oTKe SKOHOMUYHOTO METO/A DJIEKTPOIM-
TUYECKOT'O BBIICJICHUSI OTHOCUTEILHO BBICOKOYKMCTOIO aJIFOMUHUSI, KOTOPbIIA 10 CUX ITIOP
ocTaeTcsi OCHOBO# ero npousBoacTBa. K 1888 roay 1ieHa ynana 1o MeHee 4 10Ju1apoB 3a
KWJIOTpaMM, a B ITOCJIeIHEE BpeMsT OHa KoJiehJieTcs B Tipefiesiax oT 1 10 2 J0JU1apoB 3a
KUJIOTPaMM.

AJOMUHMIT TOOBIBaeTCS U3 OOKCUTA, KOTOPBIN ObUT OTKPHIT (PpaHIIy3CKUM XUMMU-
koM I1. Beptbe 1 Ha3BaH B yecTh ropona Jle bo B [1posance, KOxnast ®pantius, rjue Briep-
BbIe ObLTa JOOBITA pyaa. BOKCUT — 3TO KOHEUHBIN TTPOAYKT BO3ACMCTBUSI OKPYKAIOIIEH
Cpelbl U IOrOAHBIX YCIOBMIA B TeYeHIE MIJLIMOHOB JIET HA IIOBEPXHOCTh CUJIMKATOB aJIi0-
MMHUS (HallpuMep, MOJIEBBIX LIIATOB) U HA IJIMHSIHbIC MUHEPaJIbl OOIYHO B TPOITMYEC-
Kux 30HaX. OCHOBHbIE aTIOMUHUEHOCHBIE MMHEPAJIBI B OOKCUTE CYIIECTBYIOT B BUIC He-
CKOJIbKMX (hOPM TUAPATUPOBAHHOTO OKMCJA aJlOMUHUSI, B OCHOBHOM rubocura
(ALO,-3H,0), KOTOpBI# TaKKE M3BECTEH MO HA3BAHMEM IMAPAPTUILINTA W TPUTHAPA-
Ta, a Takxke 6emura (Al,0,-H,0), KOTOpLIi TaKXe U3BECTEH O]l HA3BAHUEM MOHOTUI -
pata. PeanbHbIii XUMUYECKMI1 COCTAB 3aBUCUT OT MECTOHAXOXKICHUS M TE€OJJOTUM KaxK-
JIOTO MECTOPOXKAeHUsI. BOKCUTBI, 1OObIBaEMbI€ TPOCTO MOCPEACTBOM KapbepHON pa3-
paboOTKY 1 MMEIOIIKE caMmble 0OJIbIINE U3BECTHBIC 3aI1aChl, CYLLECTBYIOT B ABCTpaIu,
rae B 2004 rony npousseaeHo 38% (55,6 MUJUIMOHOB TOHH) MUPOBOI'O ITPOM3BOICTBA,
3ateM ciaenyet [aitana — 10,6%, SAmaiika — 9,25%, bpaswinsa — 9,0% u Kurait — 8,6%.

Kak npasuiio, pyanbie Tena cogepxar 30—60% runpatuposannoro Al,O, BMecTe ¢
MIPUMECSIMU OKMCJIOB XeJjie3a, KpeMHe3eMa M OKMCcH TuTaHa. OXUOoaeTcs, YTo 3amachl
BBICOKOKAaYECTBEHHBIX OOKCUTOB C HU3KHM COJIEPXKaHMEM KpeMHe3eMa OyIyT UCTOLIE -
Hbl yepe3 20—30 yer. Korma ctaHeT HEOOXOAMMbBIM MCITOJb30BaTh MapKU OOKCUTA C
TTOBBIIIEHHBIM COJIEpXKaHWEM KpeMHe3eMa, pyay BHavajie TToTpebyeTcst repepadbaThl-
BaTh [IJIs1 YIAJICHUS 9TOM IIPUMECH, YTO IIPUBEAET K AOMOJHUTEIbHBIM 3aTpaTaM. OauH
13 METOAOB IepepabdoTKu, pa3padboTaHHblil B Poccuu, Ha3bIBaeTCsl TEPMOXMMUUECKHUM
IIEJTOYHBIM KOHANIIMOHUPOoBaHUEM. OH BKJTIOYaeT 00KUT OOKCUTA TIPU BBICOKUX TEM-
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reparypax sl TOTo, YTOOBI IIPEBPATUTh ABa CAMBIX BaXKHBIX KPEMHE3eMOCOIEPKAIIINX
MMHepaJsia, KaOJIMHUT W KBapll, B IPOIYKTHI, CITOCOOHBIC PACTBOPSITHCS B KayCTUUEC-
KO coze.

OrpoMHBIC KOJMYECTBA aTIOMUHUS TaKKe MPUCYTCTBYIOT B TJIMHAX, CJIAHIIAX U
JIPYTUX MUHEpasiax, a aM(pOTepHBII XapakTep aIFOMUHUS JaeT BO3MOXKHOCTD UCITOJIb-
30BaTh KaK KMCJIOTHbBIC, TaK U IIIEJOUYHbIE TIPOLIECCHI ISl €ro BoccTaHOBIeHuUs. Ha-
IIpUMepP, HEKOTOPOE BpeMsl YASISIIOCh BHUMaHNE KUCIOTHOM TOOBIYE IIIMHO3eMA U3
KaoJIMHUTA, KOTOPBIA IIIMPOKO PACIIpOCTPaHEH B BUIE TJIMHUCTOIO MUHEpaia U SIB-
JIIETCSA OCHOBHBIM KOMIIOHEHTOM 30JIbI B yriie. Munepansl, Hedenun, Na, K(AISiO,),
u anynut, KAl, (S0,), (OH),, mogseprarorca npoMbinuieHHo nepepaborke B CHI
Ha 3aBOJIaX, PacOJOXEHHBIX B peTMOHAX, YIAJICHHBIX OT UCTOUHUKOB OOKCHUTOB.
OnHako INIMHO3eM, IOJydyaeMblil U3 3TUX U APYTUX aJbTePHATUBHBIX UCTOYHUKOB,
saBisieTcs B 1,5—2,5 pa3a qopoxe INIMHO3eMa, IIPOU3BOAUMOTIO ITOCPEICTBOM IIPOIIEC-
ca baiiepa, onrcaHue KOTOPOro MPUBOIUTCS HIXKE.

1.2.1. Ilpouecc baiiepa 045 u3eaevenus 2aunozema

IMpouecc Baiiepa 611 pa3paboTtaH 1 3anateHToBaH B ABcTprn Kapiom Mo3sedom Baii-
epoM B 1888 roay 1 B CYIIHOCTU BKJIIOUAET BapKy U3MEIbUYEHHBIX O0OKCUTOB B KOHIIEH-
TPUPOBAHHBIX PacTBOpaX TMAPOKCHUIA HATpuUs Tipu TeMrepatypax a0 240°C. bomnbinas
4acTh IJIMHO3eMa PAaCcTBOPSIETCS, OCTABJIsISl HEPACTBOPUMBIIM OCalOK, U3BECTHBIN MOJ
Ha3BaHUEM «KPACHOIi Ipsi3u», KOTOpasi IJIaBHBIM 00pa30M BKJIIOUAET OKUCJIbI XeJie3a U
KpeMHe3eMa 1 yIaIsieTcs TocpeacTBOM dhrubTpaiimu. KoHKpeTHas KOHIIEHTpaIus TUT -
pOKCHa HaTpUsI, a TAKXKE TEMIIEpaTypa U NaBjieHue o0pabOTKNA ONTUMU3UPYIOTCS B
3aBUCHMMOCTH OT Xapakrepa O0OKCHUTHOM py/bl, IJTaBHBIM 00Pa30M COOTBETCTBYIOIIUX
MPOTOPIIMIA pa3NMIHBIX (hOpM TIMHO3eMa (o, B WK y). DTa TiepBas CTaaus Mpoiecca
Baiiepa MoxeT OBbITb BhIpaXkKeHa CJICAYIOIIUM YPaBHEHHUEM:

AlLO;-xH,0 + 2NaOH — 2NaAlO, + (x + 1)H,0.

Jlanee, Ha BTOPO# CTaauM, YCAOBUS PETYJUPYIOTCS TaKMM 00pa3oM, YTOObI peak-
LIWST PEBEPCUPOBAIACH. DTO HA3BIBACTCS CTaAWEH PA3IOXKECHUS:

2NaAlO, + 2H,0 — 2NaOH + Al,0,3H,0.

OOpaTHast peakiimsi JOCTUTAeTCsl TTIOCPECTBOM OXJIaKICHMSI pacTBOpa M 3aTPaBKU
kpucramtamu tpuruapara, Al,O,-3H,0, B 11e1ax ycKOpeHUs 0CakIEeHUSA JaHHOTO CO-
eIMHEeHUs B BUJIE MEJIKUX YAaCTHUIL, a He B BUE refisl. PaznoxkeHue oObIYHO OCYIIECTB-
ssieTcst npuoan3uTeabHo rmpu 50°C B MeIUIEHHO MepeMeIInBaeMbIX COCYAaX, 1 TSI TOTO,
YTOOBI PA3JI0KEHME 3aBEPIINIIOCH, MOXKET ToTpeboBathes 10 30 yacos. Tpuruapar yaa-
JISIETCSI M CMbIBAeTCsI, [TPU 9TOM PACTBOP THAPOKCUIA HATPUS BO3BpaliaeTcst 00paTHO B
aBTOKJIABBHI.

