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MEXAHOXUMMYECKUWA CUHTE3, MEXAHWYE-
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B pabome memodamu peHmeeHo8cKol Ou@pak-
uuu, 31eKMpoHHOU CKaHupytoujel, amomMHo-cui08ol
U onmuyeckoll MUKpOCKonUU U3y4eHsl CMpyKmypHo-
¢azosvie npespauieHuss 080LHbIX Memanauyeckux
cucmem Cu-20 % Me, Fe-20 % Me, 20e Me=Ti,
Zr 8 yc/iosusx MexaHudeckol akmusayuu u ux
8/IUSHUE HA (OPMUPOBAHUE MUKPOCMPYKMYpPbl NPO-
0yKmog MexaHOXUMUYecKo20 CUHmMe3a Meman-oK-
cudreix cucmem Cu/Me-CuO u Fe/Me-Fe,0,.
YcmaHoseneHo, Ymo UCnos1b308aHUE - HAHOCMPYpPU-
posarHbix mexaHokomnosumos Cu/Me u Fe/Me
8 Kayecmse 80CCMAHOBUMENS 8 IK30mepMUYecKux
peakyusix 83aumoodelicmeus ¢ okcudamu 8 xooe- Me-
XaHuyeckol akmusayuu CHUXaem UHMEHCUBHOCMb
g3aumodelicmausi 0KcUda u AKMuUBHO20 Memanna u
npusodum K ynpagsisgemomy ¢opmMupo8aHur KomMno-
3ULUOHHBIX MPOUHbIX MemannoKCUOHbIX Yyacmuy
NIAMUHapHol cmpykmypoli u 06pa308aHUK C/I0HHbIX
0Kcuoos.

BBELEHWE

[lncnepcHo-ynpoYyHeHHble OKCMAAMU KOMMO3K-
umonHble cnnaebl Cu-CuO v Fe-Fe,0, asnsiotcs
NepCcrneKkTUBHbIMU  KOHCTPYKLMOHHbIMKM ~ MaTepu-
anamMy ONng MCnoNb30BaHUS B MALUMHOCTPOEHUM,
S0EPHOM 3HEpreTMKe, 3NeKTPOTEXHMKE. M3BECTHbI-
MW cnocobamu nonyyeHUs MatepuanoB nonob-
HOro Knacca SBNSKTCS TEPMUYECKOEe OKWUCIEHME,
3N1eKTPOOCAXKAEHME M3 PaCTBOPOB, BHYTpPEHHee
OKMC/IEHME, NpPOBEAEHUE OKUCIWUTENIbHO-BOCCTA-
HOBUTENbHbIX peakumMii B MHEPTHOM aTtMocdepe B
NPUCYTCTBUM  PA3/IUYHBIX METaNN0B-BOCCTAHOBK-
Tenen, B TOM 4mcie M Npu CaMopacnpoCTpaHsaio-
wemcsa BoicokoTemnepatypHom cuntese (CBC) [1,2].
B nocnepgHue rogbl pa3BMBAETCS METOL MEXAHOXM-
MWYECKOr0 MONYyYEeHUs LAUCNEPCHO-YMPOYHEHHbIX
OKCMAAMM MOPOLIKOB C MOCNEAYIOWNM UX KOMNAK-
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ABSTRACT

MECHANOCHEMICAL REACTION, MECHANICAL
ACTIVATION, METALLO OXYDE POWDERS

The oxidation-reduction reactions in the metal
oxide systems of type Me-CuO and Me-Fe,O,
with active metals (Me = Ti, Zr) can lead to thermal
explosion. It was proposed to use mechanochemically
obtained composite structures of active metals of type
Cu/Me and Fe/Me as a reductant produced by the
intensive mechanical activation. The results of inves-
tigation of effect of the structures of binary metallic
nanostructured mechanocomposites precursors Cu/
Me, Fe/Me on the processes of structure formation
of synthesis products of systems of type Cu/Me-
CuO and Fe/Me-Fe,0, are given. It was shown
that using of the mechanocomposites Cu/Me and
Fe/Me provides controlled flowing of the the redox
reactions without causing thermal explosion forming
the composite structure of the powders .

v -

TpoBaHueM. Tak, MCCefoBaHMs NPOLECcCOB Mexa-
HMYECKOro CnyaBfieHUsl, MPOBEAEHHbIE aBTOpPaMu
[3] B cuctemax «okcup xenesa-metann (Fe, Ni,
Ti, Zr)», nokazanu, 410 Npu LedopMaLUOHHbIX
BO34EMCTBUSAX B NpoLLecce CABWIa Noj, AaBJEHUEM
B HAKOBA/IbHAX BpuIKMEHa yKe npu KOMHATHbIX
TeMmnepatypax NpoucxoasT OKUCIUTENbHO-BOCCTa-
HOBWTENbHbIE peakumn C 0bpa3oBaHMEM >Kenesa
M BTOPUYHbIX OKCMIOB Xenes3a HecTexuomeTpuye-
CKOro CcocCTaBa (Fe3_y04, Fe, 0). NMocneayiowwit
OTXKMI 3aBepLUaeT OKUCIUTENIbHO-BOCCTAHOBUTENb-
Hble peakL .

