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FORMATION OF TIB,-AL,0; AND CRB,-AL,0; COMPOSITES
BY COMBUSTION SYNTHESIS

D.S.Abdulkarimova *1, W.W.Wuz, A.Gubarevichz, 0.0dawaraz, Z.A Mansurov'

! Al-Farabi Kazakh National University, 172, Bogenbay-Batira, Almaty, Kazakhstan
2 Tokyo Institute of Technology, 4259 Nagatsuta-cho Midori-ku, Yokohama, Kanagawa 226-8502, Japan
* abd.danara@mail.ru

Transition metal diborides like TiB, and CrB, possess many superior properties, such as high melting
points, high hardness, good thermal and electrical conductivity, excellent wear and corrosion
resistance, and chemical stability [1, 2]. Moreover, addition of Al,Os to these metal borides further
improves their fracture toughness, flexural strength, and impact resistance, which renders the Al,Os-
reinforced boride composites a promising candidate for a variety of the applications including cutting
tools, wear-resistant parts, and high-temperature structural materials [1].

Preparation of TiB,—-Al,O; and CrB,-Al,O; in situ composites with a broad range of phase
composition was conducted by SH-synthesis. On formation of composites, Al added in two mixtures
Ti0,-B,0; and Cr,05-B,0; of combustion systems. XRD analysis shows that the final products
composed TiB,, Al,O; and CrB,, AL,O; phases in two mixtures [3]. Optical microscope images of
producing material shows pores, but with strong carcass structure, characteristic for liquid products
exiting from zone reaction in TiO—B,03—Al system. Structure of the products in Cr,Os—B,0s;—Al

system has been defined by FESEM analysis (Fig.1).

5| S4B00 2/ 0kV-8dmm ¥3.00% SE(M,LASC) 20711402/21

Fig. 1. FESEM image of submicrone aluminium oxide fibers of Cr,03-B,0s-Al system, where
(a, b, ¢) straight, curly and twist fiber forms

Microscopic investigation showed the formation of fibers from boride matrix aluminium oxide

(Fig.1a). The fibers have straight, curled and wavy forms (Fig.1 (a, b, ¢)). The length of fibers is

Go to Contents



about 10-15 microns and the diameter is 200-500 nm. Different values of the fibers diameter are
resulted from system growth self-turbulency, namely the growth of diffusion temperature, chemical
reaction, asperities between the interface, liquid and solid phases. Aluminium can serve as
concentrate for fibers crystals growth, which is made by the mechanism of “vapour-liquid-crystal”
[4]. Fibers formation was also observed by employees of I.P.Borovinskaya in self-propagating high-
temperature synthesis reactors when a refractory powders pilot plant operated. Fibers formation is
also associated with gas-phase reactions that take place at partial gasification of reagents
(evaporation, impurities reactions) [5]. In SHS process aluminium oxide, chromium and aluminium
compounds can be revealed as the intermediate reactions. The initial mixture warms in front of the
combustion wave up to the melting point of boron oxide of 753 K. At this temperature, the boron
oxide is melted very quickly wetting solid particles of aluminum and chromium oxide, thus
significantly increasing the surface area of contact between the reagents, that may be promotive of
the boron restoration. The process of system combustion begins with aluminum melting of 933 K,
then the solid phase of aluminum oxide begins to crystallize out the melt. Melting point of
aluminum oxide is 2317 K, i.e. higher than combustion temperature of the system. Further increase
in temperature leads to the formation of the final phases.

The SH-synthesis of titanium and chromium oxides with use of chemically pure B,O; and
aliminium can be used on model reactions for research of SHS, which presents high perspectives in
industry in exploiting composites also observed of fiber formation of aluminum oxide, which

improve of composite structure.
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KOPPEJIAAIIMOHHBIE 3ABUCUMOCTHU MEXKAY TEMIIEPATYPAMMU PA3J10KEHUSA
BPU3AHTHBIX B3PBIBYATHIX BEIIECTB, UX TEMITEPATYPOI BCIIBIIIKU U
KPUTUYECKON TEMIIEPATYPOM TEIIJIOBOI'O B3PLIBA

B.1O. ABgeeB*, A.A. I'mpacnos, }10.B. Moienckuii

'Camapckuii rocy1apcTBEHHbII TEXHUUECKUIT YHUBEPCHTET, yi1. Mononorsapaeiickas 244,
Camapa, 443100 Poccus
avdeevvu@gmail.com

B Poccun mnpuHATON XapakTepUCTHKOW 4YyBCTBUTENIbHOCTH HMHMIMHUpYyromwx (VIBB) u OpuszaHTHBIX
B3pbIBUaThiX BelecTB (BBB) k temnoBomy Bo3nelicTBuro siBnsiercss Temrieparypa BCOBIIKH (Ten). Toen
Onpenensercs Npu IEpeMEHHOW TeMIlepaType WIM 10 HauOonee paclpOCTpaHEHHOMY M
CTaH/IapPTU30BAHHOMY METOJIY TIPH 5 CEKYHIHOM 3aJIepiKKe, Tuen(Sc) [1-3].

Jlns HOBBIX B3pbIBYATHIX BerlecTB (BB) dYyBCTBUTENBHOCT, K TEIUIOBOMY BO3ICHCTBHIO TEPBUYHO
XapaKTepU3yIOT TEMIIEPaTypol Hayala MHTEHCUBHOIO pasloykeHus (7iyp) M MAKCHMAaJIbHOM TeMIiepaTypoi
paznoxeHust (7yx), KOTOpbIE OMpENessitoTcs MeToaamMu uddepeHtanpHo-TepMudeckoro aHammsa (JITA) u
i depentmaibHoi ckanupytome kanopumerpur (JICK) [4, S]. [Ipu stom npeanonaraercs, yro st BB
3HaueHUe Tiup U T\ax HAXOUTCS B HEKOTOPOM COOTBETCTBHU C Tir(5¢). Hamu Oblia MpeanpHHATa NOMbITKA
HOATBEPIUTD 3TO MPEATONOKEHHE ITyTeM OOHapYKeHHs Koppersitiy MeKIY Ton(5¢) U Ty , Toa(5€) U Thax.
3naueHusl Tiyp U Ty B paOOTE ONpENEsuICh Ha oTedecTBeHHOM nprodope JITA Bbicokoro pasperenus JICK-
500 [6]. 3HaueHyst Tiup ¥ Tyax OMydeHs! it 17 bBB pasmmuneix kitaccos: THT, 11K, THC, TATbB, bT®,
TETPUJI, RDX, HMX, JIA3MH, TOH, O, crinas 10, K, 2,4-m1(2°,2’,2’~-TpUHATPOITOKCH -O-TPUHUTPOMETHII-
1,3,5-tpuazus,  2,4,6-1pu(2',2',2-TpuHUTpO3TOKCH )-1,3,5-TpHrasuH,  2-a3uio-4,6-6uc(2',2',2'-TpUHUTPOITOKCH -
1,3,5-tpuazus,  2-amuH0-4,6-11(2',2',2'-TpuHATPOITOKCH )-1,3,5-TpraznH.  3HaueHusti  7Tpn(5C)  YacTUuHO
3aMMCTBOBaHbl M3 MoHorpaduu [3] u HeoryOrmmkoBaHHBIX JaHHBIX PI'YIT T'ocHUM Kpucrami, a Tamoke
HaliZieHpl aBTOpaMM I0 TOCTHpOBaHHOW Meromuke [2] npu HaBecke BBB m = 0.05 r. Pesynbrarsl
SKCIIEPMMEHTOB 00pabaThIBATUCh IO CTAHAAPTHONW METOIMKE ¢ Mcronb3oBaHueM (yHkumii Microsoft Excel.
3aBUCHMOCTb MEKIY Tu(5C) U Ty OIUCHIBACTCS JTMHEHHBIM KOPPELIMOHHBIM ypaBHeHUeM (1) ¢ cpenneit
OTHOCHTENBHOM OIMOKOH S = 3.18%, koa(drimenTom koppemsumu R = 0.99 npu 1oBepUTeIbHOIN BEPOSITHOCTU
P=0.95.

T, (5¢)=(1,18%0,12)T, (1)

HUP

3aBUCUMOCTb MEKAY Tpen(5C) U Tyax OMMCHIBAETCS TMHEHHBIM KOPPEISALIMOHHBIM ypaBHEHHEM (2) ¢

§=4.19%,R=0,97 npu P=0.95.
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T, (5¢)=(1,19+0,13)T

Max

(34,43£35,41) ()
Bbl1enpuBeICHHBIE JAHHBIE CBUJIETENECTBYIOT O TOM, YTO Ty U Ty, TOMydeHHbIe MeTomamu JITA n JICK,
MOTYT C YCIIEXOM HCIOJIB30BaThCsl Ul OLEHKHM YyBCTBUTENbHOCTH BBB K TeroBbM BO3nEHCTBUSM 1O
3HaueHusIM Ty.(5¢) BBB.
B pabotax [3, 7, 8] npuBeneHbI TaHHBIE 110 KPUTHYECKOM TeMITIepaType TeIIoBoro B3pbiBa (7¢;), KOTopas TaK e
XapaKTepu3yeT YyBCTBUTENILHOCTD K TeruioBbIM Bo3nercTBusiM. [t Bocemu bBB: THT, [HC, TATB, BT®,
RDX, HMX, TOH, HUTPOI'YAHUIVH Oblna HaiineHa TUHeHHAs KOPPESIIMOHHAS 3aBUCUMOCTD MEKIY 7o
U T,ax, OTIMCHIBaEMAs ypaBHeHueM (3) ¢ S'=3.78 %, R=0.98 npu P = 0.95.

T, =(0,81£0,25)T,,, +(16,17+77,09) 3)

mMax

CrienoBatelbHO, 3HaUeHUs Ty , IOydeHHble Merofamu JITA u JICK, MoryT ¢ ycrexom HUCIob30BaThest st
OLIEHKH! 1yBCTBUTEIRHOCTH bBB K TeruoBsM Bo3eHicTBIAM 110 BenmumHe 7. bBB.

Mertonb! HAXOKIEHUA Tip > Tvax » Trer(5C) , Ter PA3IMYHBI 1O MCTIONHEHHIO, HO MX OOBEIMHAECT OIXMHAKOBBIN
MexaHm3M Bo3iericTBust Ha BB: Bo3Oy»xnenue B BB temnoBoro B3peiBa. [losromy oOHapykeHHe TMHEHHBIX

KOppEJLMOHHBIX 3aBucuMocTei (1)+(3) mpezcTaBiseTcs BIOIHE 3aKOHOMEPHBIM PE3yJIbTaTOM.
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I'OPEHUE KAJIBIIUA B CUCTEMAX Ca—FeF;-Fe U Ca-N,

A.H. ABpamunk

Otnen CTpyKTypHOH MakpokrHeTHKH ToMckoro HayuHoro ueHtpa CO PAH, Axagemuueckuii p. 10/3, Tomck, 634021
Poccus
aleck@dsm.tsc.ru

Kanpiuii Hamen mupokoe NPUMEHEHHE B METAUIyPrud PEeIKMX M PACCESHHBIX 3JEMEHTOB, HO
TFOpPEHUE Kajblisid B KaK HHITPEIUEHTa SK30TEPMHUECKMX cMeceil u3yuyeHo ciabo. OObeKThl
uccieoBanus — mozenbHele cucreMel Ca + FeFs + Fe u Ca + N,. IlepBasg ux HUX — TUNHUYHAA
MeTaJUIOTepMUYecKasi cucTema, Bropasi oTHocurcst kK cucreMam CBC.