3aTeM MIMHO3eM TOIy4YaloT MyTeM MPOKAJIMBAHUST TPUTHAPATA BO BpaIIalONINXCS
00KMTOBBIX MeYax Wiu, B IoceIHee BpeMsi, B KUTIsiieM cioe. [IpokanuBaHue npouc-
XOJIUT B JIBE CTAJMU, TIPU 3TOM OOJIbIIIAsl YACTh BOJBI HA CTAJMM KPUCTAUIM3AIUY YA~
JIgeTcs B Mpejiesiax TeMiieparypHoro auamnasona ot 400 o 600°C. B pesynbrate mosy-



@ Thaea 1. Jleekue memannoi

YyaeTcs IIIMHO3eM B 00Jiee XUMUYECKU aKTUBHOM y-(hopMe, KOTOPBIH, B pe3yIbTaTe 1ajb-
Helilero HarpeBaHus 10 Temmneparyp nopsiaka 1200°C, npeBpaniaetcs 4aCTUYHO WIU
MOJIHOCTbIO B OTHOCUTEIBLHO MHEPTHBIN o-TirMHO3eM. Kaxnast ¢oopma uMeer pa3any-
Hble (DU3NUECKUEe XapaKTePUCTUKU, U OTIETbHbIC ATIOMUHUEBBIC 3aBOJbI MOTYT TIpe-
JIyCMaTpUBaTh B CBOEI TEXHOJOTUU PA3TMIHBIC CMECH O~ M Y-TJIMHO3eMOB. Kak npaBu-
JI0, mpolecc baiiepa mo3BoJIsIeT MOIYYUTh [NIMHO3EM IUIaBUJIbHBIX COPTOB C COACpXKa-
Huem Al O, B penenax ot 99,3 u 99,7%.

B 2004 roay o01ie MOLIHOCTU 3aBOAOB 151 paMHUPOBAHUS IIMHO3EMa BO BCEM
MMPE COCTAaBUIU 65 MUJUIMOHOB TOHH B rof. I1puGiIn3uTeIbHO OHa TPETh BCETO IJIM-
HO3eMa B Mupe ObLIa Tpou3BeeHa B ABCTPAINU, TJIe UMEETCSI TPU KPYITHEUIIINX 3aBO-
Ja 151 pahMHUPOBAHUSI IJIMHO3€Ma, MOIITHOCTb KOTOPBIX HAXOAUTCS B Ipeiesiax ot 3,25
1o 3,75 MAIIMOHA TOHH, a OMH 13 HUX TIepecTpanBaeTcs C Leblo JOCTUXEHUS TIPO-
W3BOIUTEIBHOCTU 4 MUJUIMOHA TOHH B ToA. B OOJIBIIMHCTBE cTpaH 3aTpaThl HA IIPOU3-
BOJICTBO OHOI TOHHBI altoMUHUS cocTaBisitoT 180—200 posiapos.

1.2.2. IIpou3eodcmeo arromunus nocpedcmeom npouecca Xoaia-Ipy

I'muHO3eM MMeeT BBICOKYIO TOUKY muiaBieHus (2040°C) u sBisieTcs TUIOXUM ITPOBOIHM -
KOM aj1ieKTpryecTBa. Kitrou ycrenHoro mporn3Bo/ICTBa aTIOMUHUS 3aKJTI0UAETCS B PACTBO-
peHMM OKCKaa B pacruiaBieHHoOM Kpuonute (Na,AlF,), mpuyeM TUIIMYHBIA 21€KTPOIUT
conepxut 80—90% s1oro coenrHeHust U 2—8% riHO3eMa BMECTe ¢ 100aBKaMU, TaKH-
mu Kak AlF, n CaF,. Kproaut Gbu1 BriepBbi€ MONYYEH U3 OTHOCUTEIBHO HENOCTYITHBIX
WCTOYHUKOB B [ peHIaHINN, HO B HACTOSIIIIEE BPEMSI M3TOTABJIMBAETCSI CHHTETUYECKHU.
DIIeKTPOJIM3ep IO CYILIECTBY COCTOUT U3 PACXOAYEMBIX U TPEOYIOLIMX PEryJIsipHOI
3aMEHBI YTOJIBHBIX aHOJIOB, PACIJIaBJIEHHOTO KPUOJIUTO-TJIMHO3EMHOTO 3JIEKTPOJINTA,
BaHHBI XXUJIKOTO aJIIOMUHMS, KOHTEIHEepa C yroJIbHOM (DyTePOBKOI ISl METaJLIa M SJIEK -
TPOJIMTA Y CUCTEMbI Ta30YyJIaBJIMBaHUs, IPEAOTBPALLIAIOLIECH YTEUKY IbIMOB M3 3JIEKT-
ponm3sepa B atmMochepy (puc. 1.9). Takke nMEOTCS YCTAaHOBKM MOMAYM TJIMHO3EMa,
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Puc. 1.9. Daexrponuzep Xosmwia-Opy Il TPOU3BOACTBA ATIOMUHUS (C pa3peiieHust AB-
CTPAJIMIACKOTO COBETA 110 PA3BUTHUIO AJIIOMUHUS)
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Puc. 1.10. Cepust 31eKTpOJIMU3ePOB IJIsI MPOM3BOACTBA ATIOMUHUS (C pa3pelieHus
«Comalco Ltd.»)

MePUOANICCKU TIPUBOANUMEBIC B IEHICTBUE C TIOMOIIBIO OMPEIEICHHOIO aBTOMATHUIEC-
KOTO ynpaBjicHHsI. TUITMYHBI COBPEMEHHBIN 3JICKTPOINU3ep padoTaeT MPUOIU3UTEITb-
Ho 1ipu Temrepatype 950°C u pasBuBaeT 500 KA npu IUIOTHOCTH TOKa aHOJA, paBHOM
0,7 A cM~2. AHOZ OTIEJICH OT KaToJa pacCTOSIHMEM 4—5 ¢M, M Ha KaXKIIOM 3JICKTPOJIM3e-
pe MMeeT MeCTO Mnepenaj HalpsKeHUs, paBHbINA npubau3uTeabHo 4,5 B. DnekTponau-
3ep paboTaeT TakuM 00pa3oM, UTO YroJibHbIe (DYTEPOBKU OOKOBBIX CTEHOK 3alllAIIEHBI
CJIOEM 3aCTHIBIIETO KPUOJINTA, a BEPXHSS ITOBEPXHOCTh BAHHBI ITOKPHITA KOPKOM TJIH-
Ho3eMa. PacruraBieHHBIN aTIOMUHUN PEryISIPHO CIMBAeTCs CU(OHOM U Pa3IMBACTCS
B CJIMTKU, a TJIMHO3EM ITOTMOJIHSIETCS 110 Mepe HeoOxoauMocTu. CaMble 00IbIINE U HA -
0oJIee MPON3BOAUTEIBHBIC 3JICKTPOIN3EPBI PAOOTAIOT C BEIXOIOM IT0 TOKY, PABHBIM ITPH-
OM3UTEILHO 95%, Y UMEIOT €XEIHEBHYIO ITPOU3BOAUTEIBHOCTD AIIOMUHMS, OJIU3KYIO
K 4000 xr. Kak nmpaBuio, okoso 300 31eKTpoan3epoB COSAUHSIOTCS MOCAEA0BATEIbHO,
00pasysl AIIeKTPONIM3HYIO ceputo (puc. 1.10).

TOYHBII MEeXaHM3M 3JICKTPOJMTUICCKON peaKIUK B 3JICKTPOJIU3EPE OCTACTCs He-
SICHBIM, HO €CTb BEPOSITHOCTb TOTO, UTO TOKOIIPOBOISIIMMU MOHAMU SIBJISIIOTCS Nat,
AlF,~, AIF = n ogun (unu Gonee) TPOMHOM CIIOXKHBIA MOH, B YaCTHOCTH, TaKOW Kak
AIOF . Cuuraercs, 4To Ha KaToJ€ aHMOHbI (PTOPOATIOMMHATA PA3PSAKAIOTCA YEPE3
rnepenavy 3apsiia Ha IMepexoHOM CJIoe KaToja, 00pa3yss MEeTALIMUEeCKUIA aTlOMUHUNA U
noHbI F~, B TO Bpems KaK Ha aHOJe MOHBI OKCO(TOPOATIOMUHATA JUCCOLIMUPYIOT, OC-
BOOOXIas Kucaopon, oopasyromuii CO,. Peakunio B OJHOM BUIE MOXHO IPOCTO 3a-
nucaTh CICAYIOLIMM 00pa3oM:

2A1,0, + 3C — 4Al + 3CO,.