Mcnonb3oBaHWe NnaHEeTapHOM LWAPOBOM Menb-
HULbI TpY 06paboTKe NMOPOLLKOB METanI-OKCUAHBIX
CMecel NPUBOAMT K NPeBpPaLLEHUSIM aHANOTMYHbIM
NpoTEeKAKLLMM NpoLecce CABWUIa MoA, LABNEHMEM.
[Mpun 3TOM OTAMYUTENbHBIMU OCOBEHHOCTAMM Mexa-
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XUMUYECKAS TEXHOJIOTUA U 3KOSI0TUA

Huyeckomn aktmBauumn (MA) B nnaHeTapHOW Wwapo-
BOW MeNbHULE SBAAKOTCS JIOKANbHbIA pa3orpes, a
TakXe MpOLLeCChl U3MeNbYeHUs 3epeH U cyb3epeH
yactuy, ¢ AedopMaLMOHHBIM NepeMeLLUBaHMEM.
370 NpuBOAMT K (OPMUPOBAHWIO BbICOKOPA3BM-
TbIX KOHTAKTHbIX MOBEPXHOCTEN MEXAY MCXOLHbIMM
KOMMOHEHTaMM U BbICOKMX KOHLLEHTpALMIA pas3nny-
HOro Tuna LedeKkToB B MPUrPaHUYHbIX 061acTsX,
4TO M SBNSETCSA MPUYUHOW YCKOPEHUS CTPYKTYPHO-
($a30BbIX NpeBpaLLEeHNA B XMMUYECKU aKTUBHBbIX
cucTeMax.

PaHee _ uccnepoBaHHble  MeXaHOXMMMYECKMe
peakLun BOCCTAHOBNEHWMS OKCMAOB [3-5] noka-
3anu, yto MA remMatTuTa B NJaHeTapHOW LWApOBOM
MenbHULE Ha BO34yXe NpUBOAMT K 06pa3oBaHMio
BTOPUYHOIO HECTEXEOMETPUYHOro MarHeTtuTa. [lo-
6asneHune a-Fe npn MA B-MHepTHOM aTMocdhepe
aproHa cnocobcreyet pacrsoperuio Fe,0, B Mat-
puue a-Fe v BocctaHoBnenuto o-Fe ¢ obpasosa-
Huem BlocTuTa Fe, O c nedeKTHbIMU KOMMeK-
camn Fe-0O B a-Fe. Tpu MA cmecu remaTuta c
TUTaHOM paCTBOPEHME OKCMAA MPOUCXOAUT Bonee
akTMBHo, YeM B cucreme Fe,0,-Fe c obpazosa-
Huem TBepabix pactBopoB Fe-Ti, a B pe3ynbrate
peakuuu B CUCTEME C LIMPKOHWEM Keneso U3 re-
maTtuTa nepexoaut B a-Fe c obpasosavuem Zr0,
n uHtepmetannuaa Fe,Zr. Mpu 310M aBTopbl OT-
MeuyaloT, YTO MCMONb30BaHUE aKTUBHbIX METaisoB
LMPKOHMS U TUTaHA B KA4eCTBE BOCCTAHOBMUTENEW
OKCMAOB MeAM U Xenesa NMpUBOAAT K MPOTEKaHMIO
peakuui npu MA Ha ypoBHe TennoBOro B3pbiBa.

[ng ynpaBneHus MEXaHU3MOM U KUHETUKOW pe-
aKLMI MOXKHO MCMOMb30BaTh B KA4YECTBE BOCCTaHO-
BMTENS MEXAHOXMMMYECKM MOMyYeHHble KOMMO3U-
LMOHHblE CTPYKTYpbl aKTUBHOrO MeTanna B bonee
WMHEPTHOM MaTpuLe.

Lenbto paHHOM paboTbl 9BNSETCS M3yyeHue
B/IUSIHWUS  CTPYKTYpbl MEXaHOKOMMO3UTOB-MpPeEKyp-
copos Cu/Me, Fe/Me (Me=Ti, Zr) Ha dop-
MWpOBaHWE METaNNOKCUIAHbIX KOMMO3UTOB CUCTEM
Cu/Me-CuO v Fe/Me-Fe,0, npu nHTEHCUBHOM
MeXaHUYeCKOM akTMBALMKM B MIAHETAPHOM LWapo-
BOM MefbHuULE.

MATEPWUAJbI U METObl UCCNTELOBAHUI

Ha nepsBoM 3Tane pgns nonyyYeHusi MexaHo-
KOMMO3MTOB-MPEKYpPCOPOB  MCMNOAb30BaAUCL MO-
powku meam NMMC-1, kapboHunbHoro xenesa MXK,
unpkoHusa M-41, tutana NTOM. MexaHuyeckas ak-

TUBALMS MPOBOAMNACL B BbICOKO3HEPreTUYECKOM
nnaHeTapHon waposoi MenbHuue Al0-2 ¢ Boas-
HbIM OXJTaXAEeHWEM B aTMocdepe aproHa (06bEM
6apabaHa 250 cm?, pmMameTp WwapoB 5 MM, 3arpys-
ka 200 r, HaBecka obpabaTtbiBaemMoro obpasua 10T,
CKOPOCTb BpaleHns 6apabaHoB BOKpyr obLLei ocu
~1000 06/MuH). KonuyectBeHHOE COOTHOLLIEHME
KOMMOHEHT B MEXaHOKOMMNO3uTax coctasnsno 80 %
Fe: 20 % Me v 80 % Cu: 20 % Me. MexaHu-
yeckas akTMBaLMS NPOBOAWMNACH C AJUTENbHOCTbIO
4 1 20 MuH.

Ha BTOpoM 3Tame BbIMOAHSNACh MeXaHuye-
ckas aktmBauma cmeceit coctasa CuO-Cu/Me u
Fe,0,-Fe/Me B cooTHoweHun 25:75 ¢ AnuTenb-
HOCTbIO 2 MUH U 4 MUH COOTBETCTBEHHO.