ITpeBpailieHusi B METAJUIOTEPMUUYECKON CUCTEME MOYXHO MPEACTABUTh YIIPOIIIEHHON cXeMOM

FeF; + 2Ca + nFe = (n + 1)Fe + 1.5CaF, + 0.5Ca

W3ydeHbl xapakTep TOpPEHMs, 3aBUCUMOCTH TEMIIEPATypbl U CKOPOCTH TOPEHUS OT CTENEeHH
pa3baBieHus Keae30M U AaBeHus B cucteMme. [loka3zaHo, 4TO pacrnpocTpaHeHHe pOHTA TOPEHHS B
cucreme Ca + FeF; + Fe Hocur ouaroBblii xapaxtep. Ilepen ¢poHTOM BO3HMKAlOT oOyYaru
BOCIVIAMEHEHHSI YacCTHI] KalblMsg C IOCIEAYIOIIMM PpaclIMPEHUEM 30HBI PEAKLMH JI0 IOJHOIO
CIMSHUS OYaroB MeXay co0Oi M BO3HMKHOBEHHEM HOBBIX IEHTPOB BOCIUIAMEHEHHUS B 30HE

nporpesa. OGHapykeH d3PPEKT YMEHBIICHUsI CKOPOCTH TOPEHHUS C pOCTOM JaBieHus (puc. 1).

U, ¢
T, K
10 ’ —
IR oY 3.0 b] T,(Ca) /
7 I e 2500 -
7 N -
O \\ ”_—’ —0 o
7/ = #
Ooo 2—‘ S 72,3
5 J ~o
¢ 1 w00 | °1
f’o © (0] ©
0 1 2 3 0 1 2 3
P, MPa P, MPa

Puc. 1. Cpenunss nuneitHas ckopocth ropenus (U) u temnepartypa ropenus (7) B 3aBUCUMOCTH OT
nasnenus, Tp(Ca) — Temnepatypa kunenus kanbiys [1]. CocraB ucxonnsix cmeceit: FeF; 10 r; Ca
8.15ruFe33.5,24.4n17.5 T nng coctaBoB 1, 2 1 3, COOTBETCTBEHHO.

Hab6monaembiit 3pdekT CHMKEHHsST CKOPOCTH TOPEHHS C POCTOM JaBJICHHS CBA3aH C IMEPEXOioM
TeMIlepaTypbl TOPEHUs Yepe3 TOuKy KuneHus kajiabiums. Ecnu npu P = 0.1 MPa Bech n30bITOUHBINH

KaJbIIMi HaXOAWJICS B mapoBoil ¢asze, To npu ycinoun 7/ (Ca) < 1 yacTh KajblMsi OCTAa&TCS B
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KoH/IeHcupoBaHHOW (aze. [Ipu 3TomM TemmepaTypa (a3oBOro mnepexoja XKHIKOCTb—Iap OyaeT
orpannuuBath 1r, U T, CTaHeT ,,IOACTPAMBATHCS TOJ TEMIEPATYypy KUNEHUS KajdbLusi. ITO
OOBSICHAET IKCIEPUMEHTANbHBIN pe3yibTaT coBnageHus I, coctaBoB 2 U 3 mpu P =1.6 Mlla.
CocraB 1 npu P = 1.6 MPa umeet 6omnee Hu3kyto 7 = 2100 K, NockofbKy OH HU3KOKaJOPUHHBIN U
€ro dHEPreTUYECKUE BO3MOKHOCTH JJI MOBBILIEHUS TEMIEPATYpPhl yxkKe ucyeprnanbl. [lomydyeHHbie
pe3yJbTaThl CBUACTENBCTBYIOT O Mapoda3sHOM MeXaHM3ME B3aWMOJICHCTBHUS METAJUTMYECKOTO
Kanbpiys ¢ FeFs.

B cucreme Ca + N, npoBeseH TepMoAMHaMUYeCcKUil pacdeT aguabatuueckux temnepatyp (7,y) u
cocTaBa MPOJYKTOB B3aUMOJEHCTBUS B 3aBUCUMOCTH OT JIaBJIECHUS a30Ta U KOJUYECTBA BBEAEHHOM
no6aBku HUTpUaa CazN,. [lokazaHo, uto 7o, orpanudeHa auccoumanuend CasN,. Poct naBnenus,
NOJIABJIsIsl IUCCOLIMALIMIO, TIOBBIIAET PACUYETHYIO TeMIepaTypy. OJKCIEPUMEHTAIbHO H3yYEHBI
3aBUCHUMOCTH CKOPOCTH TOPEHHS U YCBOSHUS a30Ta KaJbIlMeM OT AaBiieHUs Ny v pOpMBI UCXOTHOTO
KanbIsl (CTPYI)KKA, IpaHyJibl). YCTaHOBJIEHO, YTO CTPY)KKa KalblMs SIBISETCS OoJiee aKTUBHBIM
MCXO/HBIM KOMIIOHEHTOM, 4eM rpaHyJibl. KoHeuHblid mpoaykT (opMupyercss B BHJAE CIUTKA MPH
JlaBjieHuu azota He meHee 4 MPa mpu cxxuranuu ctpyxku, 1 6 MPa — npu cxxuranuum rpanyn
KaJblMsl. YCBOEHHE a30Ta NMpU (GOPMUPOBAHUM MPOAYKTA B BUJIE CIUTKA cOCTaBiseT okoyio 80% ot

TCOPECTUUCCKOTIO.
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HOBBIE PE3YJIBTATHBI U ITEPCIIEKTUBBI B TEOPUHU
OUJIbTPAHIMOHHOI'O 'OPEHUA

A.Tl. Annymun

HHCTUTYT CTpYyKTYpHOW MakKpOKMHETHKH W Tipobsiem marepuanoBenenns PAH, UepHoronoska, 142432, Poccust
aldushin@ratecom.ru , analdushin@mail.ru

Tepmun ¢unpTpanonHoe ropenue (PI') O6bu1 BrepBble Hcnoab3oBaH B pabote [1] npu aHanuze
3aKOHOMEPHOCTEH pacrpocTpaHeHus: (PpoHTa a30TUPOBAHUS B MOPUCTHIX 00pa3Iax CrpeccOBAaHHBIX
U3 TOPOILIKOB MeTaioB. B HacTodiee Bpemsi 3TOT TEPMHUH NPUMEHSIETCS K LIUPOKOMY KpYTy
MPOLIECCOB TOPEHHUsI B MOPHUCTHIX Cpefax, UMEIIMX OOLIMi MeXaHW3M pachpOCTpaHEHUs BOJIHBI
peakiu. OCHOBHOW 0COOEHHOCTBIO 3TOTO MEXaHHW3Ma SBJIsSeTCs (PUIbTpallus ra30BOTO peareHra B
30HY TOpEHHUs W3 BHEIIHEH cpenbl. JlocTaBka OKUCIUTENS BO (POHT PEAKIMH COIMPOBOXKIACTCS
KOHBEKTHUBHBIM TEIUIOOOMEHOM ra3a ¢ MOPUCTON Cpefod, YTO MPUBOAUT K CHEHUPUUESCKUM IS
JnaHHOTO BuAa ropeHus s¢¢exram. Hambomnee spkum sBiseTcss COCOOHOCTh (UIBTPAIIMOHHBIX
BOJIH TOPEHHUs TpPHU ONpEACNCHHBIX YCIOBUSX KOHUEHTPUPOBATH DSHEPTUI0 B 30HE PEaKIUH.
Temneparypa Bo ¢ponTe BosHBI @DIT MOXKET 3HAUYUTEIHLHO TPEBHIIATh aJaUa0ATHYECKYIO
TEMIEpaTypy CropaHUs MCXOAHBIX peareHToB (cBepxamuadatudeckuit 3pdext [2]). YHukambHas
BO3MOKHOCTb PEryJIMPOBaTh TEMIIEPATYPy B 30HE TOPEHHUs MO3BOJISIET OCYILECTBIATH Mpouecchl @I
B CUCTEMax C OY€Hb MaJIOM KaJIOpUIHOCTBIO.

OCHOBHBIE pE3yJbTaThl TEOPETHMUYECKOTo aHaiu3a npoueccoB PI° oTHocATCS K IJIOCKOMY
CTAIlMOHAPHO  pacmpocTpaHsionieMycsi (GpoHTy ropeHus. VIMEHHO Takoro THIIA BOJIHBI
HAOJIFOMAIOTCS B MHOTOYMCIIEHHBIX JlabopaTopHbIX J3kcnepuMmeHTax mo DI, Ilpaktuyeckoe
ucnoabs3oBanre @I’ B TEXHOJIOTUYECKUX MPOIECcCaxX, OCYIIECTBISIEMbIX Ha yCTaHOBKaX OOJBIIOTO
pa3mepa, CTaBHUT BOIIPOC O POJIM MAcIITAOHOTO (akTopa Ha XapaKTEPUCTUKHU (PpPOHTA.
Teopernueckoe uccaenoBanue npodiemsl ycroitunBocty @I B kananax OosibLioro nuamerpa Ob110
BBINOJIHEHO B [3]. Pe3ysnbraToM aHain3a, NPOBEAECHHOIO B IPEAINOJIOKEHUN OECKOHEYHO Majoro
OTHOIIIEHUS TOJIIMHBI (POHTA K MIMPUHE KaHala, SBWIOCH 3aKJIIOUYEHHE O BO3MOXKHOM
HEYyCTONYMBOCTH TuT0ckoi BoJiHbI DI'. Bbulo mokazaHo, YTo MOTEPsS] YCTOWYMBOCTH TUIOCKOM BOJTHBI
JOJDKHA TIPUBOAWTH K (DUHrep-oOpa3Hoi KoHUTrypalmyd (GpoHTa peakivH IMOJA00HOW TpaHHIle
paznena MeXx/1y BBITECHIEMOM M BBITECHSIONICH KUAKOCTAMHU B ipobieme Caddpmana—Taiinopa [4].

DKclepUMeHTaNbHOE TIOATBEP)KACHUE BO3HUKHOBeHHsS ¢uHrep-apdexkra mnpu  yBeTuueHUH

13
Go to Contents



MOTIEPEYHOr0 pa3Mepa peakTopa ObLIO JaHO B padboTre [S] Ha mpuMepe pacrnpoCTpaHEHUS! BOJIHBI
TJICHUS B TUIOCKOM II[EJIEBUTHOM KaHaJe 3al0JIHEHHOTO OTMIIKAMHU.

