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MeToa0M KOTHYECTBEHHOTO CTEPEOIOrHYeCKOr0 aHaIH3a UCCIIEA0BAHO BIHMSHUAC IUINTEILHOCTH POIEcca MEeXaHuve-
CKOTO aKTUBUPOBAHUA HA MOP(OIOrHIO U JUCTIEPCHOCTh YAaCTHIl KOMIIO3UTHOTO mopoirka coctaBa Cu—13 mac.% Al. Ycra-
HOBJICHO, YTO HHTCHCHBHOC MEXaHMYCCKOC Pa3pPyIICHUE YACTUIl U YBEIUYCHUE TUCIIEPCHOCTH TOPOIIKA HETOCPEACTBECHHO
CBA3aHO ¢ (opmupoBaHHEM Xpynkoro uuTepmeranauaa CuyAl, MccienoBansl THIPABIMYECKHE XapaKTEPUCTHKU MOPH-
CTHIX 3JIEMEHTOB JUIsI KaTaIMTHYCCKUX MEMOpaH, MOJNYYCHHBIX METOJOM THIPATAIIHOHHOTO TBEPACHUS KOMITO3UTHOTO
nopomrka Cu—13 mac.% Al B Buge crnos tonmuHoi 80—100 MKM Ha MOPUCTHIX THTAHOBBIX AUCKAaX. YCTAHOBIIEHO, YTO CPETHUN
pasmep mop u Ko3QHUIHEHT MPOHUIIAEMOCTH HEMOHOTOHHO 3aBUCST OT pa3Mepa YacTHUI] TOPOIIKA.
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A effect of the duration of mechanochemical activation process on morphology and particle size distribution of compos-
ite powder Cu—13 mass% Al has been investigated by quantitative stereological analysis. It has been found that intensive me-
chanical failure of particles and increased powder dispersion is directly related to the formation of brittle CuyAl, intermetal-
lide. Hydraulic characteristics of porous elements for catalytic membranes obtained by hydration hardening of composite
powder Cu—13 mass% Al in the form of an 80—100 um thick layer on porous titanium discs have been investigated. It was es-
tablished that the average pore size and permeability coefficient nonmonotonically depend on the particle size of the powder.

Keywords: mechanochemical activation, particle size, porous composite.

[TprMeHeHne MPOHUIIAEMBIX HEOPTaHUYECKMX MEMOpaH B KaTaJIMTUHYSCKHX MEMOpaHHbBIX PEeaKTo-
pax (KMP) B mocnennue paBa JnecATUIETHs SBISETCA MPEIMETOM MHOTOYUCIEHHBIX HayUYHBIX
uccaenoBanuit [1-3]. Jna noeimenus cenektuBHoctTd KMP ¢ moMomibio pa3iudHbIX TEXHOIOTHYE-
CKHMX INPHUEMOB Ha TMOBEPXHOCTh MAKpPOMOPHCTOM MOMJIOKKH HAHOCAT TOHKHUH CIOH C MHKpO- HIIH
HaHOTIOpaMu U (OPMUPYIOT MEMOpaHHBIE CION PA3IMYHOTO (PYHKIIMOHAIBHOTO Ha3HAUYEHHUs ¢ Tpedye-
MBIMHU KaTaJIUTH4YeCKUMHU cBoMcTBaMU. Hanbonee pacmpocTpaHeHHble MarepuanaMbl Takux KMP —
OKCH/JIbI AJIIOMUHUS NI KPEMHUS.