Ha puc. 1.11 mokazaHa cxema TeXHOJIOTUYECKOIO MTOTOKA NepepaboTKU ChIpbs, He-
00X0aMMOro AJisl Bbilmycka 1 ToHHBI amtoMuHus. Kak rmpaBuiio, Tpedyetcs 3,5—4 TOHHBI
OOKCUTOB, U3 KOTOPBIX BbIAE/ISICTCS 2 TOHHBI [NIMHO3eMa, JaloIlIero B CBOIO O4Yepelb
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3,5—4,0 TOHHbI
0,25-0,30 6,5-7,5 0,06-0,08 0,17-0,26 GOKCHTOB
TOHHbI TOHHbI TOHHbI TOHHbI
masyTa napa n3secTu NaOH 0,025-0,03 0,65-0,7
I O — TOHHbI TOHHbI
| aHTpauuTa HedTAHOro
Y+ ; \ Kokca
OuncTka 6okcuToB 0.1-0,15 04
- TOHHbI TOHHbI
Mpouecc baitepa —W
cMorbl napa
1,3-1,5 TOHHbI
0,003-0,005 0,015-0,025 + o
TOHHbI TOHHBI 0'01 _0102 rps3eBbIX OTXOO0B = -
ropuga ¢propuga TOHHbI 1,89 TOHHBI Hggé"’g;gﬂ_
Kanbums anioMuH1s KpuonuTa rMUHo3eMa 0,03 TOHHbI KaToAa Horo
yrnepoaa
- —_—-
L — 0102 0,07-0,75
i 0,75-0,8 TOHHBbI TOHHbI
+V‘ Y 1 Al HeoBOXeHHbIX Y f vasyTa
orapkos aHoaoB
13000-15000 | Beinpsimu- 13000—15000 Mpouecc 0,55—0,65 ToHHbI Mpouecc
Tenm »{ Xonna-Opy —t 06OXEHHOrO
KBT-y MCTOYHMKA KBT-y NABKA TMHO3EMA 06OXEHHbIX aHOZ0B ymepona
(nepem. Toka) | MTaHA (nepem. Toka)
0,04-0,07 TOHHbI
oTpaboTaHHbIX kKaTofoB
3710 TUNUYHbIE npegernbl ‘
TpebytoLLerocsi KonuyecTea
[ANsi NpoM3BOACTBa OgHa ToHHa
OfIHOV TOHHbI aNOMUHUS anoMUHNS

Puc. 1.11. Cxema TeXHOJIOTMYECKOTO ITOTOKA JIJIsI [IPOM3BOJICTBA ITOJHOTO LIMKJIA 1JIsl ajllo-
MWHMST U3 OOKCUTOB (C paspelieHUsT ABCTPaJIMIICKOTO COBETA MO PAa3BUTHIO
AJTIOMUHUSA )

1 Touny amomuHus. [ToTpednsiioTest Takke 3HAYUTEIbHbBIE KOJIMYECTBA APYTUX MaTe-
puasioB, Harpumep, 0,4 TOHHBI yriepona. OQHAKO caMbIM KPUTUUYECKUM (haKTOPOM
SIBJISIETCS MTOTPEOIeHUE IEKTPUIECKOM SGHEPTUU, KOTOPasi, HECMOTPSI HA TMOCTOSIHHBIE
COBEPIIIEHCTBOBAHUS TEXHOJIOTMYECKOTO MTPOIIecca, MO-TIPeKHEMY PaBHSIETCS CPEIHEMY
B Mupe nokazatento 15 700 kBT-u Ha KaxXXayio TOHHY aJllOMUHUS, TPOU3BENCHHYIO U3
rnmHo3eMa B 2004 roay. JIydium pe3yabTaToM, 0 KOTOPOM COOOIIAIOCh B 3TOM IOy,
ObLIO TIOTpebaeHre MeKTpoaHeprun, papHoe 13 300 kBT-u Ha TOHHY. DT 3HAYECHUST
cpaBHUMBI ¢ 28 000 KBT-4 Ha TOHHY, KOTOpBIE€ TPEOOBATUCH BCKOPE MOCJIE MEPBOTO MPO-
MBIIUIEHHOTO BHEAPEHMUSI Mpoliecca Xoia-Ipy B KoHle XIX Beka, U ¢ TeopeTUUeCcKoit
MOTPEOHOCTBIO, COCTaBJIsItoNIel mpuoausuTesibHo 6 500 kBt-u. B 2004 roay, cormacHo
HEKOTOPBIM pacueTaM, Ha TIPOM3BOJCTBO AIIOMUHUS BO BCEM MUPE ObLIO M3PacX0/I0Ba-
HO 266 000 I'BT1-4 a51eKTpryecKoil 3HEPIMH, ITOJOBMHA KOTOPOI Obljia MMPOM3BeaeHA TU/I-
POBIEKTPOCTAHITUSIMH.

W3 obuiero mageHuss HanpskeHus 4,5 B Ha COBpeMEHHOM 3JIEKTPOINU3EPEe TOJb-
Ko 1,2 B npeacraBasiioT co00ii moTeHMa pa3JaoXeHUs NJIU CBOOOJHYIO SHEPTUIO pe-
aKIINu, CBSI3aHHYIO C 00pa30BaHMEM PaCTUIaBICHHOTO AIIOMUHUS Ha KaToae. Camblit
OOJIBIIION KOMITOHEHT IMaJicHUsI HAPSKEHWST BOZHUKAET U3 3JIEKTPUUECKOTO COTPO-
TUBJICHUSI JIEKTPOJIUTA B IPOCTPAHCTBE MEXY BJEKTPOAAMU U COCTABIISIET TPUOIU-
sutenbHo 1,7 B umu 35—40% o6uieit BeananHbl. Db HEKTUBHOCTb MOXET OBITH YBE-
JIMYeHa, eCJIM YMEHBIITUTD PACCTOSTHUE MEXITY aHOJIOM M KaTOIOM, M 3TOT MOMEHT OBbLT
OIHUM U3 OOBEKTOB MOCJIEIHUX UBMEHEHUI B KOHCTPYKIIMU ayekTponnsepa. [lepc-
MEeKTUBHASI MOJEPHU3ALINS 3aKJII0UaeTCsI B MTOKPBITUM KaTofa AMOOPUIOM TUTAHa,
00J1aJal0IIMM CBOMCTBOM JIETKOTO CMauMBaHMSI PAacTUIaBICHHBIM alfoMUHUEeM. B pe-
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Puc. 1.13. O61iee norpebaeHue SHEPruy B MeraBaTT-yacax (TerioBast SHepIust) IJIsT Kax-
[0l CTaIMK B IIPOM3BOACTBE JIETKMX META/UIOB ¥ MEIU, LIIMHKA U CTAIM (3a1M-
ctBoBaHO U3 Yoshiki-Gravelsins, K.S. et al., J. Metals, 45, (5), 15, 1993)

3yJbTaTe 3TOro obpasyercs 0oJjiee TOHKast U Gojiee CTaOMIIbHAsS IUIEHKA aJIIOMUHUS,
KOTOPasi MOXXET CJIMBAThCS B LICHTPAJIbHBIN OTCTOMHUK, €CJIM MCTIOJIb3yeTCsI CKOIIIEH-
HbI KaTon (puc. 1.12). YMeHbllleHUE 3a30pa MeXXAY aHOAOM M KaTOIOM C OOBIYHBIX
4—6 cMm 10 1—2 cM, KaK yTBEPXKIAETCs, II03BOJISIET YMEHbBIIUTD HAIIPSKEHUE DJICKT-
posusepaHa 1—1,5 B. I[IporHo3bl 3(ppeKTUBHOCTU pabOThI 3JEKTPOJIU3EPA CBUAECTEIb-
CTBYIOT, YTO MOTPEOJICHUE 3ICKTPOIHEPIMU MOKHO COKPATUTD A0 CPEIHETO IToKa3a-
tens 12 500 kBt-9 Ha TOHHY ITOJTy4aeMOro aTIOMUHUS.

Ha puc. 1.13 B 0600111eHHOM BUJAE NPEICTaBIeH OJUH U3 pacueToOB O0IIEro Ko-
JIMYECTBA SHEPTUM, MOTPEOJISIEMOT0 Ha BCEX 3TallaXx IMPOU3BOJACTBA JIETKUX MeTajl-
JIOB, a TaKXKe 00Iero KOJM4ecTBa SHEPIUU IS IPOM3BOACTBA MEIM, LIMHKA U CTa-
Ji. 711 TOro 9YTOOBI IIPOM3BECTH OHY TOHHY ITIEPBUYHOIO aTIOMUHUS U3 OOKCUTOB,
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HayMHas ¢ JOOBIYM MX U3 HEApP, COINIACHO HEKOTOPBIM pacueTaM, Tpedyetcs ot 70 000
1o 75 000 kBt-u (TenioBasi aHeprus), rae odias Tpedylolascs aHeprus npeobdpa-
3yeTcsl 0OpaTHO B 9KBUBAJIEHTHOE KOJMYECTBO MCKOIMAEMOTO TOIUIMBA, UCXOAST U3
toro uto 1 kBT'u (31nekrposneprun) = 3 KkB1-u (TemnoBoit 3Heprum). B pesyabraTe
3TOT0 HeobxonuMas sHeprus ymeHbinaercsa a0 30 000 k Bty (TermioBoil sHeprumn)
Ha eIuHUIy o0beMa aJIOMUHUS, HO BCE PABHO 3TO 3HAYUTEJIbHO OOJIbIIE pacyeT-
HbiX 13 000—16 000 kBt u (TeII0BOI 2HEPrumn), KOTOPbIE TPEOYIOTCS AJIS MOJIyYe-
HUS OJTHOM TOHHBI CTaJIW U3 XEJE3HOM pyIbl, HAUMHAs OT €€ JOOBIYM M KOHYAS IO-
TOBOM IIPOIYKIIUEHA.