Trnenue siBisieTcss OMHOW W3 PAa3HOBUAHOCTEW (PUIBTPALIMOHHOTO TOPEHHUS , XapaKTepusylolleecs
Kak OecCIITaMEHHBIM CcaMOpacHpOCTPAHSIOMIMIACA MPOIECC TETEPOTEHHOTO OKHCICHHS MOPUCTHIX
MaTepualioB ¢ oOpa3oBaHHWEM OOJBIIOrN0 KOJWYECTBA Tra3000pa3HbIX MPOAYKTOB. TOKCHYHOCTH
NPOAYKTOB , CKPBITHOCTh HayalbHOW (ha3bl mpolecca M CHOCOOHOCTb MEPEXOJUTh B aKTHUBHYIO
(GopMy MPOBOLMPYIOUIYIO MOXKapbl, OMpeNeiaoT HeocaabeBalomKi MOTOK MyOaMKalui Mo 3TOM
Tematuke. B pabore [6] mpobnema mepexoja TJIEHHS B TOpEHHE aHAJIM3MPOBAJIaCh B paMKax
MaKpOKHMHETHYECKOr0 IMOJX0/a, MPENOoaraolero He OnucaHue BCEro Mpollecca, a BbISICHEHHE
KPUTHUYECKUX YCJIOBUH CYIIECTBOBAHUS HHU3KOTEMIIEPATYPHOTO pEeXKMMa BBITOPAaHUSl TOILIMBA.
OOwenpuHsTas B JUTEepaType KHUHETHYECKas cXeMa KOHBEPCHHM TMOPUCTOM cpenbl BKIIIOYana
NUPOJIU3, OKWCIICHHWE TOIUIMBA M OKHUCJIEHHE MOJyNpOAYyKTOB. BbIIO MokazaHo, YTO MOCHEAHSS
peakuusi TMpakTUYECKU HE BIMAET HA XapaKTePUCTUKU BOJIHBI TJEHUS BCJEJICTBUE HU3KOU
PEaKUMOHHOM COCOOHOCTH MOIYNPOAYKTOB. OHAKO, MPU ONPEJECIIEHHBIX YCIOBHUAX 3Ta peaklus
CrocoOHa CaMOaKTUBHUPOBATHCS B TMPOIECCE BBHITOPAHUS TOIUIMBA M BBI3BATH PE3KUN MMOIBEM
TeMIepaTypsl BO (POHTE XMMHUYECKOTO TPEBPAIEHHs, WHUIMUPYS Ta30IJIaAMEHHBIE peakiuu.
Paccrosnue, nmpobOeraemMoe BOJTHOW TJIEHHS K MOMEHTY BCIBIIIKH, XapaKTepU3yeT CIIOCOOHOCTD
Mepexo/ia TIICHUS B TOPEHUE B IAHHOM MTOPUCTOU CpeJie.

[TpobGrema TieHUs najeka OT PeleHHs JAaKe B MPOCTEHINX YCIOBUAX KOHTPOJIUPYEMOTO TOJIBOIA
raza B 30HY peakiud. TpyJHOCTH MHOTOKPAaTHO BO3PaCTalOT IPH PACCMOTPEHHM pPeabHbBIX

MMPOLECCOB, MPOTCKAOIIUX B YCIIOBUAX €CTECTBEHHOM CﬂMOpGFYHpreMOﬁ (bHJIBTpaIII/II/I rasa.
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COMBUSTION THEORY METHODOLOGY IN THE THEORY OF
SENSITIVITY OF EXPLOSIVES TO THERMAL AND MECHANICAL

ACTIONS
A.P. Amosov

Samara State Technical University, 244, Molodogvardeyskaya str., Samara, 443100, Russia

mvm@samgtu.ru

This report shows how the methodology of the combustion theory developed in scientific school of
Merzhanov was realized in the development of the theory of sensitivity of the explosives.

The sensitivity of an explosive shows how readily to initiate the combustion or explosion of the
explosive by outer actions both thermal and mechanical (a strike, a prick, a friction) Methods of
estimation of the sensitivity to the thermal actions were analyzed by Merzhanov during the
development of the thermal theory of ignition.

Initiation of explosives under mechanical actions is produced in most cases by ignition of local hot
spots generated in the explosives during dissipation of the mechanical energy of the actions.

The most correct theory of ignition of the hot spot is the thermal theory of Merzhanov [1] For a hot

spot with an ideal, uniform profile of the temperature 7}, the critical values of Frank-Kamenetsky

number Fk:
Fk, =d (In®,)", (1)
where
L L e )
A RTy RT RTj;

2r is the size of the hot spot (the width of the flat spot or the diameter of the cylinder or ball spot),

Ty is the temperature of the cold surrounding body, O, ko, E is the thermal effect, a pre-exponent,
and the activation energy of the chemical reaction of the thermal decomposition of the explosive

correspondingly, R is the gas constant, p — the explosive density, A —the thermal conductivity of
the explosive, d, and m,, are the constant coefficients in the range of 4 < 0y < 25:

n=0, d=2,66, m=1,3;n=1, dy=7,39, m=0,83;n=2, dy=12,1, m=0,6,
where 7 is the index of the shape of the hot spot: # =0 for the flat spot, # =1 for the cylinder spot,

n=2 for ball spot.
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At a later time, the author of this report showed that along with condition of the ignition of the spot ,
consideration must be given to a condition for escape of the combustion from the hot spot, because
the hot spot can ignite, burns away but does not ignite a surrounding cold body of the explosive [2].
On the base of analysis of the pattern of combustion growth on ignition of gases and nongaseous
systems investigated by Merzhanov and on the base of the known concept of Zeldovich for ignition

of gases by a spark, a rough estimate for escape of the combustion from the ignited hot spot was

made in the form of a critical value of Zeldovich number Zd [2]:

_ruTy =Ty
a TC—T()

Zd L Zd=n+1, )

where c is the specific heat, d = Al (Cp) —the temperature conductivity of the explosive, # is the

linear combustion velocity, 7 is the temperature of the stationery combustion. So the condition of

ignition of the hot spot (1) was supplemented with the condition of combustion leaving the spot (2).

By the early 1970s, the main role of the friction heat release in generation of the hot spots under
various mechanical actions was proved. In the same time, the author of this report started in
Merzhanov laboratory in Chernogolovka and went on in Kuibyshev Polytechnic Institute (now
Samara State Technical University) the theoretical investigation of the process of formation and
ignition of hot spots at the cost of the heat release of friction in various conditions. In doing so,
results of the thermal theory of ignition created by Merzhanov was used with reference to ignition
by the friction heat release. Results of Merzhanov were also used indirectly during development of
physical and mathematic models of the process of formation of the hot spots at the cost of the
friction heat release and their criterion analysis similar to how Merzhanov made his models of the

processes of ignition and combustion [3].
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HOBOE B TEOPUU I'OPEHUSA I'ASUOPUIIUPYIOIUXCHA CUCTEM

N.I'. AccoBckuii

Wucturyt xummueckoit pusnku nM. H.H. Cemenosa PAH, yn. Koceirnna 4, Mocksa 119991 PO

assov(@chph.ras.ru

Tema gokmanma, crosb OOIIMpHAas, oOs3bIBalOIlasi MW MHTPUTYONIAs, ObUla TpejioKeHa
OprkomuteroM cumnozuyma. OYeBUIHO, YTO B OJHOM JOKJIaJ€ HEBO3MOXKHO BCECTOPOHHE
OCBETUTb COBPEMEHHbIE TEH/ICHLIMU B PA3BUTUU TEOPUU ropeHusi. [losToMy aBTOp, OCHOBBIBAsACH Ha
COOCTBEHHOM OIbIT€, OrPAaHUYMWIICS JIMIIb HECKOJbKUMHU BOIPOCAMU JIOCTATOYHO OOIIETo
XapakTepa, OTHOCSIIMMHUCA K TBEPJbIM PAKETHBIM TOIJIMBAM M apTUJUIEPUHCKHM TOpOXaM,
OTPAXKAIOIIUM CHEIUPUKY TOPEHUsI YHEPTOEMKUX MaTepHANIOB B TEXHUYECKHX yCTpoiicTBax. [Ipu
ATOM TOJI TEOPUEH MOHMMAETCsl HE CTOJBKO MaTeMaTHUECKOe MOJECIUPOBAaHUE Tpollecca TOPeHHUs,
CKOJIBKO COBOKYIHOCTb BCEX MMEIOLIMXCS MPEICTABIEHUH O €ro MeXaHu3Me, 3aKOHOMEPHOCTIX U
METOJ]aX U3yYEeHHs], B TOM YHUCIIE€ IKCIIEPUMEHTAIbHBIX.

["a3udunmpyromuecs: JHeProeMKUe CUCTEMBI UCTIONB3YIOTCS B apTUILIEPUN U PaKeTHOW TEXHUKE B
KauecTBe MCTOYHMKOB OJHepruu u pabodero Tena. [loaToMy ckopocTh ra3zoo0pa3oBaHus,
TeMIlepaTypa U COCTaB MPOTYKTOB FOPEHUs SIBISIOTCS BAKHEHIIMMH XapaKTEPUCTUKAMHU TOPEHUs
TaKMX CHUCTEM. 3HAHHME 3aKOHOMEPHOCTEW HM3MEHEHHUs 3THX XapaKTEPUCTHK BO BPEMEHU U MO
MOBEPXHOCTH TOpPEHHUs 3apsijia Ha BCEeX CTaausAX TMpoliecca, HAuMHAsS OT 3aKUTaHUA MU
BOCIJIAMEHEHHUs 3apsija, OO IOJIHOTO 3aBEPILICHHs] €ro TOpeHHs sIBISETCS BaKHeWIIel 3amaveit
Teopuu. B 3TOM CBsA3M B JJOKJIa/ie pacCMaTPUBAIOTCSI COBPEMEHHOE COCTOSIHUE U MPOOJIEMbl TEOpUU
TOPEHHUsl TPOTSKEHHBIX 3apsA/loB, KPUTEPUM YCTOMYMBOCTHM HMX TOPEHHUS, KPUTEPUHM MOA00US
AKCIIEPUMEHTANBHBIX M HATYpHBIX YCIOBUWA TopeHus. OnpeneneHHOe BHUMAHUE YJENseTcs
ocobennoctssm ropenuss B PIATT ¢ ympaBasemoit Tsiroif, a Takke OCOOCHHOCTSM TOPEHHS
METAJUTM3UPOBAHHBIX ~ PAKETHBIX TOIUIMB, B TOM YHCJIE€ COJAEPXKAIIMX HaHOpa3MepHbIE
METAJUTMYECKUE KOMIIOHEHTbI. AHAJIU3 MPOBOAMUTCS, MCIOJNB3Ysl MpEACTaICHUs MOJEIH TOpPeHHS
benseBa—3enbnoBuya (¢ Bemylled 30HOW BOJIHBI TOpeHHMs B ra3oBoil daze) [1, 2] u momenu
MeprkanoBa—/y00BHIIKOTO (C BEIyIICH 30HOM B KOHJICHCUPOBAaHHOM (a3e ToruvBa) [3].
O6cyxnaeTcss HeOOXOAUMOCTh Pa3BUTHs TPEJCTABIECHUN O KPUTHUYECKUX YCIOBHUSX 3a)KUTaHUS
(muarpamma CemeHoBa) [4] U KpUTEPHSIX yCTONYUBOCTH CTAIIMOHAPHOTO TOPEHUS] IPUMEHUTETHHO K

pEalbHBIM ~ YCJIOBUSIM TOpPEHMs, C YYETOM XapaKTEpHBIX BpPEMEH pPEaJbHOro Ipolecca.
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HenuHelHOCTh CUCTEMBI IPUBOJIUT K TOMY, YTO JaKe /Uil YCTOMYMBO TOPSIIIUX CUCTEM HayajlbHbIe
ycioBusi  (yCNoBHS — BOCIUIAMEHEHHsSI) MOTYT BBI3bIBaTH  OOJIbIIME  KOJEOAHUS CKOPOCTH
MOCJIEYIOUIEr0 TOpeHHUs Ha BpeMeHax, MacIiTad KOTOPBIX Ha MOPSIOK IPEBBIIIAET XapaKTepHOE
BpeMs BOJIHBI ropeHus [5, 6]. Bmecre ¢ TeM CKOpOCTh FOpeHHsI CUCTEM, OTHOCAILIMXCSA K 00JI1acTH
HEYCTOMYMBOCTU CTAllOHAPHOTO TOPEHHs, MOKET COBEpIIaTh OOJbIlIKE KoieOaHHUs, B TOM 4YHCIe
XaoTuuyeckue [ 7], coxpaHss Majo U3MEHIEMYIO CPEJIHIOI CKOPOCTh ropeHus. C y4eToM OCpeTHEeHUS
HE TOJIbKO 10 BpEeMEHH, HO U MO IMPOCTPAHCTBY 3apsjia, TaKHe CUCTEMbl MOTYT BIIOJHE
YIOBJIETBOPSTH CYLIECTBYIOLIMM TEXHUUYECKUM TPEeOOBAHHSM.