MHorue XMMHYECKUe MPOLECcCh (Hanmpumep, napLuuaibHOe OKUCICHUE MEeTaHa B CUHTE3-Ta3, apo-
Bas KOHBEPCHUs YIJIEBOJOPOIOB, IOJIHOE OKUCIIEHUE (COKMTaHUE TOIUIMB) U T.J.) XapaKTePU3yIOTCs UH-
TEHCHBHBIM TETIO0OMEHOM. JIJIs CO3/IaHMs TEXHOJIOTUH Ha KX OCHOBE TPeOyeTCsl HOBOE MOKOJICHHE HO-
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CHUTEJIeH M KaTaJIu3aTopoB, 00JIAIAIONINX HOBBILICH-
HBIMH TIPOYHOCTBIO M TEILIONPOBOAHOCTEIO. PocT
TEPMHUYECKON CTAOMIIBHOCTH TOPHCTBIX KEPaMHUKO-
MeTaNINYECKUX KOMIIO3UTOB C METAJIITNYECKONH KOM-
ITOHEHTOM BO3MOKEH MPH UCIOIB30BAHNUN MOPOIIKO-
00pa3HbIX METaJJI-aJIFOMUHUEBBIX CHCTEM, YCTOM-
YUBBIX K OKHCJIECHHIO M 00JaIarolMX BBICOKON
TeMIIepaTypoH iaBieHus. IPPEKTHBHBIM CIIOCOOOM
a 6 MOJIyYEHHS] TAKUX METAJNINYECKUX TOPOIIKOB B Ha-
Puc. 1. Tlopucteie smementsi KMP juisi uccnenoanms — CTOAIICE BPEMSL ABJSACTCA MCXAHOXUMUICCKA aKTH-
IMJIPaBIMYECKUX XapaKTEPUCTUK: @ — TUTAHOBBIN auck;  BallMd (MA) cmecelt METAJIOB C aIIOMMHHUEM B ILJIa-
6 — IMCK C HAHECEHHBIM CJI0eM mopolka coctasa Cu—Al  HeTapHBIX MeJIbHUIIAX. ABTOpHI [4—6] Ha OCHOBE Me-
Toga MA pa3paboTanu TEXHOJOTHIO TONyYEHUS
KOMIIO3HUITMOHHBIX TTopomKoB coctaBoB Co—Al, Fe—Al, Cu—Al, Cr—Al, U3 KOTOpBIX B TUAPOTEPMATh-
HBIX YCIIOBHSIX CHHTE3HPOBaHBI TOPUCTHIE KOMIIO3UIIHOHHBIE MaTepUabl U HA UX OCHOBE HCCIIEI0BAIH
KOMIIJIEKC TEKCTYPHBIX, MEXaHUYECKUX, TEPMHUYECKIX 1 KaTaTUTHIECKUX CBOICTB.

B HacTosimiel craThe mpecTaBiIeHbl Pe3yIbTaThl UCCICOBAHUS BIHSHUS MOP(OIOTHH U AUCIepC-
Hoctu yactull MA nopomka coctaBa Cu — 13 mac.% Al, cunresupoBannoro B Uncturyre karanuza CO
PAH (P®, r. HoBocubupck), Ha TuapaBinyeckue xapakrtepuctukn KMP. MexaHOXMMUYEeCKH aKTH-
BHPOBAaHHBIC TIOPOIIKU ToMydainu u3 cMmecu aucnepcHoro amtoMuHus ITAII-2 (TOCT 5494-95, PO)
C YaCTHIIAMHU TUTaCTUHYATOW (opmbl 1 nioporika Mean Mapku [IMC-1 (TOCT 4960-2009, P®) ¢ gacTu-
LaMH JIeHAPUTHON (OpMBI B TUIaHETapHOH MenbHuLEe-akTuBaTope cepuu AI'O nnu AIID npu paznuy-
HOU ITUTEeNbHOCTH mporecca MA [4—6]. [lns onpenenenus ruapaBiniyeckux xapakrepuctuk KMP no-
POLIOK B BUJE TOHKOI'O CJIOS HAHOCUJIM U3 CYCIICH3UH U METOAOM I'MIPaTalliOHHOI0 TBEpACHUS GpopMu-
pOBaJIM B ra30MapoBOi CMECH Ha MOPUCTHIX MOMIOKKaX B (popme aucka nuamepom 30 MM U TONIIIHHOM
3 mMM. [{ucku nzrorosnens! B IHCTHTYTE nopoikoBoi meTamnyprun HAH benapycu metonom nopor-
KOBOM MeTaJTypruu u3 nopomka tutaHa mapku TIIII-5 ¢ pasmepom wactun 0,4-0,63 mm (TY1791-
449-05785388-99, bepesnsku, «ABucmay, P®). OHn umenn crienyonme XapakKTepUCTHKH TTOPUCTON
CTPYKTYpBI: HOPHCTOCTH 42%, kK0o3hdumuent npornnaemocts (15-17)10712 M2, MakcuMambHEIH pa3zmep
nop 70 MKM u cpenHuii pazmep mop 55 mxM. Pa3zmeps! nop anementoB KMP (puc. 1) onpenensinu meto-
oM BbITecHeHUs W3 Hux 3TaHona no ['OCT 26849-86, a ko3(QPHUIIMEHT ra30MpPOHUIIAEMOCTH — 10
I'OCT 25283-93.

p—m\@;é‘eﬂ\ouuz

Puc. 2. Mopdonorus wactun nopomka Cu—13 mac.% Al B 3aBUCIMOCTH OT MPOJOIKUTENBHOCTH MA (a, 6, 6, 2—3, 6,
9, 12 MUH COOTBETCTBEHHO), X1000
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15+ 10,8 YacTuipl HCXOIHOTO TIOPOIIKa
o ] Cu—13 mac.% Al (puc. 2) umeror He-
‘P‘QO* —— H—’o,ﬁ NpaBUIBHYIO (OpPMY, HAa HX TOBEPX-
10 | HOCTH MOKHO HaOJIroaaTh 0oJiee Me-
s 04 © KM€ YaCTHUIIbI, COSIMHEHHBIE C KPYTI-
s ’ HBIMU YacTULIaMHu B mpouecce MA.
~ 54 [ToBepXHOCTH HEKOTOPBIX YACTHI] CO-
10.2 JIEPKAT MUKPOTLIOIAKH — CIIEIIBI TLIa-
CTHUYECKOTO JIeOPMHUPOBAHHUS B TIIa-

0 . : . : . 0.0 HETapHOW MEIhHUIIE.