1.2.3. Arvmeprnamueénsvie mMemoosvt npou3600Ccmea aAAr0MUHUS

B cBs131 ¢ TeM, UTO CYIIECTBYET 3HAUMUTEILHOE OTININE MEXKIY TCOPECTUICCKUMU U (haK-
TUYECKUMM MOTPEOHOCTSIMU B IJEKTPUUECKON SHEPIUM IJIs MPOM3BOACTBA KaxKA0M
TOHHBI ATIOMUHUSI, €CTECTBEHHBIM ObLIO ObI 0XXUJIATh MTPOBEICHUS UCCICTOBAHUN aJlb-
TepHATUBHBIX METOMIOB ITpon3BoacTBa. OIUH IpUMeEpP — 3TO MPOLIeCC IUIABKM Ha OCHO-
Be XJIOpMIa, pa3paboTaHHbIA «Alcoa», KOTOPBI Hayaa IpUMeHIThCsI B COeTMHEHHBIX
IItaTax B 1976 roay ¢ rnepBoHaYaabHOM MPOMU3BOAUTEILHOCTEIO 13 500 TOHH aJloMK-
HUSI B TOJI M1 BOBMOXHBIM JocTiKeHUeM 30%-Holi 5KOHOMUM 3aTpat. B aTom mporiecce
TaK>Ke MCIIOJb30BaJICs IJIMHO3EM B KaUeCTBE MCXOAHOI0 MaTepuaja, KOTOpbIid coeau-
HSAJICSA B PEAKTOPE C XJIOPOM, naBad B pedyabTate AICL. DTOT XI0puj CIyXui B Kade-
CTBE BJIEKTPOJIMTA B 3aMKHYTOM 3JIEKTPOJIM3epe MPY ITPOU3BOJICTBE ATIOMUHUS U XJI0-
pa, MocJeIHU Mpu 3TOM Bo3Bpallajicsi oopatHo B peaktop. IIpouecc obnanan mpe-
MMYILIECTBOM HEMPEePHIBHOCTH, HO 00CCIIeUeHNE KOHCTPYKIIMOHHBIMUA MaTepHualaMu,
YCTOMYMBBIMU K pa3pyIINTESIHOMY ISHCTBUIO XJIOpa Ha TIPOTSKEHUM TTPOIOJKUTEIIh-
HOT'O BPEMEHM, 0Ka3aJ0Ch 3aTPYIHUTEIbHBIM. DTOT (haKTOp HApsiAy ¢ ONTUMU3alUei
3(pHEeKTUBHOCTU OOBIYHOTO JIEKTPOJIN3a, IPUBEI K TOMY, 4TO B 1985 rony naHHy10 TeX-
HOJIOTHIO TIEPECTaIN UCIIOIb30BaTh.

Heckonbko KoMIaHuit 3aHUMaIOCh U3ydeHUEM KapOOTepMUIECKUX METOOB MPOKr3-
BozacTBa amtoMUHUSA. OIUH TaKOi TEXHOJOTMYECKUIA MPOLIECC MIPeaycMaTpUBaeT CMEIII-
BaHNE AJTIOMUHUEBON PYIBI ¢ KOKCYIOIIMMCS YIJIeM M 00pa3oBaHKMe OPUKETOB, KOTOPHIC
3aTeM MOJBEPraroTcs MOCTAIUIHOMY BOCCTAHOBJIEHUIO B CBOEOOpA3HOi JOMHE, paboTa-
rouieii ipu Temreparypax ot 500 go 2100°C. PacrinaBieHHBINA METaNIMUYECKUI TTPOIYKT
BKJTIOYACT ATFOMUHUI B COCIMHEHUHN C 3KEJIC30M U KPeMHUEM, KOTOPBI COCKaOIMBaCTCS
M TIOIJIOIIAETCS PACIbUIEHHBIM PACIUIaBJCHHBIM CBUHIIOM B HMXKHEU yacTu neuu. Ilo-
CKOJIbKY QJIIOMUHUM U CBUHELl HE CMEILMBAIOTCS1, 00Jiee JIeTKUiA alFOMUHUM OJHUMAETCSI
Ha TIOBEpXHOCTb, TIe €r0 MOXKHO CKaJaTbh. TpedyeTcs TOMOHUTEIbHAS OYMCTKA aTIOMU-
Hus1. XOTs OblIa CIIPOrHO3MpOBaHa o0lasi SKOHOMMSI 3aTpaT, MoKa YTO HUKAKOTO KOM-
MepYecKH 11e7eco00pa3HOro Mpoliecca OKOHYATEIbHO CO3MaHO HE OBLIO.

1.3. NpouseopctBo MarHus

OmHMM M3 HOBEWIMX OOBSICHEHUN MCYS3HOBEHUS IMHO3aBPOB SIBIISIETCS KUTaliCKast
TEOPHsI, COIIACHO KOTOPOM 3TO MPOU3OIILIO M3-3a Ae(UIIMTAa MATHMSI, OKAa3aBIIETO OT-
pHILIaTeIbHOE BO3AEHCTBIE HA TTPOYHOCTh CKOPJIYITBI OTKJIAIbIBAEMbIX UMU SIUII, UTO U
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SIBWJIOCH TPETISITCTBUEM K BOCIIpOoM3BeaeHUI0 Buaa. CeroaHst oOmenpu3HaHHO, YTO
YyeJI0BeKy TpebyeTrcs exxeqHeBHO oTpeosiTh 300—400 MT MarHusi, a 3T0 COOTBETCTBYET
npuommzuteabHo 600 000 TOHH, KOTOpBIE TOJKHbBI ITOIMIOIIATLCS €XKErogHO BO BCEM
mupe! JIo HegaBHero BpeMeHu 3Ta Ludpa Obuia B IBa pa3a 00Jbliie KOJUYeCcTBa MeTal-
JINYECKOTO MarHus, (pakTuiecKu MpOrU3BOIUMOTO KaXKIbIiA TO/I.

B 1808 romy cap Xamdpu [deiiBu yCTAaHOBUII, YTO OKMCh MarHUs SIBJISIETCSI OKMC-
JIOM BHOBb OTKPBITOIO 3JIEMEHTa. MeTa/JInueCKUil MarHuii ObLI BIIEPBbIC BhIACICH B
1828 rony dpaHiy3oM AHTyaHOM-AJieKcaHAPOM broccu, KOTOphIi OCYIECTBUII CIie-
kanne MgCl, ¢ metaymmueckuM KanueMm. [lepBoe Npon3BOACTBO MarHUA MMOCPEACTBOM
3JIEKTPOJIMTUYECKOIO BOCCTAHOBJICHUS XJlopa ObLI10 peanu3oBaHo Maiikiom dapa-
neeMm B 1833 rogy. KomMepueckoe mpousBoacTBo Havajloch B [lapuxke B cepenuHe
XIX Beka, HO K 1890 rony 00beM MPOU3BOACTBA JOCTUT BCETO JIMILb 0KOJIO 10 TOHH B rof.
Beimyck marnus ysesmawics 1o 3000 TOHH B TeueHMe MTOCIEIHETO To/1a TepBOil MUPO-
BOIM BOMHBI, ITOCJIC YeTO CHOBA yIaJI U 3aTeM BBIpoc A0 Ipudau3uTenbHo 300 000 ToHH B
rojJl B KOHIIE BTOpOii MUPOBOi BoitHbl. B 2004 romy rogoBoe Mpou3BOACTBO MTPEBLICUIIO
400 000 TOHH.