M3yyeHne (Ha3oBOro coctaBa MNOPOLUKOBbIX
KOMMNO3MUTOB MPOBOAMNIOCH HA  AudpakToMeT-
pe D8 Advance B xapakTepuCTU4EeCKOM u3ny4e-
Han CuK,, (A = 1,5406 A) c ucnonbsosaHuem
6a3bl JaHHbIX peHTreHorpaduyeckux CTaH4ApTOB
ICDD PDF-2.TonykonnuecTBeHHbIM (Ha30BbIf aHa-
N3 COCTaBa MOJIYYEHHOrO NpPOAyKTa NPOBOAMICS
B MO EVA ¢ ncnonb3oBaHWeM KOPYHOOBOrO uYmc-
na RIR (Reference Intensity Ratio). 3Ta BennuuHa
paBHa OTHOLWEHMIO MHTeHcuBHOCTeN 100 % nuHUM
I/Ic BewectBa v KopyHaa (a - Al,0,) B cMecy, co-
gepxauer no 50 Mac. % KOMNOHEHTOB.

PacueT M yTOYHEHME MWKPOCTPYKTYPHbIX Na-
paMeTPOB: BbIMOMHANUCD MO METOAY HaMMEHbLIMX
KBaLpaTOB C NpoBeAEeHUEM MOAHONPODUIbHO-
ro pasnoxeHus  guMdpakTorpamMM no npouenype
Pawley B 10 «TOPAS». [1ng onncaHns popmbl nmka
ucnonb3oBanacb @yHkums ncespo-Ponrra. Pac-
yeT MapameTpoB MUKPOCTPYKTYpbl MPOBOAMACS C
y4eTOM COBMECTHOrO BKM3Aa B YLUMPEHUE MUKOB
pa3Mmepa KpuctanamToB (<L>) 1 MuKpoHanpsxe-
HWi (e,). s pacyeTa cpenHero pasmepa Kpucran-
NUTOB NpuMeHsnacb QyHkuus JlopeHua, MUKpo-
HanpsbxkeHun — dyHKumua faycca. Ins nccneposaHuns
CTPYKTYPbl NOMy4YeHHbIX 06pa3L0B UCMOb30BANCS
CKAHWUPYIOLWMIA 3NEKTPOHHbIM  MuKpockon (COM)
Bblcokoro paspeweHns MIRA\TESCAN c npucras-
KOW ONS MUKPOPEHTreHOCNeKTPanbHOro aHanusa
(MPCA). lnameTp 3neKTpOHHOro 30HA4A COCTaBAAN
5,2 HM, 06nacTb Bo36yxaeHus — 100 HM. [MonyyeHbl
M300paXkeHUs B MpsSMbIX U 0BPATHO pacCesHHbIX
3/1eKTPOHAX, YTO MO3BOJIUIO UCCNEeLOoBaTh pacnpe-
[eneHne XMMUYECKUX INEMEHTOB MO MOBEPXHOCTM.

MccnenoBaHus  MopdonorMyecknux — xapakTre-
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pUCTUK M Tomorpadum NOBEPXHOCTU MONy4aeMmbIxX
NPOAYKTOB NPOBOAMIUCE HA aTOMHO-CM/IOBOM MU-
kpockone NT-206 (Microtestmachines, r. [omenb)
CTaHOAPTHbIMM  KOMMepyeckuMu  V-06pasHbiMu
3oHpamm NSC11 (Mikromasch).

SKCMNEPUMEHTAJIbHbBIE PE3YJIbTATBI U UX OB-
CYXIOEHUE

B cuctemax Cu-Me, Fe-Me KOMNOHEHTbI 06-
NAJAl0T BbICOKOM IHEPruern XMMmn4eckoro B3aumo-
LENCTBuS:

AH ~ -17 k[x/Monb;

em Cu-Ti

AH ~ —30 k[x/Monb,

cm Cu-Zr

AH ~ -15 k[x/Monb;

cm Fe-Ti

AH .. ,=~=20 k[x/monb) [6,7].

W, cornacHo-paBHOBECHbIM AMarpaMMax COCTO-
SHUS, B CUCTEMAX BO3MOXHO 0Opa3oBaHus psaa
UHTepMeTannnMyecknx. coeanHermin [8]. Moatomy
cywectByeT 6onbluas BEPOATHOCTb MPOXOXAe-
HUS MeXaHOXMMMYECKMX peakLuii ¢ 06pa3oBaHu-
€M MHTEpMeTaNIM4YeCcKMX COeANHEHUI U TBEpAbIX
pacTBOopoB B npouecce GOPMUPOBaHUSA MeXaHo-
KOMMO3WUTOB 33 CPaBHWUTENbHO KOPOTKUI Nepuop,

06paboTku.

OTH

FeTi

XUMUYECKAA TEXHONIOTMA U 3KONOrna

PeHTreHodasoBble uccnenoBaHus NPOAYKTOB
MeXaHOXMMMWYEeCKOro B3anMOAENCTBMS MOPOLLKOB
Fe-20 mac. % Me v Cu-20 mac. % Me nokasa-
NN, YTO yBenuyeHue anutenbHoctn MA ¢ 4 muH
[0 20 MWUH NpUBOAMT K CyLLECTBEHHOMY CHMXe-
HUI0 MHTEHCMBHOCTU AMPPAKLMOHHBIX OTPAXKEHUN
Meou U Xenes3a U 3HAUMTENIbBHOMY UX YLUIMPEHMUIO,
yTo 00YCNOBNEHO YMEHbLUIEHWMEM WX Pa3MepPOB
KpuctannutoB (pucyHkn 1 - 4). B xope mMexaHu-
yeckoi akTmBauuu B cuctemax Cu-Me v Fe-Me
AMGDPAKLMOHHbIE OTPAXEHUS TUTAHA M LMUPKOHMS
CTAQHOBATCS Pa3MbITbIMU, 3 3aTeM pedrieKCbl LUup-
KOHMS ucyesatoT. [1pyn 3TOM M3MeHeHus napamet-
poB peweTtku (a) das mMean u xenesa, HECMOTPS
Ha 3HAUYMUTENbHYI0 Pa3HULYY B aTOMHbIX pajuycax
(R;, = 128 A R, = 126 A, R, = 160 4,
R, = 1,47 A), He NpoMCXOAMT, YTO LOCTATOYHO 06-
OCHOBAHHO CBWAETENbCTBYET O BO3MOXHOM pac-
npeneneHnn LMPKOHUS U TUTaHa Mo rpaHuLam xe-
nesa u meau [9].