YucneHHble pacyeTbl TOPEHMs MNPOTSKEHHBIX 3apsioB CBA3aHbl C OOJBIIMMM 3aTpaTaMu
KOMITBIOTEPHOW MaMsTH M MAIIMHHOIO BpeMeHM. B nensix SKOHOMMHM OOBIYHO MAaKCHMAaJIbHO
YOPOILAIOT MOJIENIb BOCIUIAMEHUTENBLHOTO MEepHoja U MpeHeOperaloT XUMUYECKUMHU PeaklUsiIMUA Ha
3TOM cTanuu. M30exkaTh 3TOro MOXHO, UCTIOJIb3Ys MPEUMYIIECTBA UHTETPAIILHOTO YpaBHEHHS IS
TEeMIepaTypsl TMOBEPXHOCTH TOIUIMBA, MO CpaBHEHUIO ¢ AuddepeHInansHbIM  ypaBHEHHEM
TETIONPOBOJHOCTH U TETUIOOOMEHA MEXIY ra3oBOil M KOHIEHCHpOBaHOH ¢azamu TormBa. Ha
CTaJuM TMpolecca 3aXUraHus, B MPEINON0KEHUH JO0CTaTOYHO OOJBIION SHEPruM aKTUBALMU
peakuuy rasudukanuu E, HHTErpanbHOE ypaBHEHHE Ul U3MEHEHUS TeMIepaTyphl MOBEPXHOCTH

TOIlJINBA TS C YUYCTOM TCIUIOBBIACIICHUA OT XUMHUYECKOU pCakuuu UMECT BUI [6]
t Ts
T(ty=Ta+ [(q/\[mApet=1))dt' , ¢'=qS + 2Apq, [ FAT , F(T)= ko exp(-EIRT), (1)
0 T

re ¢s -UHAUMUPYIOUIMA MOTOK TerJja, HalpuMep, OT MPOAYKTOB TOpPEHHs BOCIUIAMEHHUTEINs K
NOBEPXHOCTH 3apafa Tommmsa: q; = o (Iy — Ts); qo, ko - KOHCTAHTBI CKOPOCTH TEIUIOBBIJIEIEHUS U
peakuuu razuduranuu; A, p, ¢ - TEIIONPOBOAHOCTD, INIOTHOCTh U TEIUIOEMKOCTD K-()a3bl TOTUIUBA;
o - K03 PUIMEeHT TerTooOMeHa, MHAECKCH g U S OTHOCATCS K ra3y M MOBEPXHOCTH K-(a3bl TOIUIHMBA.
VYpasuenue (1) B psizie ciayyaeB MO3BOJISIET MOJYUUTh JOCTATOUHO TOUYHbIE aHATUTUYECKUE PEIICHuS,
B TOM YHCIIE JJIi CKOPOCTH pacrnpocTpaHeHus: (pOHTa BOCIJIAMEHEHHS MO MOBEPXHOCTH 3apsja, a
TaKXKe JIJIsl OUEHKU TeMIIEpaTyp KaMepbl CrOpaHUsl U IPYTMX TEXHUYECKUX y3JI0B [8].

OO6cyxnatTcsi BOIMPOCHl COOTBETCTBUS HATYPHBIM YCIOBHSIM HKCHEPUMEHTAIBHBIX JaHHBIX O
CKOPOCTH TOPEHHH apTUUIEPUICKUX TTOPOXOB U PAKETHBIX TOILUIUB, MOJYYECHHBIX B JJa0OpaTOPHBIX
yCTaHOBKax. PaccMaTpuBaroTCsi BOBMOXKHBIE CIIOCOOBI yITydIlIeHUs] COOTBETCTBHUS JIJISl CTAaHAapPTHBIX
METOJUK M3MEPEHHUs] CKOPOCTH TOPEHHUs TOIUIMB B OoMOax MOCTOSTHHOTO MJaBIICHUS, a TaKxke
MaHOMETPUYECKUX HCMBITAHUNA apTUIIEPUICKUX TMOPOXOB B OoMOax mocTosiHHOro oObema. [lns

NPOTSYKEHHBIX 3apsiIOB BXKHYIO POJIb UTPAET CKOPOCTh PacHpocTpaHeHHs (pOHTA BOCIIAMEHEHUS
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1o

MOBCPXHOCTHU 3apsaa. 9TOT BOIIPOC OCTACTCA HAMMCHCC U3YYCHHBIM B TCOPHUU T'OPCHUS. ]:[J'ISI

BOCTIOJTHEHHUSI 3TOTO Mpobena TpedyeTcsl COo3AaHue CIEeUUANbHBIX YCTAaHOBOK, OJHA W3 KOTOPBIX

npenacrasieHa Ha puc. 1 [6,9].

q

/.1 /_i /aé /i ] /i 7 8 2 20  Pyc. 1. Cxema yCTaHOBKM I
/— /_ /— /_ /_ U3MEPEHHs] CKOPOCTH BOCILIAMEHEHMs
/ 4;]7/ % // / ?? KaHajla MmopoxoBoi TpyOku: 1 kamepa

CrOpaHUs; 2 CO€IMHUTEIbHBIN

P /I ‘/, “ / %
RXZX
7, wv(
j\ 6,10 ¢ukcatopsl 3aTBOpa; 7 CMEHHOE
/ \ww OKHO; 8 MHepTHas BCTaBka; 9 mopoxoBas
TpyOka; 11, 12, 14, 15 oTBepcTus mon
+o- L5\_ Z_ L \L JIaTYMKU JaBieHus, 13 3aTBop.

TpyOOIIpOBOA; 3 HHUTH BOCIUIAMEHEHUS;

§
%
W

4 3arnyiika KaHalla; 5 CMOTPOBOE€ OKHO;

<

DTa yCTaHOBKAa MO3BOJISIET OTIENIUTh CKOPOCTh pacHpoCTpaHeHHs (PPOHTA 3aKMTaHUs KaHaja OT

CKOPOCTH pacipocTpaHeHus (PpOHTA CBEUEHMS TOPAUYETO ra3a, YTo BaXKHO JJISl MPABUIIBHOM OLIEHKH

CKOpPOCTH Ta3000pa3oBaHMsl TMPH BOCIJIAMEHEHWH TMPOTSHKEHHBIX 3apsanoB. PacnpocrpaneHue

(prHTa 3aXKHUIraHuA I10 nporpeToﬁ IMOBEPXHOCTH TOIIJIMBA ABJIACTCA aHAJIOTOM IIOINCPEYHBLIX BOJIH,

HaOJII0laeMbIX BOJM3M KPUTHYECKHUX YycioBMi ropeHus [10], mosTomy yka3aHHas ycTaHOBKa

MOJIC3HA U JISI U3YYCHHUS OTOTO ABJICHUS.
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PA3PABOTKA HAYYHbIX OCHOB U DOPEKTUBHBIX XUMHWYECKUX METOJ10B
YIPABJIEHUA TOPEHUEM, B3PBIBOM M IETOHAIIME T'A30B

B.B. Azatgau

WHCTUTYT CTPYyKTYypHOI MakKpOKHHETHKH U Tpobiem MaTepuanoseneHus PAH, UepHoronoska, Poccus

Jlo HenaBHero BpeMeHM Ui yhpaBieHHs ra3opa3HbIMU IpOLIECCAMH TOpPEHUs U  B3pbIBa
MCIOJIb30BAIMCH MPAKTUYECKU TOJIBKO HEXMMHMUYECKHE METO/bI (OrHENperpaguTeu, miaMeracuTenu,
CWJIbHOE pa30aBieHNEe UHEPTHBIMU ra3aMH U T.I.). MexXly TeM, IOCKOJIbKY B OCHOBE FOPEHUS JIEKUT
XUMUYECKUH TMpollecc, TO METOJIbI, CIIOCOOHBIE BJIMATh Ha XMUMHUYECKHH MEXaHU3M, JOJKHBI ObITh
6onee HddexkTuBHBIMU. HemoorneHka BO3MOXKHOCTEH XMMHUYECKHMX METOJOB OIpelesiercs B
OCHOBHOM CJIO’)KMBIIMMHUCS TPEJICTaBICHUSIMU O XHMHUYECKOW MpUPOJe TopeHus razoB. bbiio
OOLIENMPUHSTHIM, YTO POJIb PEAKLIMOHHBIX LENEil CYIIeCTBEHHA TOJbKO MPHU JABJICHUIX B JECATKH pa3
HIKe atMocdepHoro nasieHus. [Ipu Oosee BHICOKMX TaBIEHUSAX TOPEHUE CUMTAIOCh PE3yJIbTaTOM
TOJIBKO MPOTPECCUBHO YCKOPSIIOLIETOCS caMOpa3orpeBa CUCTEMbI. PeaklMio ropeHus MpencTaBiisin
KAaK OJHOAKTHBIA IIpPOLIECC, B KOTOPOM KOHEUYHBIE IPOMYKTHI IOJIYYalOTCS HENOCPEIACTBEHHO W3
UCXOJHBIX peareHToB. OueBUIHO, YTO TAKOTO THUMA TMPOLECC MOXKET CaMOYCKOPSTbCA TOJIBKO B
pe3ysbraTe camopasorpena. [lo mocienHero BpeMEHM JUIsl ONMCAHMS TOPEHMsS I'a30B UCIOJIb30BAJICA
COOTBETCTBYIOILLMKA ATOMY MEXAHU3MY MaTeMAaTUYECKHIA anmapar.

Hamu Opu1o oOpalieHo BHMMaHME HAa KOPEHHOE MPOTUBOPEYME MPEKHHUX MPEICTABICHUN pALY
(yHIaMeHTaNbHBIX 3aKOHOMEPHOCTEN. MImtocTpariueil aBisitoTCs MpUBEICHHBIE HIXKE TIPUMEDHI.

1. Cmecu Bopopoza, yriieBoAOPOJAOB U MHOTUX APYTUX COEIUHEHUN C KUCIOPOJOM CIOCOOHBI mpu 1
Oap BOCIUIAaMEHSATHCA U ropeTh, Hanpumep, npu 900 — 1300K, Bonpeku oueHb OOJIBIIAM SHEPTUIM
aktuBauu (6oaee 200 kJ[>k/M0OJb) peakiuii HEMOCPEACTBEHHO MEXTY MX MoJieKyJamMu u O,.
2.00bsiCHEHHE OYeHb CHJIBHOM TeMIEepaTypHO 3aBUCHUMOCTH CKOPOCTH peakLUUid TOpeHHs,
OCHOBAaHHO€ Ha JIOMYyIIEHWUM O OONbIION SHEPTUM aKTUBALMM B (QYHKUMH AppeHuyca,
MPUITKMCBIBAEMOM 3TUM MpolieccaM, SBHO IPOTUBOPEUUT NPUCYLIUM FOPEHHIO OOJIBLION CKOPOCTSIM.
3.CuiibHOE TOPMO3dIllee BIUSHUE HA TOPEHUE MaJIbIX MpPUMeECEH psifia BEIIECTB HEBO3MOXKHO MPH HE
LIEITHOM, TeM 00Jiee 0OTHOCTaJUITHOM MEXaHU3ME peaKLni.