3 6 9 12

Ha puc. 3 npuBenensl pe3yibra-

ThI KOJIMYECTBCHHOI'O CTEPCOJIOIrnIC-

Puc. 3. 3aBucumocThb CpE€AHEro pasmMepa 4aCTul 1 (I)aKTOpa (I)OpMLI qacTHuIlg CKOro aHaJiusa FeOMeTpI/II/I YaCTHI]
MA nopomka Cu—13 mac.% Al ot nponomkurensHoctu MA (¢ — daxTop

¢dopmbl; O — cpenHuit pa3mep 4acTuIr)

t, MUH

nopomka Cu—13 mac% Al B 3aBucu-
MOCTH OT BpeMeHUu MA (uccrienoBa-
Hus npooauiau B UHctuTyTe nopomkosoi Metamutypruu HAH Benapycu ¢ moMoIibsio nporpaMMHOro
KOMILJIeKca 00paboTku u aHanuza COM-uzo0paxkenuii «Autoscany», padpadorannoro HUW npuknan-
HBIX (usndeckux npodiem uM. A.H. CeBuenko, . Munck). @aktop ¢opmsl yactul (O) He 3aBHCUT OT
MPOIOJKUTENBHOCTH Iporiecca MA. B To xe BpeMs nocie 6 MUH M A HEe3HAYUTENbHBIA POCT CPEIHETO
pa3mepa 4acTu nopoika (d,) MpeKpamaeTcss U IPOUCXOAUT €ro yMEHbIIEHHE O0JIee YeM B JIBa pasa.

3HAaUNUTEIBHBIN HHTEPEC NPEACTABISET CTATUCTUYCCKUN aHATIN3 paclpe]esICHHs YaCTUI] OPOIIKa
M0 pa3MepaM B 3aBHCUMOCTH OT BpeMeHH MA (puc. 4), TOCKOIBKY MO3BOJSET YCTAHOBUTH HEKOTOPHIC
3aKOHOMEPHOCTH (POPMHUPOBAHUS YACTHUL B YCIIOBHUSIX HENPEPHIBHOM XOJIOAHOHN cBapKHu, 0Opa30oBaHUS
XPYHKHAX HHTEPMETAINI0B (Ta0dInLa) U UX BIUSHUS Ha IPOLECC MEXaHUYECKOr0 Pa3pyICHUs YaCTHIL
KOMITO3UTHOTO ITOPOLIKA.

Ha navanenoil ctaguu MA (3 MUH) OPOLIOK COACPKHUT YaCTULBI IPAKTHYECKU BCEX Pa3MEPHBIX
nuana3oHoB: (0—4) mxm — 17,50 %; (4—8) mxm — 27,50%; (8—12) mxMm — 15,00 %; (12—16) mxm — 10,00%;
(16-20) MM — 12,50 %; (20—-24) mxm — 12,50 %. KonuvecTBo wactuil pazmepamu (24—40) MM He Oomee
5 %. IIpu MA 10 6 MHH KOJTMYECTBO MEIKUX YacTull yMeHbimaercs (0—4) mxm — 11,43 %; cpeqHux mo
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Puc. 4. I'ucrorpammsl pacnpenenenus yactun nopomka Cu—13 mac.% Al mo pasmepy (a, 6, 6, 2 — 3, 6, 9, 12 Mmun MA
COOTBETCTBEHHO)
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Cocras a3 nopucroro snemenrta Ti/Cu-Al B 3aBucumocTn

ot npopo/nKkurenbHocT MA nopomka Cu-13 mac.% Al (kaproreka ASTM)

Bpemst MA, Mux Cu, % CuyAly, % Cu,0, %
3 33 25 4
6 16,5 23 3,5
9 41 23 9
12 28 39 33

pa3mepy 4acTHIl yBeINIUBaeTcs (4—8) MKM —
25,71 %; (8—12) mxm — 25,71 %; (12—16) MxMm —
11,43 %, Takke yBEIMUMBACTCS KOJIUYC-
CTBO KpymHbIX yacTull (16—40) mxMm 10 25 %.
3arem nocie 9 MuH MA npoucxXoauT yBe-
JUYEHUE COACPKAHUS MEIKUX YaCTHIL
(0—4) mxm — 21,43 %; (4—8) mxm — 33,33 %;
(8—12) MmxMm — 26,19 %. [1pu 3TOM 001IICE KO-
JM4ecTBO yacThll B auarazone (12—40) mMxm
npuMepHo 21 %. bobliiee yBeanueHne Men-
KUX YaCTHUIl TPOUCXOAUT mocie 12 MuH
MA: (0-4) mxm — 41,15 %; (4-8) Mxm —
Puc. 5. 3aBucumocts k03ddunmenta mnponunaemoctu (K) 39,58 %; (8—12) Mxm — 14,58 %. O6miee co-
U CpEAHCro AuaMeTpa HOop HOPUCTOro dJIEMCHTA OT HPOHOJI-

xurensHocTH MA nopomka Cu—13 mac% Al (¢ — d,,; O —
KO3((DUIMEHT MPOHUIIAEMOCTH)