[Mo paHHbIM peHTreHoda3oBoro aHanuza MA
MeTaNIM4YeCckux CUCTEM C TUTAHOM (pUcyHKkn 1 - 3)
B OT/IMYME OT LMPKOHUSA (PUCYHKM 2 — 4) conpoBoO-
XAaeTcs 06pa3oBaHNeM HE3HAUUTENIbHOTO Konlnye-
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2-Theta - Scale

PucyHok 1 - ugppakmozpammsi nopowkos cocmasa Fe-20 % Ti nocne mexaHuyeckoli akmugayuu 8 meyeHue:

a -4 muH, 6 - 20 MUH
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2-Theta - Scale

PucyHok 2 - [lupppakmozpammsbi nopowikos Fe-20 % Zr: a - spems akmusayuu 4 MuH, 6 - 8peMsi akmusayuu

20 MUH

OTH

* — CuTi,
V - CuTi,

2-

Theta - Scale

PucyHok 3 - Jugppakmoepammsl nopouwikos Cu-20 %Ti, nonyyeHHbix npu MA 8 meyeHue: a - 2 MuH, 6 — 20 MuH
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I
OTH cu
Cu
Cu 0
Zr
ZrZr a
2030, 40 50 60 70 80 90
20 rpag,
PucyHok 47 - [ugppakmozpammsl  NOpPOUWKos

Cu-20 % Zr, nonyyeHHbiX 8 meyeHue: a — 4 MUH
MA, 6 - 20 muH MA

D

ctBa untepmetanmpos Fe,Ti, FeTi vin CuTi,,
CuTi

Mo pe3ynbraTaM peHTreHOCTPYKTYpHOro aHa-
nm3a (Tabnuubl 1 - 2) yBenuyeHue ApauTeNb-
Hoct MA ¢ 4 po 20 MMH NPUBOOMT K yMeHbLLe-
HWIO CpefHero pasMepa KpUCTANUTOB 3kenesa
(c 40-53 po 13-14 um) u meom (c 45-50 po
10-15 HM), 4TO CONPOBOXAAETCS penakcalumen Mu-
KpoHanpspkeHui. HeaHauntenbHble M3MEHeHUs na-
pamMeTpoB peweTku xenesa (@, = 2,8664 A) 7
veam (@, = 3,615 A) Ha HavyanbHOM cTagmumn MA
NpeanonoXnTenbHO 00yCNOBAEHbI BbICOKUM YPOB-

XUMUYECKAA TEXHONIOTMA U 3KONOrna

HEM MUKPOHAMPSHKEHMUI, YTO MOXET ObITb CBA3AHO
¢ GopMMpoOBaHMEM Pa3ynopsLO4YEeHHOrO MOBEpX-
HOCTHOrO €n0s U AedeKTHOro COCTOSHMUS 4YacTuL,
xenesa u Menn. MoxHo nonaratb, 4To 06pa3oBa-
HWS TBEpAbIX PaCTBOPOB HAa OCHOBE MeAM M Xenesa
npyv MexaHM4Yeckon akTmeauuu B TedeHne 20 MUH
He NMPOUCXOOMT.

[onyyeHHble AaHHbIe 3N1EKTPOHHOM CKaHWUpy-
foLLe MMKPOCKOMMU YKa3blBAlOT Ha npeumylle-
CTBEHHO TOMOreHHOe pacnpefeneHe HaHopas-
MEpHbIX KOMMOHEHTOB (UMPKOHWS W TUTaHa) B
obbemMe MeTanIMyecknx MaTpuL, (PUCYHOK 5).

PasmMepbl KOMMO3UUMOHHbIX uYactuu, Cu/Ti
u Fe/Ti uMeloT WMPOKUIA AManasoH 3HAYEHMIl
10-60 1 5-25 mkM cooTBeTcTBEHHO. [TpK MA Meau
nxenesa C LMPKOHMEM pa3Mep 06pa3yoLLmMXCcs Ya-
CTUL, MEX3AHOKOMMO3MUTOB B 2 pa3a MeHblUe OTHO-
CUTENbHO pa3sMepoB Yactuy npu MA ¢ TutaHom. Ha
paHHel ctagun MA (4 MWH) NpOUCXOAUT NpeUmy-
LEeCTBEHHO M3MenbyYeHWe 4acTuL, MeTannos. YBe-
NNYEHUe ANUTENIbHOCTM MeXaHM4ecKon 0bpaboTku
NpMBOAMT K 06Pa30BaHMIO MIOCKMX NIOTHbIX arpe-
raToB C yMeHbLUEHWEM CpPefHero pa3mepa 4acTul, B
arperatax ¢ TutaHom ¢ 500 go 300 HM (pucyHOK 6),
a C uMpkoHueM MeHee 300 HM.