CoennHeHNs] MarHus BCTPEUYaloTCsl B U300MWJINM B MECTOPOKICHUSIX TBEPIBIX MU-
HEpaJIoB B 3eMHOI1 KOpe U B pACTBOPEHHOM BUJIE B OK€aHaX U COJICHbIX 03epax. Hanbo-
Jiee pacIpoCTPaHECHHBIMU IMOBEPXHOCTHBIMM MMHEPAIAMU SIBJISIIOTCS JTOJIOMUTBI Kap-
6onaros (MgCO, CaCO,) u marnesut (MgCO,). MunepanbHbiil 6pycur (MgO-H,0)
BCTPEUYAETCs] HECKOJIbKO peke, TaK XK€ KaK M XJIOPUJIbI, IPUMEPOM KOTOPBIX MOXET
cayxutb KapHamuT (MgO-KCl-6 H,0). KoHLeHTpupoBaHHbIE BOAHbIE PACTBOPbI B
BHUJIC OCAJKOB, BBIINABIIMX U3 PaccoJia, BCTPEUAOTCSI B MUPE B HECKOJBKMX MECTax,
BkiIouasgs MeptBoe mope B M3pauie u Benukoe CosieHoe o3epo B mtare FOta, Co-
enauHeHHblie LITaTel AMEpuUKH, TI€ €XEroJHO B HACTOSIIIEE BpeMsl IIPOU3BOIUTCS B
o6uieit cinoxHocTu mout 80 000 ToHH. DaKTUYECKKM HEOTPAaHMYEHHBIE 3aI1achl IIPU-
CYTCTBYIOT B OKeaHax, e cojepxutcs 0,13% maruusi, u 10 HelaBHErO BpeMEHU MOP-
cKas Bojia obecreurBaia 6osee 80% MUPOBOTo MPOU3BOACTBA JTaHHOTO MeTajlia, KO-
TOPBIA BBIAEAICSA TMOCPEACTBOM JIEKTPOJUTUYECKOTO BoccTaHoBneHus MgCl,.
B nepuoa 1940-x romoB caMblii OOJIBIION 3aBOI, IO IIEpePabOTKE MOPCKOI BOIBI OBLI
noctpoeH B CoenuHeHHbIX IlTaTax B r. @pumnopr, mraTt Texac, rae B 1970-x romax
OBLT TOCTUTHYT MaKCUMaJbHbI1 00beM Mpou3BoAcTBa, paBHbIi 120 000 ToHH. B Te-
YEHUE MTOCTEeNYIONINX ABYX ACCATUICTUM TTPOU3O0IIIES CITaj] TPOU3BOICTBA, U 3aBOJI ObLT
3aKpHIT B 1998 romy mocie CUJIBHOTO TTOBPEXIEeHUS OT yparaHa. B HacTosiee Bpems
MIPOU3BOJACTBO MarHus U3 MOPCKOI BOJBI CTaJI0 HEKOHKYPEHTOCIIOCOOHBIM I10 IPU-
YUHaM, OOBSICHSIEMbIM HUXE.

s mpou3BOACTBA MarHUsI MOCPEACTBOM TIPSIMOTO BOCCTAHOBJICHUS JIOJIOMUTA
deppocuInIeM Mpu BEICOKUX TeMIIepaTypax ObLIO pa3paboTaHo nBa metoma. OouH
u3 HuXx — [umkuHr-npouecc, nossuniuuiics B Kanaae B 1941 romy, mpu KOTOpoM IaH-
Hasl peakliusl OCYILIECTBIISIETCS B TBEPAOM COCTOSIHUU. Jl0 HeTaBHEro BpeMEHM 3Ta TeX-
HOJIOTHSI ObUTAa 9KOHOMUWYECKH 11eJ1IeCO00Pa3HOi TOIBKO B PEIKUX YCIOBUSX, TAC MMeE-
JINCh €CTECTBEHHbBIE IIPUPOIHbIE IIperuMylliecTBa. Bropoii MeToa — 310 mpouecc «Mar-
HeTepM», padpadoTaHHbIil Bo PpaHLvu, paboTaoIIMid TPy ropa3ao 60yiee BICOKUX
TeMIieparypax, Tak 4YTO CMECh, YIaCTBYIOIIAsI B PEaKIIMU, HAXOIUTCST B XKUIKOM COCTO-
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sHuu. C IOMOIIbIO 3TOTO IIpoLiecca MAarHMi TakxKe IMPOM3BOIUTCS 110 LIEHAM, SIBJISIIO-
IIMMCS B HAacTOsIIee BpeMsT HEKOHKYPECHTOCIIOCOOHBIMHU TT0 CPAaBHEHUIO C METAJIJIOM,
BeIlyckaemoM B Kutae nmocpenctBom IMumkuHr-npolecca.

1.3.1. Daexkmpoaumuueckoe évideaenue MazHus

J11s1 TIpOM3BOJICTBA MAarHsI MCITOJIB3YETCSI IBA TUTIA AJIEKTPOJIUTUIECKOTO TTpo1iecca, OT-
JIMYaroumecs rmo crenenu ruaparaund MgCl, v o KOHCTpYKUMK saekTponusepa. OnuH
obu1 BriepBbie mpemioxkeH «IG Farbenindustrie» B 'epmanuu B 1928 romy 1 BocieacTBUNA
ObLT IPUHAT Ha BOOPYXXeHUE HOpBexKCKoM KomnaHueit «Norsk Hydro», korna ona 6bu1a
KPYITHBIM €BPOIEMCKUM MPOU3BOAUTEIEM 3TOro MeTaaa. M3BeCcTHbIN oI Ha3BaHUEM
1G-nporiecca, 3TOT METO OCHOBBIBAETCSI HA MCITOJb30BAaHUM Cyxoro okcuaa MgO, no-
JIY4eHHOTO M3 MMHEPAJIOB, COIEPXKAIIIMXCS B MOPCKOi BOZIe, KOTOPBII OPUKETUPYETCS C
TMIOMOIIIbIO BOCCTAHOBUTEIBHOIO peareHTa, HallpuMep MOPOILIKOBOIO YIJIs U pacTBOpa
MgCl,. BpukeTsl clierka MpoKalInBalOTCA U 3aTEM XJIOPUPYIOTCSA MPU TEMIIEPATYPE MPHU-
omsurensHo 1100°C, naBag 6e3sonHblil MgCl,, KOTOpBIi MofaeTcss HEMOCPEeICTBEHHO B
aJleKTpoau3epbl, padotatoune npu 740°C. JobaBasitoTcst Apyrue XJIOpUaHbIe COeauHe-
nud, B yactHocti NaCl u CaCl,, uia yaydnieHus 1eKTPOIPOBOAHOCTU U U3MEHEHUS
BSI3KOCTH M TUTOTHOCTH 3JIEKTPOJIUTA. B KaxKIIOM 271eKTPOIM3epe UCTTIONB3YIOTCS MEIEHHO
pacxomyembie rpaddMTOBbIC aHObI 1 JIUThIE CTAJIbHbIC KAaTObl, MOABEILIEHHbIE APYT Ha-
npotuB apyra. Kak mpaBuio, 3/1eKTpoar3epbl paboTaloT 1o HaTipskeHueM 5—7 B, a Toku
B HacTosee BpeMst MoryT npeBsimath 200 000 A. Marauii OTKJIagbIBacTCsT Ha KaTOIax B
BUJIE KalleJib, MOAHUMAIOIINXCS Ha MOBEPXHOCTb JIEKTPOJIUTA, B TO BpeMs KakK Ha aHO-
JlaX BEICBOOOXKIAETCsI XJIOP, KOTOPHI BO3BpAIlaeTCs 0OpPaTHO B CUCTEMY U 00pa3yeT Uc-
xoxHoe cbipbe MgCl, 11 anekTponu3sepa.

Btopoii 251eKTpoIUTUYECKHU MTpoliecc J00ObIYM MarHus U3 MOPCKOM BOIbI ObLT pa3-
pabotan «Dow Chemical Company» [uist UCIIOJIB30BaHUS Ha 3aBoje B I. ®pumnopr, Ko-
TOpBIiA yoMuHascs Beie. Marnuii B MgCl, moaseprajcs ocakIeHUIO B BUJIE THAPO-
KcHJa MoCpeaCTBOM A00aBIeHUS U3BECTU U nocienyoiiero pactsopeHus: B HCL. Oror
pacTBOp 3aTeM KOHIICHTPUPOBAJICS M OCYIIAJICS, XOTS B IIPOILIECCe He JOMYCKAaIOCh ITOJI-
Hoe 06e3BoxxuBaHue coennHeHns MgCl,, KoTopoe 3aTeM MOIJIO UCITOIb30BaThCH B Ka-
YeCTBe 2JEKTpoJIUTA B oiekTponusepe. B otinune ot mpouecca «1G-Norsk Hydro» snek-
TpoJu3epaM TpeOoBaaoCh BHEIIIHEE HarpeBaHue, 00ecrnedyrnBaeMoe CTAIbHBIM KOp-
IyCOM, KOTOPBI CIIYXXWJI B Ka4eCTBEe KaTofa. DT 3JIEKTPOJIU3EPhl paboTaId MO Ha-
npsckenreM 6—7 B ipu Toke 90 000 A.

DHeprus, moTpediseMasi Ha KUJIorpaMM ITPOM3BOAMMOIO MarHus, COCTaBJIsLIa IIpU-
ommsutenbHo 12,5 kB1u mist runponmsepa «Norsk Hydro» u 17,5 xBT-u s runponm-
3epa «Dow». OHaKo 1 TOT U APYroil mpouecc TpedboBaIu AOMOJHUTEIBHOIO Pacxona
npuOIn3uTEAbHO 15 KBT'U sHeprum Ha Kr JJIs MMPUTOTOBJICHUS UCXOJHOM peaKIMOH-
Hoii cMecn MgCl, nng snexTponusepa.