, MKM

d nop

0 T T 0
3 6 9 12
t, MVH

JepKaHue YacTHIl, UMEIOIUX pa3Mepbl OT
12 no 40 mxM, He mpeBbImaeT 5 %.

W3meHeHne AUCTIEPCHOCTH TIOPOIIKA CBSI-
3aHO C KMHETHKOW (DOPMHPOBAHHS HHTEP-
metannuaa CuyAl,, peskoe yBennueHue Coep:KaHus KOTOPOro B KOMIO3UTE (Tabnuua) Habmronaercs
nocse 6 MuH nporecca MA. YBenudeHue coepKanust XpYNKOro HHTEPMETAJIHIA IPUBOAUT K HHTEH-
CHUBHOMY MEXaHMUECKOMY pa3pylneHuto yactu nopomka Cu—13 mac.% Al n yBenuuenuto 10 95 % nonu
gactull B guamnasone ot 0 1o 12 MxMm.

Pa3mepsl op u ko3hPULHEHT MPOHUIIAEMOCTH KoMIIo3uTa 13 nopoiika Cu—13 mac.% Al 3aBucsr
OT pa3Mepa 4acTHull OPOIlKa, KOTOPBIH B CBOIO OYepe/ib 3aBUCUT OT BpeMeHH MA. OnHako, Kak rmoka-
3aJId Pe3ysbTaThl UCCIEOBAHUS THAPABIMYECKUX CBOMCTB (pHC. 5), pa3mep nop u KodGHUIHEHT Ipo-
HULAEMOCTH UMEIOT HEMOHOTOHHYO 3aBUCHMOCTB OT BpeMeHr MA.

MunumMainbHble 3HaueHus K u dHop npu 9 MuH MA, BepoSTHO, 00YCIIOBIICHBI ONPECICHHBIM COOT-
HOUICHUEM KPYITHBIX U MEJIKUX YaCTHII, 00EeCIeUnBaIOIINM X IJIOTHYIO YIIAKOBKY IPH HAHECCHUH T10-
pOIIKa U3 CYCIIEH3MH Ha MOBEPXHOCTh TUTAHOBOM MOJIOKKH.

a . LA S ° o
SEMHV:2000kV  WD: 13.72mm L1 0 | MRANTESCAN SEMHV:20.00kV  WD: 13.67 mm Lo 100 [ MRANTESCAN

View field: 172.6ym  Det: SE 50 pm View field: 34.72ym  Det: SE 10 pm
it SEMMAG: 1.00 kx Digtal Microscopy imaging [ PC: 11 SEM MAG: 5.00 kx

a o

Puc. 6. COM-¢ororpadun memopannoro ciost Cu—13 mac.% Al Ha TutaHoBoO# nomtoxke (12 mua MA):
a —x1000; 6 — x5000

Dighal Microscopy imaging [
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TonmmHaa MeMOpPaHHOTO CII0Sl HA TUTAHOBOM MOAJIOKKe cocTaBisieT mpuMepHo 80—100 MM (puc. 6, a),
[P 3TOM MaTepuaj 3aloHsIeT OBEPXHOCTHBIE OPbI HOAJOKKHU. CII0M COCTOMT M3 YaCTHI ITOPOLIKa
Cu—Al, coennHeHHBIX ()a30BBIMH KOHTAKTaMH (puc. 6, 6).

B mpouecce rupparannoHHOro TBEpACHUs YacTHLbl nopomka Cu—Al NOKpBIIUCH €10eM HaHO4Ya-
CTHUL] TUAPOKCHA aJlloMUHUsA (puc. 6, 6), obecriedynBaromnX GOPMUPOBAHNUE MEXaHUYECKOH MPOYHO-
CTH U aJICOPOLMOHHO-CTPYKTYPHBIX CBOWCTB Marepuaia. JlaHHas CTpyKTypa XapakTepHa sl Mpo-
MBIIUIEHHBIX TTOPOLIKOB aJTIOMHUHHUS, ITOJBEPTHYTHIX MPOLECCY TBEPACHUS IPU HATUIUH MHTHOUTOpPA
KpucTau3auuu [7].
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