TakuM 00pa3oM, UCMoNb3yeMble B KayecTse
MeTanna-BoCCTaHOBUTENS OUMeTannMyeckume Me-
XaHOKOMMO3MTbl NPeaCcTaBnsoT cob0M HAHOCTPYK-
TYPVMPOBAHHYIO MaTpULy Xenesa uan Megm C npe-
MMYLLECTBEHHO TOMOFEHHbIM  pacnpefeneHnem

- a

Tabnuya 1 - MukpocmpykmypHsie napamempsl Fe nocne MA ¢ Ti, Zr, nonyyeHHbie peHm2eHoCmpyKmypHbsiM

aHanusom (PCA)

O6pasew, Fe/Ti4mMmiMA | Fe/Ti20 MuiMA | Fe/Zr 4mun MA | Fe/Zr 20 mun MA
a A 2,869 2,870(8) 2865(4) 2,866(0)

<L> v 53 14 40 ' 13
e, 1,5114 0,473 1,0922 10316

- -

Tabnuya 2 - MukpocmpykmypHsie napamempsl Cu nocne MA ¢ Ti, Zr, nonyyeHHble peHmzeHoCmpyKmypHbsiM

aHanusom (PCA)

O6pasew, Fe/Ti4mMuiMA | Fe/Ti20MuuMA | Fe/Zr 4mun MA | Fe/Zr 20 mua MA !
a, A 3,614 3,619 3,615(6) 3,617
<L>HM 50 10 45 15
[ 0,313 0,3344 0,5124 0,7854
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Crextp Cu It
Cmextpl 6611 3389
Coextp2 7302 2498
Coextp3 7847 2153
Coestpd 7496

Croeszp

Croextpl

Creszpl

Cnextp3 .7 7439
Crextpd 7418
Cnexzpi 3.7 7441
Cpennes 561 7463

f 10mMEm - &nekTponHne wanfpaxene 1 f A0MKm ! BnexTponnoe waofpaierve 1
a 0

PucyHok 5 - C3M uzobpaxeHue ¢ npusedeHHsiM MPCA 06pasuos nocie MA & meueHue 20 muH: a - Cu/Zr,
6 - Cu/Ti

- -

Z' nm E.Bum x 5.6wm x 1. 1um [300 x 300] Z, um

4.0um x 4.4um x 403.5nm [156 x 219]

X, um

4 2umx 4 2um i 152 8am [200 x 300]

-

'] 1 b 3 el

X um

PucyHok 6 — ACM uszobpaxeHue monozpaguu u kapmuH pacnpedeneHus namepansHsix cun (KJ1IC) nopowkos:
a - Fe/Ti nocne MA - 4 muH, 6 - Fe/Ti nocne MA - 20 mun, 8 - Fe/Zr nocne MA 4 mun, 2 - Fe/Zr nocre
MA 20 muH
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nerupytowmx anemerToB (Ti, Zr) B 3epHOrpaHuny-
HbIX 0B11aCTAX Meau U xenesa.

MpoTekaHne  OKUCAUTENbHO-BOCCTAHOBUTESb-
HbIX peakuMi B MEeTaNN-OKCUAHbIX CMECSIX MOXeT
6bITb 3aMMCcaHo CnesyloWwmrM 06pasom:

2Fe,0, + 3Me — 4Fe + 3Me0O, + Q,
2Cu0 + Me — 2Cu + MeO, + Q,

roe @ - TennoTa, BblAENSEMAN B XOLE peakLmu.

MpumMeHeHne MexaHokomnosutos Fe/Me u
Cu/Me B KauecTBe BOCCTAaHOBMTENEN OKCMAOB
MeaM' U skenesa NpuBOAMT K BO3HUKHOBEHWIO KOH-
KYPUPYIOLWMX  OKUCAWUTENbHO-BOCCTAHOBUTENbHbIX
peakLMii KXA0ro KOMMNOHEHTa MexaHOKOMMo3uTa
C OKCMIOM.

Mo paHHbIM / peHTreHoha3oBOro aHanusa
OCHOBHbIMW (Pa3aMU MEXaHOXMMMUYECKOTO CUHTe-
3a B cucteme Fe,0, +Fe/Ti sBnaotcs xeneso
a-Fe (Im-3m), HenpopearMpoBaBLUWIA OKCUA, Xe-
nesa Fe,0, (rematut) (R-3C) W CNOXHbIA oKCua
ynesownuHens Fe,TiO , (Fd-3m) (pucyHok 7).

Dudpaktorpammel MA cuctemol Fe 0, +Fe/Ti
XapaKTepW3yTCs Manoid WMHTEHCMBHOCTbIO pe-
dnekcos, 6ONbWUM YLIMPEHUEM W 3HAYUTENBHBIM
aCMMMETPUYHBIM  Pa3MbITUEM «XBOCTOB» MUKOB

IOTH _: ’

‘Fc

i J+| \

m\vﬂ [ M‘M

: |
;'ﬁtw*ﬂm\w’f‘%’ w Hll» 4 I*Ww "-'M”**‘ WWMWJ

XUMUYECKAA TEXHONIOTMA U 3KONOrna

B obnactm yrnoe 206 oT 36 po 45°. AcummeTtpus
Pa3MbITOCTU «XBOCTOB» MWKOB Kenesa B CTOPOHY
MeHbLUMX YINIOB CBSI3aHa C mepepacnpeneneHnem
KMcnopoaa B OKCMAaax xenesa u obpasoBaHWeEM
¢a3 soctuta Fe, , (Pm-3m) uFe,Ti, O (Fd-3m).
(Paza oMoKCuaa TUTaHA peHTreHorpaduyeckn He
perncTpupyercs. YBenmyeHune AAuTeNbHOCTU Mpea-
BaputenbHoM MA MeXxaHOKOMMO3UTOB-NPeKypcCo-
pos Fe/Ti no 20 MWH He BIMSIET Ha OCHOBHOW
$a3oBbIli COCTaB NpoayktoB MA MeTann-okcma-
HOM CMecCKu, OQHAKO MPUMEHEHME NpeKkypcopa C
6onbwen anutenbHoctbldo MA crnocobcTByeT He-
3HAYUTENbHOMY YCKOPEHMIO MPOLLECCOB B3auMO-
nenctena npu MA U yMeHbLIEHWIO KOAMYecTBa
HenmpopearMpoBaBLIero reMatuta B MpoAyKTe
(tabnuua 3).