JIBa HOBBIX Mpo1Iecca 100U 6a30BOr0 UCXOAHOTO ChIphbA B BUE 6e380aHOro MgCl,
B BBICOKOYMICTOM COCTOSIHUM [IJISI UCTIOJIb30BaHMS B 3JICKTPOJIM3epax ObLIN pa3padbora-
BB B Kanazge n ABcTpaimu, XOTs HY TOT HU APYToii HE HaIIe] IPOMBIIICHHOTO TTPH-
meHeHus. B Kanane B Magnola-nipoluiecce NCIOMIb3YIOTCS OTXOIbI M3 aCOECTOBBIX IIAXT
JIJISL TOTO, YTOOBI YTUJIM3UPOBATh COACPXKAIIUICS B OCUTOBON pyae CUIMKAT MarHusl.
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OTXOObl BBINIECIAUYNBAIOTCS B KOHIICHTPUPOBAHHON COJISTHOM KUCJIOTE C MCIIOIb30Ba-
HUEM HOBOI METOIMKM TToNyYeHus pacTBopa MgCl,, ouninaeMoro myTem peryupoBa-
Hus pH. 3aTem 11 ojlydeHUs1 KOHLIEHTPUPOBAHHOI'O BLICOKOYMCTOTO paccoa, 00e3-
BOXMBAEMOTO JJISI UCTIOIb30BAHMS B DJIEKTPOJIM3EPE, UCITOIB3YIOTCS METOIBI MOHOO0-
MeHa. ABCTPJIMICKUIA TTpoliecc ObLI pa3paboTaH AJs UCIIOJb30BaHUS MarHe3uTa
(MgCO,), n06bIBaEMOT0O U3 OrPOMHOTO OTKPBLITOIO MECTOPOXAEHUA B KBUHCIIEH]E,
KOTOpPOE, KaK CBUETEILCTBYIOT PACU€Thl, COAEPXKUT 260 MUJUTMOHOB TOHH BBICOKOKA-
yecTBeHHO¥ pyasl. MgCl, BolenaynBaercst U3 Maruesura ¢ nomorubsio HCI, u K pa-
CTBOpY 100aBJISIETCS IJIMKOJIb, IIOCJIC YeTO BOJA YAAISIeTCs AUCTULISLMEH. 3aTeM B pe-
3yJIbTaTe OPOIICHMSI aMMHAKOM 00pa3yeTcs reKcoaMMuakaT xjaopuaa Maraus. [locie
OKOHYATEJIbHOTO MPOKAJIMBAHMS MOJYyYaeTCsl OTHOCUTEIBHO HEIOPOTOM, BHICOKOUMC-
Toiii MgCl,, a pacTBOpUTENb U aMMUAK MTOJBEPraIOTCs PELUPKYIALUN.

1.3.2. Tepmuueckue npoueccot

ITpoun3BOACTBO MarHusi MOCPEACTBOM IPSIMOTO TEPMUUYECKOTO BOCCTAHOBJIEHMS TIPO-
KaJIEHHOI'O JOJIOMUTA C MOMOIIbIO (hepPOCUIUIINS IIPOUCXOAUT B COOTBETCTBUU C YII-
POILEHHBIM YpaBHEHUEM:

2Ca0-MgO + Si — 2 Mg + (Ca0), SiO,.

B IMumxuHr-npoiuecce OpUKETH peareHTOB MPUTOTOBIISIIOTCS U 3arpy>KaloTcs B
KOJIMYECTBE TTPUOIN3UTEBHO 150 KT KaXKIBIii B HECKOJBKO TPYOUAThIX CTATBHBIX pe-
TOPT, KOTOpPHBIE, KaK MpaBuio, umetoT auameTp 250—300 mm u pauny 3 M. Ilocie yero
U3 PETOPT OTKAUMBAETCsl BO3AyX A0 AaBieHus Huxke 0,1 Topp, a 3aTeM B pe3yabTaTe
CXKUTAHUS YIJIST PETOPTHI ITOABEPTralOTCsS BHEIIHEMY HAarpeBaHUIO JO TEMIIEpPaTyphl OT
1150 no 1200°C. MarHuit obpa3dyeTt nap, KOHAEHCUPYIOLIUIACS Ha CheMHBIX BOJI0OX-
JIaKIaeMbIX TWJIb3aX Ha KOHIIAX PETOPT, KOTOPbIe HAXOMSATCS 3a mpeaeaaMu rmeuu. Ha
KaXXIyIo TIPOU3BOIMMYIO TOHHY MarHus MOTpeOIsieTcs MpUOIN3nuTeIbHO 1,1 TOHHBI
deppocuuius. [Tpeumyiectsamu [TumkKuHr-npoliecca SBISIOTCS OTHOCUTEIBHO HU3-
KHe KaluTaJdbHbIe 3aTPaThl M1 MEHEE KECTKUE TPEOOBAHUSI, TIPEIBSBISICMbIC K UUCTOTE
cbIpbsi. OCHOBHBIE HEJOCTATKM 3aKJTIOUAIOTCSI B TOM, YTO 3TO TPYAOEMKU TEXHOJIOTH -
YeCKHUA Mpoliecc MepuoanyecKoro ACMCTBYS, B pe3yabTaTe KOTOPOro U3 KaXXI0i peTop-
ThI TIPOU3BOAUTCS MPUOIM3UTEIBHO 20 KT MarHus 1 JIJjIs1 KOTOPOTo TPeOyeTCsT MPOoa0JI-
JKUTEJIBHOE BpeMsl IIMKJIa, paBHOE TTPUMEPHO 8 yacaM. PeTopThl TTOCie 3TOr0 MOJIKHBI
OITOPOXHSTHCS, BBIUMIIATHCS U Mepe3arpaBisiTbCs B YCIOBUSX, KaK MPaBUIIO, XapaKTe-
PUBYIOLINXCS 3albUIEHHOCTBIO U HEKOM(POPTHOCTHIO. [THIKMHT-TIpoliecc ObUT IIMPOKO
MIPUHAT Ha BoopyxXeHUe B Kutae, rime TpymoBBIe 3aTpaThl SIBIISIIOTCS HU3KMMM IT0 CpaB-
HEHUIO C 3aMaJIHbIMU CTPAHAMMU U IlIe UMEIOTCS JIETKO JOCTYITHbIE UCTOYHUKU MTOCTaBKU
Henoporocrosiiero deppocnius 1 aHtpanuta. Ha Bceit Tepputopun Kurast 6s110
ITOCTPOEHO HECKOJILKO COT 3aBOIOB PA3IMIHBIX pa3MepoB, KoTopsie B 2004 romy rmocTas-
JIs1v GoJiee MOJIOBUHBI MUPOBOTo o0bema MarHusi. LieHsl konebtoTcs B peaenax ot 1200
1o 1500 mommapoB CILIA 3a TOHHY.

B npouecce «MarHerepm» mpemnycMaTpUBaAETCS UCIOJIb30BAHUE JIEKTPOMLYTOBOM
neyu, pabdorarolieil mpu TeMmiepatype npuoausuteabHo 1550°C u npu BHyTpeHHEM
nasiaeHuu 10—15 Topp. I[TockoabKy peakiius MPOUCXOIUT B XXKUAKOM COCTOSTHUHU, Bpe-
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M1, TpeOyroIeecs IS ee 3aBepIleHNUsI, MEHBIIIe BpeMeHM, Heooxogumoro mist [um-
XKUHT-TIporiecca. [Teub MOXeT 3arpysKaThCsl HEIIPEPBIBHO M pa3rpy:KaThCsl C PErysip-
HOI MEPUOAUYHOCTHIO, a INIMHO3EM WM OOKCUTHI JOOABJISIIOTCS B IIMXTY U3 JOJOMU-
Ta/deppocuaniins, 61aronapss YeMy IPOAYKT peaKIINK, ABYXKATbIINEBBIA CHIIMKAT, TTO/I-
JIeP>KUBACTCS B PacIIaBICHHOM COCTOSTHUU C T€M, YTOOBI ero MOXKHO OBLIO CKayaTh B
KaJecTBe Iiaka. MarHuii BHOBb IPOM3BOIAUTCS B BUJE Mapa, KOTOPbIA OTBEpKAAeTCS
BO BHEIIHEM KOHIeHcaTtope. Pasmepsr mopimit Moryt goxoauts 1o 11 000 KT, 1 3aBOabI
pa6otaroT Bo ®pantmm, Anonun, CoequuenHbIx [ltatax u obBIIeit KOrocmaBum.

Bbuiu TakKe npeaioXKeHbl U albTepHATUBHbBIC TEPMUUYECKME TEXHOJIOTUM, XOTSI HU
OlIHA M3 HUX B HACTOSIIIIEEe BpeMs HEe HalllIa TIPOMBIIIICHHOTO MpuMeHeHusa. OmxHa u3
WJIIeH 3aKIIoJasach B TOM, YTOOBI MCIIOIb30BaTh INIA3MEHHYIO TYTOBYIO TTeUb, B KOTO-
pOii B IpeABapUTENILHO PaCIIaBIeHHBII IIaK, conepxammit MgO, CaO, ALO,, nona-
[0TCs rpaHyInpoBaHHBIE MgO 1 Kokc. Bricokast sHepreTrnuecKkasi INIOTHOCTD IIJIa3Mbl
¥ TO 0OCTOSITEILCTBO, UYTO Ha IMTOBEPXHOCTH NIJIaKa, TIC¢ IIPOMCXOIUT CYUIMKOTepMIIEC-
Kasl peaklimsi, CO30al0TCs BbICOKME TemIiepatypsl (Harpumep, 1500°C), o3BosieT noi-
JIePKUBATh €€ TP HOpMaJIbHOM aTMocdepHOM naBineHun. Kak yrBepxaaau pa3padoT-
YUKH, 3TO IMPENMYIIECTBO B COYETAHUM C 3(PPEKTUBHBIM U MOUTH ITOJHBIM ITOTpeOIIe-
HUEM KPEMHUS MOBBIIIAET 9KOHOMUUECKYI0 KOHKYPEHTOCIIOCOOHOCTh TEPMUYECKOTO
TIPUHIIMIIA B IPOM3BoACTBe MarHus. OmHAKo 3Ta pa3paboTKa MOSBIIIACH 10 TOTO, KaK B
Kwnrae 3HAUMTEILHO paclIMpuiiochk mpuMeHeHre [TumKHT-TIpoliecca.