B OGonpimiom nukiIe HamIMX TEOPETUYECKUX M AIKCHEPUMEHTAIBHBIX paboT OBLIO TOKa3aHO, YTO
BOTPEKU MPEKHUM TMPEACTaBICHUsAM, B Ta3o(a3HbIX Mpolleccax TOpeHHUsl Tra3oB XUMUYECKUI

nmpouecc ABJLICTCA Pa3BCTBJICHO-LICIIHBIM HE TOJIBKO IIPpU JaBJICHUAX, B JCCATKHM pa3 HUIKC
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aTMOC(hEepHOro JaBleHHs, HO TaKke MpH JIOObIX Oojiee BBICOKUX [ABJICHUAX, MPH JTHOOOM
camopasorpese. [[03ToMy, 3aKOHOMEPHOCTH BOCIUIAMEHEHHS M paCIIPOCTPaHEHUs TJIAMEHH, B3pbIBA U
JETOHAIIMK OIPENENSIIOTCS, MPEXIe BCEro, KOHKYPEHIMEH pa3BeTBIEHUS] W OOpbIBa pEaKIMOHHBIX
Hene ¥ KOpeHHbBIM 00pa3oM OTJIMYAIOTCA OT TeX, KOTOPBIE CJIE0BANO OKUAATH MPU TPATUIIMOHHOM
JIOTIIEHWHM O HEleNmHOM MexaHu3Me mpoiecca. Ha ocHoBe pa3BMBaeMoil HaMHM Teopuu
HEU30TEPMHUECKUX LIEMHBIX pEeaKUuu IMOJyuYnIun OOBbsICHEHHE NPAaKTUYECKH Bce OCOOEHHOCTH
npoleccoB ra3oasHoOro ropeHus, B TOM YMCIIe, He HaXOUBIIUe 00bsicHeHUs paHee. [IpeackasaHsl u
00OHapy>KeHbl HOBbIE 3aKOHOMEPHOCTH, BaXKHBIE JUIsl MPAKTUKHU.

bnarogapst BBISIBIEHHIO WLENHOW NPUPOIBI MPOLIECCOB TOPEHHMS] B YCIOBUSX MPAKTUKHA CTAJO
BO3MOKHBIM pa3paboTath dPPEeKTUBHBIE XUMHUUYECKHE METONbI YMPaBICHUS BCEMH HX PEXKHUMaMH,
BKJIIOYAsh B3pBIB W JETOHAIIMIO, TpHU JIOOBIX HayalbHBIX Temmeparypax BmioTh a0 1700K u B
HIMPOKOM MHTepBasie jaaBieHuil. [lpemiokeHHble METOAbl M XUMHUYECKHE CPEICTBA YIPaBIECHUS
TOpPEHHUEM, B3PbIBOM M JE€TOHALMEW BOJOPOJa, METaHA M CUHTE3 I'a3a MPOLLIM yCIEIIHbIE UCIIBITAHUS
B 0OJBIIMX 00bEMaxX M MOJYYMIIH MOJI0KUTEIbHYIO OLIEHKY COOTBETCTBYIOLIMX MEXXBEIOMCTBEHHBIX
komuccuii B MockBe u B Kemeposo. [lpemyioxkeHHble MpUCAIKH KOPPO3HMOHHO- O€30macHbl, He
TOKCHUYHBI, HE 1OpOryu. OCHOBHBIE METOJIBI M CPEACTBA 3AUIUILIECHBI TATEHTAMH.

HccnenoBanust mpoBOASTCS MPU aKTUBHOM yYacCTHH BEIYILIUX CMEIMAIUCTOB psila aKaJeMHUUECKUX U

JIpyrux uHetutyToB Poccuu u I'epmanum.
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DEVELOPMENT OF SCIENTIFIC BASIS FOR ADVANCED EXTRACTION
TECHNOLOGIES FOR REPROCESSING OF IRRADIATED SPENT
NUCLEAR FUEL AND THEIR RADIATION SAFETY

E.V. Belova*', A.V. Rodin', E.R. Nazin?, I.G. Tananaev ', B.F. Myasoedov1

"Frumkin Institute of Physical Chemistry and Electrochemistry

* Scientific and Engineering Center for Nuclear and Radiation Safety

* bl174@bk.ru

At the present time, throughout the world during the extraction processing of irradiated fuel rods of
nuclear power plants with the aim to extract plutonium from them and other valuable components
tributyl phosphate (TBP) is used as an extractant, as well as a diluent — aliphatic hydrocarbons (#-
paraffins). The original chemical system of this technology is nitric acid solution containing
uranium, plutonium, transplutonium elements, gamma-and beta-active products of uranium fission.
Used in reprocessing technology connection: extractants, diluents, organic reducing agents are
generally combustible liquids. Their contact with nitric acid are followed by oxidation reactions that
occur in certain circumstances, with the release of gaseous products and an increase in temperature.
Speed of oxidation processes are dependent on many factors: temperature, concentration of
components, their resistance to oxidation with nitric acid. When the extraction processing of
irradiated nuclear fuel to the intensity of oxidative processes are strongly influenced by radiation
and radiation-thermal effects. Depending on the conditions of oxidative processes in the extraction
systems can proceed with a relatively constant rate of formation of liquid-and gas products, or
autocatalytic mode - with self-heating of the mixture and rapidly accelerating gas evolution. In both
cases, they are potentially dangerous due to the increase of pressure in the apparatus up to their
deformation or rupture. In the global and domestic practice, there have been cases of accidents at the
radiochemical enterprises related to the thermal explosion of the extraction mixture, for example, the
Savannah River in America, Tomsk in Russia.

Providing explosion safety of radiochemical plants technological operations for processing of
irradiated nuclear fuel and high-level liquid waste requires systematic information on the
mechanisms and kinetics of the interaction of nitric acid with the components of the extraction
systems. Kinetic studies allow us to estimate the influence of various factors on the development of
oxidative processes, as well as to determine the boundary conditions from escalating the oxidative

processes in the autocatalytic mode. In the literature there are no systematic data on the problem of
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oxidation processes in the radiochemical technology subject to the conditions of their existing on
radiochemical enterprises.

To solve the explosion safety problem of the extraction processes it is nesessary to obtain
information on the explosive characteristics of the extraction system that would assess the safety and
regulatory conditions of maximum permissible parameters for manufacturing operations, as well as
be a baseline data to assess the probability of accidents and their consequences. In our opinion, such
characteristics as applied to extraction systems are:

- maximum speed of gassing in open vessels

- onset temperature of exothermic processes, the so-called "start" temperature of thermal explosion

- specific volume of gaseous products in oxidation processes

- thermal effects of the explosion, in the equivalent of TNT

To obtain these data, a series of works on the interaction of thermochemical organic solutions of tri-
n-butyl phosphate (TBP) with nitric acid and uranyl nitrate to assess the hazardous properties of the
extraction mixtures at their long-term operation under exposure to ionizing radiation.

The work was done in two ways:

- Experimental determination of kinetic parameters and their temperature dependences for these
processes in an open vessel;

- The definition of "starting" temperature and characteristics for exothermic processes of interaction
of the extractant with HNOs in a closed vessel.

The aim of research was to obtain information about the mechanism of interaction between the
components of the extraction mixtures, kinetics of heat- and gas evolution for the simulation of
potentially hazardous oxidation processes, also the evaluation of boundary conditions for their
development into a thermal explosion during the change of the temperature and concentration of
oxidant and issue-based recommendations to prevent hazardous situations, for the explanation by the

kinetic data of oxidation reactions mechanisms.
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KINETICS OF FAST AND SUPER-FAST REACTIONS IN CONDENSED
SYSTEMS UNDER STATIC AND DYNAMIC CONDITIONS: SOME NEW
RESULTS

AA. Berlinl, AA. Denisaevl, A.S. Mukasyanz, and A.S. Shteinbelrg3

'Semenov Institute of Chemical Physics, ul. Kosygina 4, Moscow, 119991 Russia
2University of Notre Dame, Notre Dame, IN 46556, USA
3ALOFT, 61 Fairlawn Dr., Berkeley, CA 94708, USA

In his lecture given in Novosibirskii Akademgorodok in 1972, Alexander Merzhanov formulated and
presented grounds for a new direction of chemical physics called non-isothermal methods of
chemical kinetics (NIK) for the first time. In this pioneering work, he clearly showed basic
advantages of the NIK methods in comparison with classical methods of chemical kinetics. The NIK
methods and approaches have been widely used in the basic and applied chemistry studies and in
chemical engineering. This presentation is devoted to the application of the NIK theory and practice
for the study of such a new and almost unexplored area as kinetics of fast and super-fast reactions in
condensed systems (components and compositions of so-called energetic materials, EM) under static
and dynamic conditions. NIK methods used for the study of mechanism and kinetics of fast high-
temperature reactions in condensed energetic materials are reviewed. Data obtained by the methods
of linear pyrolysis, ignition and modified thermal analysis are presented. Results of the kinetic study
of high-temperature decomposition of a number of homogeneous and heterogeneous EM used in the
modern rocket and aviation engineering (nitrocellulose, solid rocket propellants, h/c hydrogen
peroxide, nitrous oxide) are given. A phenomenon of electrothermal explosion (ETE), an ETE-based
kinetic method of electrothermal analysis (ETA) and a new original instrument electrothermal
analyzer (ETA-100) allowing one to study super-fast reactions (the complete conversion times are
less than 107 s) in condensed systems at the temperatures up to 3600 K are described. Some new
results obtained for a number of gasless SHS systems and some thermits are presented. Kinetic data

for fast reactions under static conditions and at low- and high-speed impacts are compared.
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SHS AND SPS PROCESSES

F. Bernard*, J.C. Niepce

ICB UMR 5209 CNRS / Université de Bourgogne. 9 Avenue A. Savary BP 47870 — 21078 Dijon - France

* fbernard@u-bourgogne. fr

The production of dense nanostructured materials is a main challenge for many research groups.
Usually, it is essential to develop alternative synthesis routes from classical ones. Concerning the
Self-propagating High-temperature Synthesis, the preparation method of powder mixture has been
modified by introducing a high energy ball milling. The mechanical activation by a control of the
shock power allows preparing agglomerates having an intimate mixture of reactants at the
nanoscale. Indeed, such a mechanical activation enhances SHS reaction by a modification of the
ignition, the propagation of the combustion front and the microstructure of end-products. Moreover,
the ignition of low exothermic systems is possible starting from mechanically activated powder
mixture [1]. However, to reduce or eliminate the large porosity in the final products, which is the
main disadvantage of this process, some workers suggest applying a mechanical pressure during the
combustion.