MNpy 3TOM yMeHblIAeTCs M copepxaHue ¢a3
CNOXHbIX OKcMAoB M BlocTuTa. ComepxkaHune dasbl
Xenesa B cmecu nocne MA yBenuymBaeTcs no ot-
HOLEHUI0 K ucxopHom (60 %), a npuMeHeHue npe-
KypcopoB C 6onbliei anutenbHoCcTbio MA npuBo-
[T K YBENMYeHueto coaepkaHns dasbl xenesa.

Mo [aHHBIM PEHTreHOCTPYKTYPHOrO aHanusa
(tabnuua 4) B MEXaHOXMMMYECKM CUHTE3NPOBaH-
HbIX METaNNOKCUAHBIX KOMMO3MTaX MNPOUCXOLUT
M3Me/bYeHWe KPUCTANIUTOB remMatuTta, Npu 3TOM

* — Fe, O, (TematuT)
= Fey g
V — Fe, TiO  (YnbBOwnunHenb)
+ — Fe, TiO

Broctur)

o

P € Miagitubher gt
#ix

'\Wﬁy f‘f& dﬁmﬁ‘*wﬁﬁ\!smgw# _.L‘“Wmmmww&

2-Theta - Scale

Pucyrok 7 - Augppakmozpammel npodykmoe mexaHoakmueayuu cmecell Fe,0 + mexaHokomMnosum Fe/Ti c
npooo/IHUMENbHOCMbI0 aKmueayuu MexaHokomnosumos 4 MuH (a) u 20 mut (6)
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Tabnuya 3 - @aszoewili U NOMYKOAUYECMBEHHBIU GHANU3 KOMNO3UUUOHHBIX Nopowkog nocie MA cmeceli
Fe203-Fe/ Ti ons npekypcopos ¢ paznu4Holi dnumensHocmoo MA

DnutenbHoctb MA Fe Mac.% Fe O
npexypcopa Fe/Ti 0 mac.%
4 MUH 65

20 MUH 71

2732

Fe,TiO, FeO Fe,Ti,O
mac.% mac.% mac.%
15 5 5
13 4 4

Tabnuya 4 - PeHmaeHocmpyKkmypHble 0aHHble napamempos moHkol cmpykmypsl nopouikoe Fe,0,-Fe/Ti

nocne MA

-—

DnutenbHocTb npeasaputensHoi MA npekypcopa Fe/Ti

HaumeHoBaHue ¢asbi

20 MuH
Fe a=287108) A a =2.88309) A
L=16 Hm L =14 um
Fe,0, (rematur) L =17 um L=11Hum

pasmep KpucTannutoB $asbl a-xenesa He u3Me-
HAeTCS M COXPAHSETCS Ha YPOBHE COCTOSIHWS B
npekypcope. OAHaKo MCMOAb30BaHME MEXAHO-
komnosuta Fe/Ti c 20 MuH MA v npu pansHen-
lwen mMexaHu4yeckor obpaboTke B TeyeHue 4 MUH
B coctaBe cMecu ¢ Fe,0, NnpMBOAMUT K 3HAUMTENb-
HOMY yBeNIMYEHMIO NapaMeTpa peLueTku xenesa. B
[LAQHHOM C/lyyae MOXHO roBopuTb 06 06pa3oBaHum
TBEpAOro pacTBOpa Ha OCHOBe Xenesa. Pacrtso-
puMoit daszon MoxeT GbiTb Kak Ti, Tak u Fe, O
n TiO,. lNpn 3TOM AMOKCMA TUTAHA TaKKe MOXET
pactBopsietcs B Btoctute [10].

PeHtreHodasoBbit aHanm3 npoaykta MA cme-
c1 Fe,0 ,+ MexaHOKOMNO3UT Fe/Zr nokasan, uto
OCHOBHbIMM (a3aMM MEXaHOXMMMUYECKOIrO CUHTe-
33 B TeyeHue 4 MuMH aBnAOTCS xeneso a-Fe (Im-
3m), okeup xenesa Fe,0O, (rematut) (R-3c), BoCTUT
Fe, O v da3bl okcnpa umpkonna ZrO (Fm-3m)
n Zr0, (tetragonal P42/nmc) (tabnuua 5) (pucy-
HoK 8). CTOXHbIX OKCMAOB He o0b6HapyxeHo. [Iu-
(dpakTorpaMmbl  MUMEKT BWA, XapaKTepHbId ons
NMOPOLUKOB MNOC/e MHTEHCUBHOM  MeXaHW4eCKoM

006paboTKM — 3TO HM3KAs UHTEHCMBHOCTb U 3HAUMU-
TeNbHOe YylMpeHue pednekcoB, aCMMVUTPUYHANA
dopma nukos. Npodunb andpakTorpaMMbl B yr-
NOBOM AunanasoHe 26 o1 38 10 43° UMEIOT CXOXMUI
XapakTep pa3MbiTUs XBOCTOB OT a3 xenesa u
remMaTuTa Ans Bcex cmecei Ha ocHose Fe,0,, uto
CBSI3aHO CO CTPYKTYPHbIMK NPEBPALLEHUSMU B OK-
cnpax xenesa.

Mpu ucnonb3osaHun npekypcopos Fe/Zr
peHTreHorpaduyeckn Habnogaetcs obpasoBaHue
oKCcuAaa uupkoHus ZrQ. YBenuyeHue LNWUTENbHO-
cv MA npekypcopa Fe/Zr cnocobcTsyer yMeHb-
WEHUIO COAEPXKAHUSA 3TOM (a3bl.