1.4. NMpoussopcTso TMTAHA

CyliecTBOBaHUE TUTaHA BIIEPBbIe ObLIO Mpu3HaHO B 1791 roay Yunssimom MakI'pero-
POM, aHTJIMICKUM CBSIIICHHUKOM 1 MUHEPaJIOrOM-TI00UTeIeM, OOHAPYKMBIIIUM OKH-
CeJl HEM3BECTHOIO 3JIEMEHTa B MECTHOM WibMeHUTHOM Tiecke (Fe'TiO,). Anamoruy-
Hoe HabJoaeHue ObLI0 caenaHo B 1795 roqy HeMellkuM xuMukoM MaptuHoM Koarm-
POTOM, KOTOPBII nccaenoBan MuHepanbHbii pytui (TiO,) u Ha3Baj 31EeMEHT TUTAHOM
110 UMEHU TIEPBBIX MU(OJOTUUECKUX CBIHOBEI 3eMJIM, TUTAHOB. [IprMecHBIi oOpaselr
TUTaHa ObLI BIEpBbIe BbiAeACH B 1825 roay, HO To1bKO B 1937 romy MeTast ObLI MOJY-
YeH B 3HAYUTEJbHOM KoJu4decTBe, koraa Kposn B JItokcemOypre ocyiiecTBuI peak-
nuro TiCl, ¢ pacriaBieHHBIM MarHueM B aTMocdepe aproHa. DTo OTKPBLIO IMyTh K MPO-
MBIILJIEHHOW 9KCIUTyaTallud TUTaHa CO CJIEAYIOIIMMU OCHOBHBIMU OCOOEHHOCTSIMU
3TOr0 TEXHOJOTMYECKOTO IIpoliecca.

1. bpukeruposanne TiO, ¢ Kokcom 1 cMoi0ii 1 xstopuposanue nipu 800°C 1 ye-
kopenus peakuuu: TiO, + 2CI, + 2C — TiCl, + 2CO.

2. Ounmenue TiCl, mocpeacTsom (ppakIMOHHON MEPETOHKU.

3. Boccranosnenne TiCl, mocpeacTBOM pacIuUIaBIEHHOTO MarHus WM HATPUS B
atMocdepe aprona; ogHa u3 peakuuit umeer sua: TiCl, + 2Mg — Ti + 2MgCl,.

Turtan ob6pasyeTrcst B BUIE HEOUUIIIEHHOM T'yOKH MO CTEeHKAM BOCCTAHOBUTEJILHOTO
pe3epByapa U Tiepuoanydecku ynausercs. ['yoka, momydaemasi B pe3yabTaTe peakiiuu C
MarHuem, J0JKHa OUMILIATHCS MyTeM BhIlEJIa4YMBaHUS Pa30aBIEHHOM COMSIHOM KUC-
notel HCI n/vnm puctmiauun usbsirounoro MgCl, n marnusa. Mcnonb3oBanue Ha-
TpUsI 00ECTIeYrBaET MPEUMYIIECTBO, 3aKJII0OUAIOIIEECs B TOM, UTO BhIIIEIaYMBAHNE CTa -
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HOBUTCS 00Jiee 3¢ (PEKTUBHBIM, M TATAHOBASI TYOKa TPaHyJIMPYETCs, B pe3yIbTaTe 4ero
OHa Jierye yTpaMOOBBIBAETCS JJIsI TIOCJICAYIONIETO TTpoliecca TIaBIeHHs.

Munepanbubiit pytun (TiO,) — 310 HauGonee ynoOHbIA UCTOUHUK TUTaHA. OH
BCTpeYaeTCs INIAaBHBIM 00pa30M B IUISLKHBIX ITecKax Ha mobepexxbe ABcTpanuu, MH-
nuu, Mekcuku U B yCcThsiX pek B Cheppa JleoHe. boibliiast 4acTh METALIAYECKOTO TH-
TaHa 00bIBAETCS U3 PYTUJIA, XOTSI FOPA3/I0 Yallle BCTpeyaloluiics, HO 60see CI0XHbIN
MuHepanbHbii nibMeHUT (FeO-TiO,) cTaHeT OCHOBHBIM MCTOYHMKOM B OydyILEM.
MnbMeHUT uMeeTcs B psifie CTpaH, HO B OCOOEHHOCTH OOJIBIITNE MECTOPOXKICHUS HAX0-
narcs B Knrae u Poccun. IHTEpecHO OTMETUTD, YTO 0KOJIO 93% MUPOBOIA TOOBIYM TH-
TaHOBBIX MMHEPAJIOB IIepepabaThIBaeTCs B OKMCh TUTAHA M COCTABJISICT Ooee 4,5 MIII-
JINOHA TOHH B TO/I. DTO COENMHEHME UCITOJIB3YETCS B KAUeCTBE O€I0ro MMrMeHTa B Kpac-
K€, B KOTOPOI OH 3aMEHWJI OeJIblii CBUHELL, a TAKKE B MPOU3BOJICTBE OyMaru, mojaurpa-
(hmueckoii kpacku, KepaMUKU U TulacTMacchl. Ha MeTayuinueckuii TMTaH B HACTOSIIIEE
BpeMsI IIPUXOIAMTCST TOJIBKO OKOJIO 3% MOOBIYM MUHEPAJIOB.

KoHTtponupyommM ¢hakTopoM B OUUCTKE TUTAHOBOM T'YOKU SIBJISIETCST BBICOKAsI pe-
aKTUBHOCTh METaJUla B OTHOIICHUU JPYTUX 3JIEMEHTOB, TIPEXK/IE BCETO ero CKJIOHHOCTD
pearupoBarhb C KUCIOPOJOM, a30TOM, BOJIOPOAOM U yriiepoaoM. Kak BuaHo 13 Tadi. 1.5,
pPacTBOPUMOCTb ITUX JIEMEHTOB BHEIPEHUSI B TUTAHE OO0JIbIlIE PACTBOPUMOCTU B IPYTUX
LIMPOKO UCTIOJIb3YeMbIX METAJIaX HA HECKOJIBKO MOPsIKOB. [TocKkonbKy BecbMa HE0Ob-
1IIe KOJIMYECTBA OTUX 3JIEMEHTOB OTPUIIATEILHO BIMSIOT Ha TIACTUYHOCTD U BSI3KOCTD
TUTaHA, OYEBUIHO, UTO €r0 HEBO3MOXHO PACILIABIATH B BO3AYXE UJIU B OOBIYHOM TUIJIE,
TaK KaK MeTasul Oy/IeT U TIOTJIONIATh Ta3bl, U PearupoBaTh C JTIOOBIM U3BECTHBIM OKUCIIOM
WU YToJIbHOM (byTepoBKOoil. COOTBETCTBEHHO MTOTPEOOBATIOCH pa3paboTaTh paguKalbHO
HOBBIIf METO[I TUIABKU, B paMKaX KOTOPOTO ObLIO CKOHCTPYMPOBAHO TO, YTO MOJIYyYUIIO
Ha3BaHUe AYTOBOI ITEYM C pacXoAyeMbIM 31eKTponoM (puc. 1.14aq).

[1naBka MpoBOIUTCS B METHOM THUIJIE, OXJIAXIAEMOM M3HYTPU LIUPKYJIUPYIOLIEi
BOJOI WM KUAKON DBTEKTUUECKONM CMEChbI0 HaTpusi-Kanus. Teriora reHepupyeTcs
JIyTO¥ TIOCTOSTHHOTO TOKA, BO3HUKAIOIIEH MEXIy TMOJIeXAIINM TIJIaBKe TUTAHOBBIM
3JIEKTPOJIOM M MCXOMHOM 3aroTOBKOM M3 3TOTO MaTepualia, COAepXKallleiicss B TUTIIE.
[MpermyniecTBO JAHHOTO XXUJIKOTO OXJIAXKIAIOIIIETO CIIIaBa 3aKJII0YAETCsI B TOM, UTO OH
HE pearupyer ¢ TUTAHOM, B CJIyyae €CJIM DJIEKTpUIecKas ayra MpoXxCoKeT TUTENb, TIPU
5TOM BOJIa M TIap MOTYT BBI3BaTh B3PHIB. DJIEKTPOI OOBIYHO IMPOM3BOIUTCS U3 CBAPEH-
HbIX 0JIOKOB CIIPECCOBAHHON TUTAHOBOW I'YOKU, B KOTOPYIO B TOPOIIKOBOM BUJIE BKJTIO-
YeHBI JIETUPYIOLINe 3JeMeHTHI (puc. 1.146). Bcsa KOHCTpyKIIUs BIIOKEHA B pe3epByap,