Consequently, the process to fabricate dense nanostructured materials from elemental reactant
powders consists in two main steps: (a) mechanical activation and (b) field activated synthesis and
densification in one step, i.e. fast reactive sintering, using an Spark Plasma Sintering device [2—5].
In the former, mixture of pure elemental powders was co-milled in a Fritsch planetary ball mill (the
so-called vario-mill P4 Pulverisette). Then, the mechanically activated powder mixtures were first
cold compacted into cylindrical graphite dies lined with graphite foil using a uniaxial pressure of 80
MPa for 2 minutes. The graphite die containing the cold-compacted sample was placed inside the
SPS reaction chamber, which was then evacuated and back-filled with argon (industrial argon,
99.995% pure) to minimize oxidation. By repeated application of an ON-OFF DC pulses delivered
by the SPS, the spark discharge point and the Joule heating points are transferred and
homogeneously dispersed within the overall specimen and resulted in an efficient SHS ignition and
sintering with low power consumption. A uniaxial pressure of 14 kN (i.e. 70 MPa) was applied
during the reaction and maintained during cooling. A high DC current was applied, increasing from
0 to 1750 A in 20 s. The maximum total duration of the current before the cooling is 4 minutes
(Figure 1). Temperatures were measured on the surface of the sample by means of a type-K

thermocouple. In addition, the SPS device allows the possibility to follow versus the time the
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displacement of the sample along the axis Z corresponding to thermal transformations which
occurred during the flash sintering.

Finally, a carefully control of the flash reactive sintering processing parameters (time, temperature
via current intensity and pressure) is necessary to prepare products with a microstructure and a

porosity perfectly controlled. Following this approach, the synthesis of dense ceramics, composites

and intermetallic compounds was also demonstrated.

Pre-heating

SHS: reaction

Fig. 1. “In-situ” Visualization of the flash reactive sintering for producing MoSi, staring from
mechanically activated (Mo+2Si) powder mixture [4, 5]
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MOP®OJJIOT'MYECKHUE OCOBEHHOCTHU ITPOAYKTOB I'OPEHMA ITPU
CHUHTE3E CBC-HUTPUI0OB

boposunckas N.I1.

VYupexaenue Poccuiickoit akanemMnn Hayk MHCTUTYT CTPYKTYPHOH MaKpOKMHETUKH W TIPOOJIEM MaTepralloBeICHUS
PAH, r. Yepnoronoska, MockoBckast 0011., Poccus,
inna@ism.ac.ru

CamopacnpocTpansitonuiicss Beicokotemiepatrypuslii cunre3 (CBC), ocHoBaHHBIM Ha mporleccax
TOpeHus, 1o CBOeH mpupojie OIM30K K 3KCTpeMalIbHbIM TpolieccaM (Temneparypa ropenus — 1500-
4000 K, ckopocTh pacrnpocTpaHeHusi BoJHbI roperus > 0.5-20 cm/c, CKOpOCTh HarpeBa BellecTBa —
10°-10° K/c, cKOpoCTh OCTBIBaHHS — OBICTpas 3aKaika, BBIAEPXKKA NpH TeMIepaType) H
o0ecrneynBaeT yCIOBHs MOTYUYEHUs BELIECTB B PasHbIX COCTOSHUSX: aMOP(QHBIX, METACTaOMIbHBIX,
TBEP/IbIX PACTBOPOB, PACILIABOB U JP.

[Tpu 3TOM CTPYKTYpBI CHHTE3UPYEMBIX COSIMHEHUH B MPOLIECCE TOPEHUS] U NMPU OCTHIBAHUUA MOTYT
npeTeprneBaTh pas3lIMyHbIE MpEBpalleHHs, OOYCIIOBIEHHbIE KaK YCIOBUSIMM CHHTE€3a, TaK H
YCIIOBUSIMHU OCTBIBAHUS.

B noknage OynyT mpeacTaBieHbl pe3yJbTaThl SKCIEPUMEHTAIBHBIX HCCIENIOBaHUN MeXaHH3Ma
(hopMHUpPOBaHUST KPUCTAIOB MPOIYKTOB TOPEHUs MPU CHUHTE3€ HUTPHUIOB KPEMHUS, aTlOMUHUS U
cUallOHOB. byJieT paccMoTpeHO BIUsiHME YCIOBMIA MpoBeneHus mpoiecca (Boicokue, 1o 100 MIla
JlaBJIeHHs ra3000pa3HOTo a30Ta, TOPEHHE B YCIOBUAX KoHAeHcamonHoro CBC, kpuctaminzanus 13
pacIuiaBoB) Ha CTPYKTypo- M (¢a3o00pa3oBaHHe MPOAYKTOB TOPEHHs B CHUCTeMaX KPEMHHM-a30T,
AITIOMUHUNA-230T, B CJIOKHBIX HIMXTOBBIX COCTaBaX MPHU CUHTE3€ CHAJOHOB.

OO6cyxnaeTcsi BO3MOXKHbBII MeXaHU3M 00pa30BaHMsl CKEJETHBIX M AHTHUCKEJIETHBIX KPUCTAJUIUTOB,
JNeHIPUTHBIX 00pa3oBaHMii, MeTacTaOWIbHBIX (a3, pa3nu4yHbIX MoAudukauuil (o ¥ P-HUTPUA
KpeMHus), HaHouyacTUl. JlaHbl MpEJCTaBIEHUS O BO3MOXKHOM MEXaHHW3Me (QOpPMUPOBAHUS
CTPYKTYphl HHUTPHIOB KpPEMHHUS, QIIOMHHHA ¥ CHAJIOHOB TPU HCIOJIB30BAaHUM J00ABOK,
CITOCOOCTBYIOIIMX 00pa30BaHUIO Ta3000pa3HbIX MPOMEXKYTOUHBIX MpoAyKToB. [IpuBogsTcs
HEKOTOPbIE XapaKTePUCTHKH TMPOJIYKTOB TOPEHUs, TMOJy4€HHBbIE pPa3IUYHBIMH METOAaMHU
XUMHUYECKOTO W pEeHTreHo(a3oBOro aHaauza, a TakKkKe MOPQOJOTrHYecKHe HCCIeI0BaHUS U

SHCPFOI[I/ICHepCHHﬁ aHaJIN3 € UCIIOJIb30BAHUCM J3JICKTPOHHBIX CKAHUPYIOIIHUX MUKPOCKOIIOB.
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®OPMUPOBAHMUE INEPEXO/IHBIX ®A3 ITPU CBC I'PAIMEHTHBIX
KEPAMHNYECKUX MATEPHUAJIOB HA OCHOBE Ti-Si-C U Ti-Al-C

0.D. Boyarchenko*', S.G. Vadchenko', A.E. Sytschevl, D. Vrel?, N.V. Sachkova'

!Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences, Chernogolovka, Moscow,
142432 Russia

2 Université Paris 13, CNRS, Institut Galilée, Villetaneuse, 93430 France

olgaboyarchenko@gmail.com

B pa6ote nposenensl 3xcniepumenThl B pexkume CBC B cucremax TisSis—TiCos n TiSi—TiCoes ¢
LENbI0 WCCIEOBAHMS B3aMMOJCHCTBUS HAa TPaHUIE pasfena Pa3IMYHbIX COCTABOB, KaK MEXITY
co00i1, TaK ¥ C pa3IMYHBIMU METAJUIMYECKUMHU TOAJIOKKAMHU IS AaIbHEHIIEro UCTIOIb30BAHMS UX B
KayecTBe CBapOYHBIX MAaTEPUAJIOB.

B mporiecce CBC Bbimensercss 3HAUUTEIBHOE KOJMYECTBO TeIJia, KOTOPOE MOXKET ObITh
WCTIOJIb30BAaHO HE TOJIBKO Ui JalibHEeHIIeld mepepaboTKu Wi  (QOPMHPOBAHHS CTPYKTYPHI
CHUHTE3UPYEMOro Marepuana (Hampumep, JUTHIX WA 3aJJaHHOM MOPUCTOCTH), HO U B KayecTBe
MCTOYHHKA JIOTIOJHUTEIHHOTO TETIa JJIsi COSTUHEHUsI PA3HOPOIHBIX MaTtepuaiioB. [y o6pazoBaHus
HAJIEKHOTO COEIMHEHUSI MKy PAa3HOPOJAHBIMU MaTepUaiaMH, TPYAHO MOJJAOIIMMUCS MMalKe WiIu
cBapke o0bruHbIMM MeTogamu, CBC nmaeT BO3MOKHOCTH Mojgo0paTh MEpexojHble, B TOM YHCIE
IpaeHTHBIE COCTABBI.

Jlna BBIOpaHHBIX cUCTEM OblUIa HCCIIEIOBaHAa 3aBUCUMOCTh COCTOSIHMSI TNEPEeXOAHOM 30HBI OT
pa3auuYHBIX (AKTOPOB — YCHIMS MOJXKaTHs 00pa3loB, COCTOSIHMS MOBEPXHOCTH HUCXOJHBIX
00pas3IioB.

s sxkeniepuMenToB ¢ cucteMoit TisSis—TiCo s B IUIMHAPUYECKON TIpecc-popMe JuaMeTpoM 12 MM
npeccoBanu Tabsnetku u3 cMmecedt STi + 3Si u Ti + 0.5C 10 OTHOCUTENBHOM MIOTHOCTH dory = 0.69
(5Ti + 3Si) u 0.66 (Ti + 0.5C). AHanoruyHO roTOBMIIMCH 00pa3ibl Ha ocHoBe Ti—Al-C, ogqHOpOIHO
nepeMeniannele, U cioeBble u3 cmeceit Ti + C u Ti + Al. DkcriepuMeHTBI IPOBOIMIIMCH B PEKUME
MOCJIONHOTO TOPEHMsI — TMOKUT OCYIIECTBIISUICS OT JICHTBI OBICTPO ropsmero coctaBa Ti + 2B,
4yTOOBI 00ECNeUnTh OJTHOBPEMEHHOE BOCIIaMEHEeHHe Mo pkuraemoii tabnetku (xTi + ySi) mo Bceit
IUIOCKOCTH, WM alleTUJIEHOBOW Topeikoil. J[is perucrpauuu U3MEHEHHUs TeMIlepaTypbl BBEpXY U
BHU3Y 00Opa3iia nomenianu tepmomnapsl (WReS/WRe20). Mexay Tabnerkamu noMeani TepMonapy
Y TIPOKATaHHbIE MPOBOJIOKU WK (hosibru u3 paznuunbix Metayuios (Ti, Ta, Nb, Mo, Ni, HuXpom) st

PErucTpalvu CMCUICHUA TI'paHHULl pasacia MEXIAY TabJeTKaMH B X0J€ pCakuuu MU IMOJYYCHUA
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uHpOpMAIMK O B3aMMOJCHCTBUM 3THX METAJJIOB C HMCXOJIHBIMU cocTaBamMHu. CBepxy oOpasel
MOJKUMAJICS C OTIPEAENICHHBIM yCHIIMEM, 00ECTIeUNBAIOLINM TUIOTHBIN KOHTAKT MEXIY UCXOJIHBIMU
TabJIeTKaMu.