Mo [aHHbIM PEHTFEHOCTPYKTYPHOro aHanusa
napameTpbl KPUCTANIIMYECKOM peLLETKM Xene3a He
u3meHsioTCa (@, = 2,868 (2) A), To ectb 06pazo-
BaHWs TBEPAbIX PaCTBOPOB HE MpouncxoauT. Pasmep
KPUCTaNIMTOB reMaTuTa coctaBnser ~ 7 HM. Pasmep
KPUCTaN/IUTOB XeNe3a YMEHbLAETCS MO OTHOLe-
HuIo K npekypcopy Ao 10 HM. MNpu ncnonb3oBaHum
mexaHokoMmnosuta Fe/Zr, MexaHOaKTUBMPOBaH-

Horo B TeyeHune 20 MWH, GopMUpYyeTCS OUOKCUA,

- v

Tabnuua 5 - @aszoswili U NOJAYKONUYECMBEHHbIU GHAAU3 KOMNO3UULUOHHBIX NOpowKos nocie MA cmecell |
Fe203-Fe/Zr 0718 NpeKypcopos ¢ paziu4Holi dnumensHocmoo MA

LnutenbHoctb MA Fe mac.% Fe,O, FeO ZrO Zro,
npekypcopa Fe/Ti Mac.% Mac.% Mac.% Mac.%
4 MuH 64 6 8 15
20 MUH 66 5 5 13
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+ = Fe, 0,0
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Pucyrok 8 - [ugpakmoepammbl npodykmoe mexaHoakmusayuu cmecell Fe,O ,+ mexaHokomnosum Fe/Zr c
NpodoIHUMENbHOCMbI AKMUBauUU-MexaHokoMno3umos 4 muH (a) u 20 muH (6)

-~ a

LUMPKOHMUSA C Honee MeNKUM pa3MepoM- KpuCTan-
nutoB (L = 4 HM) NO OTHOLUEHMIO K MpeKypcopy,
MOSYYEHHOIO C MEHbLUEN ANUTENBHOCTBIO MA, uToO,
BEPOSTHO, CBA3aHO C 6onee TOHKMM pacnpepene-
HWEM LMPKOHMS B MEXAHOKOMMO3UTE.

B MeTann-okcuMaHbIX cMecsx Fe203-Fe/Zr 7
CuO-Cu/Zr npu MA ¢ ANUTENLHOCTBIO 4 MUH 1
2 MUH COOTBETCTBEHHO peructpupyetcs obpasosa-
Hue ZrQ, , n3 Yero MOXHO MPEeANo/IOKUTb O Ya-
CTMYHOM MPOXOXKAEHUM BOCCTAHOBUTENbHbBIX peak-
LU,

PeHTreHorpaguyeckne uccnenoBaHus MpoaykK-
Ta MA cMecn CuO-Cu/Zr B TeueHune 2 MUH Nnoka-
3bIBakOT, YTO AMGDPaKLMOHHbIE OTPAXEHUS OKCMAa
mMean CuQ coxpaHsTCs BO BCEX CyYasX, XOTS U
3HauuTenbHO ywwupsTtca (pucyHok 9). B coctase
cMecu Hapsigy ¢ dasamu mMeon (67 %) U TeHopU-
Ta CuO (7 %) pernctpupyetcsa obpasoBaHue a3
kynputa Cu,0 (13 %) n okcpos umpkoHus ZrO
(4 %),Zr0, (9 %). CnoxHbix okcnaos npu MA cme-
cen CuO + Cu/Zr, Takke KaK W C reMaTutom,
peHTreHorpadmyeckn He 06HapyKeHO.

Mcnonb3oBaHme npekypcopa ¢ TUTaHOM npu MA
MeTann-okcuaHeix cmecet CuO+Cu/Ti, Hanpo-
TUB, cnocobcTByeT GOPMUPOBAHMUIO CNIOXKHbBIX OKCU-
nos Cu,Ti,O (7 %) n Cu,TiO, (13 %), npn 370M

Takxke obpasyetca kynput Cu,0 (16 %). Conepxa-
Hue mMeam (54 %) u teHoputa (9 %) (pucyHok 10).

C yyeToM TOro, YTO B MCXOLHOM CMECU Konuye-
CcTBO Meau coctasnano 60 %, MOXHO npennono-
XWTb, 4TO B npouecce MA npomcxoguT BOCCTa-
HOBNeHne TeHoputa fo kynputa Cu,0 (um
TEPMUYECKOE PA3NOXKEHWE C BbIAENEHUEM KMUCNIO-
posa Cu0 = 2Cu,0+0,).

Kak 1 cny4yae npekypcopa C LMPKOHUEM, B CMe-
cax ¢ mexaHokomnosutamm Cu/Ti npoucxoant
BoccTaHoBneHne okcuaa mean CuO po Cu,0, a
OKMCIUTENBbHO-BOCCTAHOBUTENbHASA peakuus C Tu-
TaHOM NPOX0AMT Yepe3 06pa3oBaHME CIIOXKHbIX OK-
c1aoB, v npu MA ¢ AAUTENBHOCTBIO 2 MUH peakums
BOCCTAHOB/IEHUS! MeAM HE NPOUCXOAUT A0 KOHLA.

Ha pucyHke 11 g, 6 npuBeagHbl MUKPOCTPYK-
Typbl MPOLYKTOB MEXaHOXMMMYECKOTO CKHTEe3a
cveceit CuO-Cu/Ti n Fe,0,-Fe/Ti. Komnosu-
uMoHHble rpaHynsl Cu0/Cu,0/Cu/Cu,Ti,0/
Cu,TiO, Fe,0,/FeO/Fe/Fe,TiO, /Fe,Ti,0
MMEIOT LUMPOKMI pasMepHbIM auanasoH 5-40 wu
1-25 MKM COOTBETCTBEHHO M NAaMUHAPHYHK CTPYK-
TYpy C 4YepenoBaHMEM CNOEB COCTaBa MeXaHo-
KOMMo3uT/oKkcna. B otinune ot MeTann/oKCUMaHbIX
MOPOLUKOB Ha OCHOBE MeAM NpU MeXaHOAKTUBALMM
CcMecell Ha OCHOBE Xene3a He NMpPOoMCXOAWT roMo-
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GucyHOK 9 - Augppakmozpamma npodykma mexaHoakmusayuu cmecu CuO+ mexaHokomnosum Cu/Zr -

reHHO (HOPMMPOBaHMA KOMMO3MLMOHHBIX FpaHys
B obbeMe cMecu. Hapsgy c rpaHynamu cocrasa
Fe,0,/Fe/ZrO,v Fe,0,/Fe/Fe,TiO, B cMecsix
COLEPKATCS OTAENbHbIE OKCMAHBIE YACTULLbI.