Tabnuua 1.5. PactBopumocts O, N, C 1 H B TuTaHe, Xenese n antoMvHUM Npu KOMHaTHOWR Temnepa-
Type (3anmcTtBoBaHo n3 Morton, P.H., The Contribution of Physical Metallurgy to
Engineering Practice, Rosenhein Centenary Conferences, the Royal Society, 1976)

OnemMeHT BHegpeHus
MeTann Kucnopop Asort Yrnepop Bopopon
TuTtaH 14,5 % no Becy ~20% no Becy 0,5% no Becy ~100 vacren
Ha MnH
Xeneso ~1 vacten < 5 yacTen 100 yacTen < 1 yacTb
Ha MIH Ha MnH Ha MIH Ha MIH
AntomMuHuiA < 1 vacten < 1 yacTten < 1 yacTten < 1 yacTten
Ha MIH Ha MIH Ha MIH Ha MIH
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MnyHXepHbIn
fAepxarenb
oTpuLaTenbHoOro
anekTpoaa
3abop Bo3ayxa

Pacxogyewmbliii
anekTpoa

PacnnaBneHHbIi MeTann

PopMUPYIOLLMIACS CIINTOK

[MonoxutenbHbii
Me[Hbli TUrenb

Oxnaxpaatollee
BeLLEecTBO

%

Gy

a) 6)

Puc. 1.14. [IyroBasi ie4b C pacXomayeMbIM 3JIeKTPOAOM IS TITABKY U OUMCTKY TUTaHA (a);
pacxomyeMblil 2JIEKTPO/I, U3TOTOBJIEHHBIN TTyTeM CBapUBaHUs OJIOKOB CIpec-
COBaHHOI TUTAHOBOI TYOKM (0) (¢ paspemieHust T.B. ®daprunra)

M3 KOTOPOTO MOXET OTKAYMBAThCSI BO3MAYX U B KOTOPBI MOXET BBOAUTHCS MHEPTHBIN
ras, B 4aCTHOCTH aproH. EMKoOCTb meum yBeqnuuBaeTcs Ojarogapsi MCIOJb30BaHUIO
BBIIBIKHOTO TTO/IA, IIPY 3TOM B HACTOSIIIEE BpeMsI Ha TAKOU ITeYN Ha MHOTUX IIPEATIPH -
SATUSIX TTOJydaroT cauTku auametpom 700—1200 MM 1 BecoM 3—15 ToHH. s yaydiie-
HUSI OHOPOIHOCTH CJIMTKOB IIPOM3BOAMTCS ABOMHAS MU MHOTAA TPOiHAsl TUIaBKa.

ITockoNMBKY TUTAHOBBIC CIIABBI MCITOJB3YIOTCS UIST OTBETCTBEHHBIX BPALIAFOIITX-
¢sl KOMIIOHEHTOB Ta30TypOMHHBIX JBUTaTeNIeil, 0cO00e BHUMAHUE YACISICTCS JTUKBU-
JAlMU BKJIIOUEHUI B OTJIMBKAX, KOTOPbIE MOTYT CIIY>KUTh B Ka4e€CTBE 30H ISl TIEPBUY -
HOTO (POPMUPOBAHUS YCTATIOCTHBIX TPEIIUH B ACTANISIX, B YACTHOCTH, TAKMX KaK KOBa-
HbIe TUCKU KoMITpeccopa. KauecTBo TyOKM MOXET OBITh YJIYYIIeHO, €CJIU ITPUOCTHYTh
K BaKYYMHOI1 IIeperoHKe; ObLIN TaKXKe UCIBITAHbI 00JIee TOPOroCTOSIIIME IJIaBUJIbHbIC
TeYHr C XOJIOMHBIM TOJI0M, 0OecIieunBaroIe 601ee MpoaoKUTETbHBIE CPOKHU BhIIEP-
JKKW pacIUIaBJEHHOTO CIIaBa U B pe3yJIbTaTe 3TOTO JAIOIIMe OOJIbIIYI0 BO3MOXHOCTh
pacTBOpEeHUsI WK yAaJleHUsI TIpuMeceil. B aTHx mevax miaBka IpoU3BOAUTCS MO0 B
YCJIOBUSIX CUJTBHOTO BaKyyMa C MCTIOJIb30BaHUEM 3JICKTPOHHBIX ITYIIEK B KAUECTBE MC-
TOYHHMKA TETUIOTHI, TMOO ITOCPENCTBOM IIa3MEHHOI TOpeJiKU, padoTaloleii B KOHTPO-
Jupyemoii atMocdepe.

B mrerom sHeprus, morpebisieMast Ipu IMPOMU3BOACTBE YMCTOM TUTAHOBOI TYOKM,
0OoJIbIIIE HEPTMU, HEOOXOIMMOI JUTsI TPOM3BOACTRBA JIIOOOTO IPYroro pacipocTpaHeH-
HOro MeTtaja B Buie cIUTKoB (puc. 1.13). OHa npubausutenbHo Ha 70% Ooibliie, yeM
SHEPrus, HeoOXoaMMast IJIsI M3BJICUCHUSI PAaBHOTO Beca allOMUHUS, U B 14 pa3 OobIle
3HEepPrur, HeOOXOAMMOM IIJIs TPOM3BOACTBA cTayn. [IpOM3BOACTBO MOCPEACTBOM Kap-
0OTEPMUYECKOr0 WX IIA3MEHHOI0 BOCCTAHOBIICHUSI COSAMHEHMI TUTaHA, KaK IToKa-
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3bIBAET MpPaKTUKa, SIBJASIETCS LeJecCOO0pa3HbIM B MacliTabax JlabopaTopuu, OJHAKO
pa3IMyHbIE TEXHUYECKHE MPOOJEeMBI MTOKA YTO MEIIAloT ITPOMBIIIJICHHOMY MTPUMEHE-
HUIO 3TUX TEXHOJOTIMi. AHAJIOrMYHBIM 00pa3oM, 100bIYa TUTAHA TTOCPEICTBOM DJIEKT-
pOJIM3a COJIEBOIO paciljlaBa ITOYTH OE3yCITCIIHO N3yJaiach B TCUCHUE MHOTHX JIET, TTOKa
COBCEM HeAaBHO B AHIJIMM He ObUIO CIEeJJaHO HEOXMIaHHOE OTKpbITHE. B pesysabTaTe
sToro 6buI pazpadboraH HOBBII mpouecc Ppest, @aprunra u Yena (FFC), koropslii B
HACTOsIIIIee BpeMsI aHATU3UPYETCS Ha IIPeIMET €ro IIPOMBIIIUICHHOTO IIPUMEHEHUSI. DTOT
MPOLIECC BKIIIOYAET MCIOIB30BaHKE MOPOLIKOBBIX OprKeToB TiO, B Ka4ecTBe KaToaa 1
rpauTa B KauecTse aHoAa B BaHHe pacmasienHoro CaCl,. braronaps TiatensHOMy
noadopy HaNpsKEHWSI MPEANTOYTUTEIbHOM KaTOAHOM peakluen SBasIeTcsl MOHU3ALUs
0,, a ne ocaxaenue Ca. ®akTUYECKUE PEAKLMU BBIIJIAAAT TaK:

Katon: TiO, +4e-=Ti + 2 O*.
Anon: C+x0*>=CO_+2xe".

KimroueBbiM (hakTOpOM B 3TOM MpolLiecce sABsAeTcd T0, 4To TiO,, KOTOpbIi 0OBIYHO
MPEeACTaBIISIET COOOU U30JIATOP, CTAHOBUTCS POBOJIHUKOM, KaK TOJIbKO OYIeT yaase-
HO Hebomnboe Konu4ecTso O, B Havae snekTponusa. I1o Mepe TeueHns peakunu mo-
PUCTBIII MOPOIIOK OKCHUIA MPEBPALIAECTCS B BBICOKOUMCTYIO METAIMUECKYIO TyOKY,
KOTOPYIO MOXHO PacCIIaB/sITh U JIETUPOBATh 0€3 HEOOXONUMOCTU AAJIbHEH e OUnCT-
KW WIA UCITOJb30BaTh HEMOCPEACTBEHHO JJISI TPUTOTOBJIEHUS U3JEINIA MOPOIIKOBOMN
Mmetastypruu. [IpeumyinectBa FFC-npoliecca 1o cpaBHEHUIO ¢ TPaAULIMOHHBIM Me-
topom Kposna cienyromue: (i) Bce MaTepuainsl sextponusepa — TiO,, rpagut u CaCl,
OTHOCUTENIbHO HeIopoTH, (ii) TUTaHOBasi TyOKa MPOM3BOAUTCS ObIcTpee U (iii) BO3MOXHO
HernpepbiBHOE MTpor3BoAcTBO. Eciu npousBoauteasHocth FFC-npoiecca MmoxHo Oy-
JIeT B OyIyllleM YBEJIUUUTh, CYMTAETCS, UYTO OH 00JIaaeT MOTEHIIMAIOM ISl COKpallle-
HUSI CTOMMOCTH TUTaHa B JIBa pas3a, YTO 3HAYUTETbHO U3MEHUT KOHKYPEHTHOE T0JIO-
>K€HME 9TOTO MeTajlJla [0 OTHOIIEHUIO, HAITPUMED, K HEPKaBEIOIIEH CTaIN.
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