Jis uccnenoBaHUS BIUSHUSL COCTOSHUSI TMOBEPXHOCTH HCXOJHBIX 00paslloB Ha oOpa3oBaHUe
MEPEXOHOM 30HbI ¢ TA0JIETOK CHUMAJICS TTOBEPXHOCTHBIN YIUIOTHEHHBIN CIIOM, 00pa3yrouuiics npu
npeccoBaHud. [lonoOHas nmoaroroBka o0Opa3LOB MM03BOJISIET 00ECNEYUTh BbIpABHUBAHUE TUIOTHOCTEH
B TIpeJieiaX KaKI0i TabJETKU U Ha TPaHMIIe X KOHTAKTA JUIS MOJIyYeHHUS TIPOYHOTO COSTUHEHUS.
HccrnenoBano BAWsIHUE YCWIMS TIOJDKAaTUsA OOpa3lloB Ha O00pa30BaHUE TMEPEXOIHOW 3O0HBI.
OnTuManbHOE YCWIHME TOJDKATHS TO3BOJSIET TOJYYUTh HU3KOMOPUCTHIM MaTepuan ¢ BBICOKOM
aaresuer B 00acTH MepexoaHOM 30HbI. bosbline Harpy3Ku MpUBOAAT K Aedopmaru 00pas3ioB B
npolecce CUHTe3a.

CunresupoBanbl 06pa3ipl coctaBoB TisSis—TiCys, TiSi—TiCoes 1 TiC—Al;Ti. Ha rpanune paznena
pa3IMYHBIX COCTaBOB OOHapyskeHO oOpazoBanue TporHbIx MAX-da3z TizSiC,, Ti,AlC u TizAlC,,
MOBBILIAIOIIUX MPOYHOCTh CBapHOro coeauHeHus. da3oBblii aHANM3 MPOIYKTOB B3aUMOJCHCTBUS
METaNTMYECKUX METOK C KOMIIOHEHTaMHU HMCXOJIHBIX PEAKIMOHHBIX CMecel Mmokasan GopMUpOBaHHE

MHOFO(l)aSHBIX MMPOAYKTOB, UTO SABJIACTCA PE3YyJIbTaATOM peaKHHOHHOﬁ )11/1(1)(1)}/31/11/1.

Paboma evinonnena npu noooepoicke Ilpoepammol ¢hynoamenmanvuuix uccieoosanuii Omoenenus
xumuu u unayk o mamepuanax PAH Cos0anue HOBbIX Memaniudeckux, Kepamudeckux, CmeKxio-,

NOJIUMEPHDBIX U KOMNO3ZUYUOHHBIX Mamepuaoe.
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AHAJIU3 OCOBEHHOCTEM NPOTEKAHUS TBEPJIO®A3HOI'O
CUHTE3A IIPU YJIAPHON HAT'PY3KE

C.H. bypasoga*, E.B. I[lerpos, 1.B. CaiikoB

MHCTUTYT CTPYKTYpHOH MaKpOKMHETHKH U MpoOiieM MaTepuanoBeneHus, YepHoronoska, 142432, Poccust
*Svburavova@yandex.ru

[TpoBeneHHbIi aHanu3 TBepA0(a3HOTO CUHTE3a CYJIb()UIOB, CUIIMIIAIOB, HHTEPMETALIIUIOB
MO3BOJIMJI BBISIBUTH OCHOBHBIE OCOOCHHOCTH MPOTEKAHUS XUMHYECKON peakluu B YCIOBHUSX
UMITYJbCHOTO BO3JICHCTBUSI HA PEAKIUOHHYI0 CMECh. YIbTpaObICTpass peakiusl SBIsSETCS
pe3yIbTaTOM WHHUIIMMPOBAHUS B TOPSYHMX Oo4yarax Ha (hpOHTE yJAapHOUM BOIHBI, IPU ITOM OKa3aloCh,
YTO CTeNeHb MpeBpalleHrss XUMUYECKOW peakiui He 3HauuTenbHa. He sicHO, Kakue Mpolecchl B
TeTepOTeHHBIX Cpelax NPHUBOIAT K BO3HUKHOBEHHIO O4YaroB. BrIcka3piBaeTcss MHEHHE, UYTO K
peakuuu B MeCTax KOHTaKTa 4YacTUIl TPHUBOMIAT BBICOKHE HANPSDKEHUs, TPEBBIIIAOINE
JTUHAMHYECKUH TIpeJIeNT TeKYUEeCTH, U CO3/IatolIne IJIaCTUYECKUe TeueHus. Bbicokas TeMreparypa B
JIOKQJILHBIX OYaraXx MOXET MPHUBOJUTH K PACIIABJICHUI0 KOMIIOHEHTOB, UYTO TaKXe CIOCOOCTBYET
BO3HUKHOBEHHIO peakiui. He u3yueHHBIM ocTaeTcs BOMPOC, YTO MPOUCXOAUT C OCHOBHOM Maccoii
CMecH, HenpopearupoBasiield BO ppoHTe. IKCIEPUMEHTAIBHO MOTy4YeHHbIe MPO(UIN TEMIIEPATYPhI
B npeccoBaHHOi cmecu Mg + S (24 T'TIA) oOHapyUBarOT MOCTENEHHBIA MOABEM TEMIEPaTypHl,
KOTOPBIH JOCTUTaeT BHICOKOTO YPOBHSA K 6 -8 MKC, YTO CBUIIETEIBCTBYET O HAJTMYMU HIMPOKOI 30HBI
peakiuu. BomHa pa3rpy3ku He MPUBOJAUT K CPHIBY PEaKILIMH, TOTOPaHHUE UMEET MECTO MOCIe CHATHS
nasienus. [lo-BuauMomy, mpoiiecc J0ropaHusi TpeOyeT 3HAUYUTENBHOTO BPEMEHHU JI0 HECKOJIbKHX
JIECSITKOB  MHUKPOCEKYHJ. K coXaleHWio, HUMEIOTCS TOJBKO €IWHUYHBIE paboThl B ITOM
HampaBiieHHH. He W3y4eHHBIM OCTaeTcs BOMPOC, MOXKET I CBEPXOBICTpasl peakis B odarax
NOJJIEpKATh HMHUIMUPYIONIYI0 €€ YIapHYl0 BOJHY M OO0ECHEeYUTh IOCTOSIHCTBO CKOPOCTH

pacnpocTtpanenus. [Ipodiema Tak xe TpeOyeT CBOETO U3yUCHHUSI.
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CBC HAHOITIOPOUIKOB OKCHUJIA UTTPUA C IPUMEHEHUEM
AIETATOHUTPATHBIX KOMIIVIEKCOB

C.C. bana6anos, E.M. I'aBpumyx, B.B. /Ipo6otenko, I.A. [Tlepmun*

HHucrutyT Xxumunu BeicokouncThix Bemects PAH, Huwxnuit Horopon, yn Tponmuuna, 1 49, Poccust
*permin@ihps.nnov.ru

Oxcupn UTTpUs, JISTUPOBAHHBIA MOHAMHU PEIKO3EMENbHBIX 3JEMEHTOB, SIBISETCS IMEPCIIEKTUBHBIM
MaTtepuajioM s CO3JaHUS KepaMHuYeCcKuX Ja3epHbIX cpen OmmxHero HMK-nmanasona.
OcHoBononararomeil cragueil MnojydyeHuss TaKOM KEpaMUKM SBISETCS CUHTE3 HaHOpPA3MEPHbIX
cn1aboarjioMeprupoOBaHHBIX TOPOLIKOB BBICOKOM YMCTOTHL. B yrcie mpounx, HIMPOKO HUCIOJB3YETCS
meton CBC nanomopomkoB Y,0O3; ¢ NpUMEHEHHWEM KayeCTBE OKMCIWTENSl HUTpaTa WTTpHs, a
rOpIOYEro - KPHUCTAUIMYECKMX OPraHMYeCKUX BELUECTB: IJIMLIUHA, JIMMOHHOM KHCIOTHI,
TpudTaHodamuHa U Ap [1]. Ilpu 3ToM OCHOBHOM aKUEHT B MyOJIMKALMAX JEIAeTCsl Ha 3aBUCUMOCTH
MOp(hOJIOTHM TIOPOIIKOB OT COCTaBa HMCXOJHOM CMECH; TepMOJMHAMHYECKOMY aHAIU3y WIH
IKCIIEPUMEHTAILHBIM ~ MCCIIEIOBAaHUSM TapaMeTPOB PEaKIMOHHOW CHCTeMbl (anuabaTtudeckas
Temrnepatypa, 0o0bEM W KOJUYECTBO BEIIECTBA Ta3000pa3HBIX MPOAYKTOB PEaKIMH) BHUMAHHS
NpakTHYeCKW He ypaensercs. llpeacTaBnsio HMHTEpec BBINOJHUTh TAaKUE HCCIEIOBAHUS JUIs
pa3paboranHoii Hamu cuctemMbl CBC BBICOKOYMCTBIX HAHOMOPOUIKOB OKCHIA WTTPUS U3
CMEIIAHHBIX COJIEH YKCYCHOW U a30THOM KHUCIOT — aneTaToHUTpaToB UTTpUA Y (NO3)3(CH3COO0)3;1-
v 3xH20, rae x=0.3-0.7.

Jlia cuHTe3a aleTaTOHUTPAaTOB HaBeCKy Y03 pacTBOPSAIM B CMECHU YKCYCHOM M a30THOM KHCIIOT,
B3SITHIX B HEOOXOJMMOM COOTHOIIEHUH. [Toce BBICYITMBaHMS TTOJYyUYEHHOE COSMHEHUE Pa3aesisiu
Ha MOPLMH ~3 T U MOMELIAIN B M€4b, MpeaABapuTenpHo HarpeTyio a0 700°C i HHUUUMUPOBaHUS
CBC. B pesynbrate nosydanach XpyIkas I€HA, COCTOALIAs W3 HAHOPa3MEPHBIX YacTUI[ OKCHJA
UTTPHSL.

Hns  pacuéra TEpMOJAMHAMUYECKH OOYCIOBJIEHHBIX TapaMETPOB pPEaKIMU ObUTH HaMNICHBI
CTaHJIapTHbIE PHTAJBIMU OOpPa30BaHUS MCXOIHBIX BEIIECTB C MPUMEHEHMEM METO/a BaJIEHTHBIX
cocrossHuii (MBC) atomoB B XxuMuueckoMm coeauHeHud. A41° cocraBunu ot -481.4 no -499.3
kkain/monb ans x=0.3-0.7 coorBercTBeHHO. [IpM TepMOIMHAMHUYECKOM HCCIIEJ0BaHUM Ipoliecca
Obl10  ucrmosib3oBaHO TmporpamMmHoe oOecnieyenne WBTAH TEPMO. Bun 3aBucuMocTu
aanabaTHUeCcKol TeMIepaTrypbl OT cocTaBa Mpekypcopa (puc. 1) Xopomio cornacyercs ¢
AKCMEPUMEHTAIHBIMA JIAaHHBIMA M HMMEET MAaKCHUMyM MpPU COCTaBe HCXOJHOTO COEIUHEHHs, B

KOTOPOM OKHUCIIUTC]Ib W BOCCTAHOBHUTCJIbL COACPIKATCA B CTCXHUOMCTPUUCCKOM COOTHOMICHUH
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(x=0.61). Bun 3aBucumocteil 00bEMa ra3000pa3HbIX MPOAYKTOB M aauabaTHON TemmepaTypsl OT
COCTaBa MCXOJHOM cMecH WAEHTHYeH, (YHKIMS KOIUYECTBa BellecTBA OT COCTaBa HMEET
JIOKaJIbHBI MUHUMYM TIPU CTEXMOMETpHUYECKOM cocTaBe. Hanbonee moaxoasium Auana3oHoM JUist
npoBeaenus CBC sBnsercs oOmacte coctaBoB x=0.55-0.65, tme Habmomgaercs MaKCUMyM
Temnepatyp (4TO oOOecneyuBaeT HaJIM4YUEe CaMOpAcHpOCTpaHeHHs) M 00b&Ma raz000pa3HbIX
MIPOYKTOB PEaAKIMH (YTO CIIOCOOCTBYET JyUIlleMy JIUCIIEPTUPOBAHUIO MTPOYKTa CUHTE3A).