JlernpoBaHue MeTas/i-OKCUAHbIX CMecei Lmp-

OTBETCTBEHHO (pUcyHoK 11 g, 2).

nepeMeLInBaHMI0 OKCUAOB B COCTABE KOMMO3MLM-
OHHOM YacTWLbI, NPU 3TOM pacluMpseTca auana-
30H pasmepos rpaHyn CuO/Cu,0/Cu/Zr0, v
Fe,0,/FeO/Fe/Zr0, no 5-60 n 1-40 mkm co-

KOHMEM  crnocobcTByeT paBHOMEPHOMY
( )
I —
OTH * — CuO
- +— Cu,0
] V — Cu,TiO,
s © — Cu,Ti,0
_: Cu
2-Theta - Scale
PucyHok 10 - Augppakmoepamma npodykma mexaHoakmueayuu cmecu CuQ+ mexaHokomnosum Cu/Ti D
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a 0
4 e
PucyHok 11 - Mukpocmpykmypa KOMNO3UUUOHHbIX 2PpaHy/n nojy4yeHHelx npu MA cmeceli cocmasa:

a - Cu0-Cu/Ti, 6 - Fe,0,-Fe/Ti, 6 - CuO-Cu/Zr,2 - Fe,0,-Fe/Zr

-~ -

BbIBObI

B pesynbrate npoBedeHHbIX peHTreHodaszo-
BbIX M  PEHTrEeHOCTPYKTYPHbIX  WUCCIeLOBaHWUI
MeXaHoaKTMBMpOBaHHbIX cMeceit Cu/Me-CuO
7 Fe/Me-Fe203 YyCTaHOBMEHO, u4TO npu MA
MeTaNn-oKCUAHbIX CMecei MpoucxopaT (asoBble
npeBpaLieHns ¢ 06pa3oBaHWEM BTOPUYHBIX OK-
CMAOO0B Xxenes3a U mMeau. MexaHOXMMUYecku MoryT
6bITb NonyuyeHbl komnosutel Cu/Me n Fe/Me c
FOMOrEHHbIM pacnpefeneHVeM HaHOPa3MepPHbIX
KOMTMOHEHTOB (LLMPKOHMS 1 TUTaHA) B 06beMe MaTe-
puana 6e3 cylecTBEHHOro B3aMMOLENCTBUS MeX-
[y HUMM B NpoLecce MexaHoaKTMBaLUK.

Mcnonb3oBaHWMe MexXaHOKOMMO3UTOB C LMPKO-
HMEM B peakuMsax C OKCMAAMM Melu U XKenesa B
ycnosusax MA npuBoauT K 06pa3oBaHuio Meau, xe-
Nne3a U OKCMAOB LUMPKOHMS, @ NPUMEHeHne Mexa-
HOKOMMO3MUTOB C TUTAHOM MpU MEeXaHU4YeCcKOoM ak-
TMBaUMM cnocobcTByeT GOPMUPOBAHMIO CTOXKHbIX
OKCMAO0B. YBenuyenne anutenbHoctn MA MexaHo-
KOMNO3MTOB-NPEKYpPCOPOB MOBbILLAET PaCTBOPU-
MOCTb B pelleTKe Xenesa U Meau COefMHEHUN Ha
OCHOBe TWTaHa. Takoe pasnnyne B KMHeTUKe (azo-
0b6pazoBaHus npu MA nNpennonoXuTeNbHO MOXHO
CBSA3aTb C Pa3MYHOM PACTBOPMMOCTBIO LIMPKOHMS
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M TUTaHa B MaTpULLaX Xenesa 1 Meau.

O6pasytoLimecs 4acTuLbl UMEKT NTaMUHAPHYIO
CTPYKTYpY C YepeaoBaHWEM CI0EB COCTaBa Mexa-
HOKOMMO3UT/OKCKUA. JNUTenbHOCTb NpenBapuTenb-
HOTO aKTMBMpOBaHWs  npekypcopos Fe/Me w
Cu/Me Mano BAMSIET Ha CTPYKTYpPY MOJly4aeMbixX
NpOAYKTOB,

[prMeHeHne MexaHOXMMUYECKM MNONYyYEHHbIX
KOMMO3uTHbIX nopouwkoe Fe/Me w Cu/Me B
KayecTBe BOCCTaHOBWTENS B PeaKLMUsIX C OKCMAaA-
MW MO3BONSIET CHU3UTH AKTUBHOCTb METANIOB LMp-
KOHMS U TUTaHa, 4TO 0becrnevnBaeT BO3MOXHOCTb
YyNpaBAeHUs KMHETUKOM (a3000pa3oBaHnS B CH-
cremax Cu/Me-CuO v Fe/Me-Fe,0, B ycnosu-
X MHTEHCMBHbIX AePOPMaLMOHHBIX BO34ENCTBUM.
Mony4yeHHble MeTaNNOKCUAHbIE KOMMO3NULMKN MOTYT
6bITb MCMONL30BaHbI MPU KOHTPOIMPYEMOM CaMO-
pacnpocTpaHsLLEeMCS BbICOKOTEMMNEPATYPHOM
CUHTE3E.

PaboTa BbINOMHAETCA B paMKax MHTErPALLMOHHO-
ro npoekta CO PAH N2 19 n BPO®U N2X12C0-009.
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CMNCOK MCMONb30BAHHDbIX
MCTOYHNKOB
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