MeTo10M COBMECTHOH TepMOTpaBUMETpUU-AUP(DEpPEHITUAIBHON CKaHUPYIOMEH KaJOpUMETPUN
(TT/ACK) mpoBeneHo ucciaenoBaHHEe OCOOCHHOCTEH TEPMOIECTPYKIIMH alleTATOHUTPATOB HTTPHSL.

VYcranosieno, yto nHuuuupoBanue CBC o0ycnoBieHO HayajaoM pacnaja aleTaTHbIX TPy MpH
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temrepatype ~390°C.

Puc. 1. 3aBUCHMOCTH KOJIMYECTBA BEIIECTBA ra3000pa3HBIX MPOJAYKTOB PEaKIUU U aArnadaTHIECKOM
TeMIIepaTyphl OT COCTaBa MpeKypcopa

Mopdoonorus Y,Os3 uccienoBangach ¢ MOMOIIBIO METOJIOB 3JEKTPOHHOW MHUKpockonuu (OM) u
cTaTuyeckoro ceropaccesHus. [lo ganupiM DM pa3zmep nmepBUYHBIX YACTUIl TTOPOIIKA COCTABIISET
50-100 HM, YacTUIBI UMEIOT OKPYTIIyI0 opMy. Ha ocHOBaHMHM pe3yibTaTOB U3MEpPEHUs YACIbHOM
2
IO NoBepXHOCTH BT MeTomoM moka3aHo, 4TO MaKCHUMallbHas TUcCHepcHOCTh (46.7 M7/T)

XapakTepHa Ul MOPOIIKOB Y203, MONYYEHHBIX U3 alleTaTOHUTPATOB ¢ x=0.7.

JINTEPATYPA
[1] S.S. Balabanov et al, Inorganic Materials, Vol. 47, No. 5, (2011) pp. 484-488.
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TOHKHUE IVIEHKN ®EPPUTA HUKEJIA
METOJAO0OM NOHHO-JTYYEBOI'O HAIIBIVIEHUSA

C.M. Bycypun*', TLA. Lpranxos?, H.B. Caukosa', E.B. Vnnapuonosa', M.JI. Bycypuna, A.E.",
Chrues'

'MHCTUTYT CTPYKTYpHOI MaKpOKHHETHKH M IIPOG/IEM MaTepuanoBeieHns, YepHoronoska, MockoBckas 0671acTh,
142432 Poccus

*MoCKOBCKHIi TOCYIapCTBEHHBIN TeXHUUeCKuit yrupepenter uM. H.B.Baymana, Mocksa, Poccust

* busurin@ism.ac.ru

CoBpeMeHHBIE TEXHOJIOTUM M3TOTOBJIEHUS  OJCKTPOHHBIX MPHUOOPOB C  HCHOJIB30BAaHHUEM
MOJYPOBOJHUKOBBIX ~ 3JIEMEHTOB TIPEIBSABISAIOT TMOBBIIIEHHbIE TpeOOBaHUS K (U3NYECKUM
CBOMCTBAM M CTPYKType HCXOAHbIX MaTepuanoB. (OcoOble YyCIOBUS CYUIECTBYIOT M JUId
TOHKOIIJICHOYHBIX CJIOEB OKCHJOB, KOTOpble NPHUMEHSIOTCA B JaTYMKAX I[10’KAPOOMACHBIX MU
TOKCHUYHBIX Ta30B B KaUeCTBE CEHCOPHOTO 3eMeHTa. CocTaB ¥ MOP(OJIOTHS Ta304yBCTBUTEIILHOTO
MaTepuana JIOJDKHBI ~ 00ecreurMBaTh  UYyBCTBUTEIBHOCTh Ha  3aJaHHYI0  KOHIIGHTPAIIUIO
JNETeKTUPYEeMOTO Traza B aTrMocdepe B OIpelelIeHHOM WHTepBaje Ttemmeparyp. I[locnennue
uccliefoBanus mnokasanu [1], uro depputsl Ha ocHoBe NiFe,O4 061agar0T 4yBCTBUTEIBHOCTBIO K
HEKOTOPBIM TUIIAM roprouux ra3os, Takux kak CHy u LPG (liquid petrol gases).

B nanHoii paGoTe METOOM HMOHHO-IJIA3MEHHOTO pacliblieHus [2] mopolnka ¢eppuTa HHUKENs,
nonyyeHHoro Metogom CBC, ObuiM chopMHUpoBaHbl IUIEHKM TOJILIMHOM mopsaka 1 MKM Ha
MOJIUTOKKAX M3 OOBIYHOTO CTeKJIa M MOHOKpucTaiuueckoro kpemuus Si (100). MoHHBIH myYoK,
chOopMUPOBAaHHBI MOHHOM MYIIKOW, (POKYyCHpOBaJICS U HAIPABISJICS Ha (EPPUTOBYIO MUIIIEHb. B
pe3ysbTaTe BO3JACHCTBHS ITydyka HWOHOB TPOWCXOIWI TIEPEHOC BEIIeCTBa Ha  IMOJJIOXKKH.
HampaBnenue (yron) ¢ MakCUMaJbHBIMM TOTOKAMHM PACIBUICHHOTO BEIIECTBA HAXOIUIICS
IKCMIEPUMEHTAILHO M COCTaBisT 45° K MaTepuany MUIICHU, CTPYKTYpbl M TOIOJOTHH €€
NMOBEpXHOCTH. CpeliHsAs SHEPTrUsl MOHOB Ar B Iy4ke 0kousio 750 eV, IoTHOCTh ToKa Ha MuieHu 10—
15 MA/cM®. Mumenp mnpexcraBisuia coboil kaccery pasmepom 100 x 100 MM ¢ HaGopom
CTaHJAPTHBIX MTPECCOBaHHBIX 00pa3ioB Marepuana NiFe,Oy.

[Inenku, mony4YeHHbIE B pe3yJibTaTe MOHHOTO pachbuieHus: eppurta, UMENN TONIUHY mopsaka |
MKM. [loBepXHOCTh  BHM3yalbHO  BBIVIAJENA  CIUIOIIHOW C  3€pKalbHBIM  3(P(HEKTOM.
MUuKpoCTpyKTypHBIE UCCIIEOBAHUS MOKA3all YTO, Kak B cllydae MOUI0KKU SiO,, Tak U B ciaydae

nouto)kku  Si (100), moxpbiTHe cocTtouT M3 4vacTull pasmepa 100 HM u menee. [Ipu sToM
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[IEPOXOBATOCTh TOBEPXHOCTH HE MPEBBIIIACT 25 HM. DJEMEHTHBIM aHalu3 TOKa3al HajJuuue B
oOpa3iax, KaK 3JIeMeHTOB (heppuTa, TaK U JIEMEHTOB TOI0XKKH.

[TockonbKy A7 UCMOJIB30BaHUS B JaTYMKaX ra3oB TpeOyeTcs HarpeB Ia304yBCTBUTEIILHOIO CIIOS,
no temnepatyp mnopsiaka 700 K, Obl1 mpoBeneH OTXKHUI TMOMYYEHHBIX IUIEHOK mpu 760 K mis
crabunmzanuu coctaBa. OTKUT BbI3BAJI pa3iiMyHble U3MEHEHHsI B CTPYKType obOpasuoB. Tak s
MOJITOKKH KPEMHHSI IOKPBITHE CTAJIO PBIXJIBIM C Pa3BETBIEHHBIMU TPELIMHAMM, IIPU ITOM YaCTHULIBI
npuoOpeTany IUIacTUHYATyI0 (GopMy M arjoMepupoBalUCh Mexay co0oil ¢ oOpa3oBaHHEM IOp

pasmepom Gozee 200 HM.

HccnenoBanue ra3ouyBCTBUTEIBHOCTH K METaH-BO3JYIIHOM CMeCH JAaHHBIX IIJIEHOK I0Ka3aja
CHW)KEHHME DJIEKTPOCOMPOTHUBIICHHUA IUIEHKM Ha MOJJOXKKE KpeMHUs B 2.5 pa3a B JMANoO30HE
temnepatyp 550—640 K mo cpaBHeHHIO ¢ COTIPOTUBICHHUEM B BO3AYIIHON aTMOcdepe. DKCIEPUMEHT
MPOBOJWIICS B 3aKPBHITOM OOBEME C 3aJlaHHOM KOHIeHTpamuei meraHa 0.9 oO0bemH. %, 4YTO
npuMepHo  cootBerctByer 20% ot (HKIIP) HmHero KOHLEHTpAaMOHHOTO  Mpejena
pacnpocTpaHeHuss  IUlaMeHW. J[aHHbIE  TOHKOIUIEHOYHbIE  00pa3ubl  00JaAarT  JIydinei
ra3oyyBCTBUTEIbHOCTbIO, Ye€M OOBEMHBIE IPECCOBaHHBbIC, IS KOTOPbIX MpH  JaHHBIX

KOHIIEHTpAIMAX MeTaHa Ha0Jl0Jaoch U3MEHEHHE CONPOTHBIEHUs (eppuTa Ha ypoBHe 0.5.

JIUTEPATYPA

[1]J. Xu, X. Jia, X.Lou et al., Sensors Actuators B, 120, (2007) 694—699.
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TEIIVIOBASA TEOPUS I'OPEHUA KAK OCHOBA CUCTEMHOI'O
AHAJIN3A MAKPOKUHETHYECKHUX 3AKOHOMEPHOCTEM
3K30TEPMHUUYECKHUX PEAKIIU OPTAHUYECKOI'O CUHTE3A B
XUMHNYECKHUX PEAKTOPAX

A.A. bytakoB

Wucrutyt npobaem xumundeckoit Gpusukn PAH, Ueproromnoska, 142432 Poccnst
buta@jicp.ac.ru

B Hacrosiiee Bpemsi MOXHO BBIJCIUTb HECKOJIBKO HAy4HBIX HalpaBIeHUH NPUMEHUTEIbHO K
UCCIIIOBAHUIO 3aKOHOMEPHOCTEH TMpPOTEKaHUs JK30TEPMUYECKHUX peakUuii B XMMHUYECKUX
peaktopax. K HuM oTtHocsTcs mMeTon Oudypkaiuii, Teopusi katactpod, METOAbl TEOPUU TOPEHUS,
npsiMble METOJbl YHUCJICHHOTO U SKCIEPUMEHTAIbHOIO HCCeloBaHus. Pa3nuuHble MOAXOJIbI
HOPOAMIM M Pa3IMYHYl0 TEPMHUHOJIOTHIO, HCIIOJB3YIOLIYIOCS IPU TPAaKTOBKE HaOII0JaeMbIX
SBJICHUH M pe3ynbTaToB. Tak Hampumep, MpU ONUCAHUM TEIUIOBOW HEYCTOHYMBOCTH H
CYILLIECTBOBAaHUU 00JACTH MHOXKECTBEHHOCTH CTAI[MOHAPHBIX COCTOSHUM HCIOJIBb3YIOTCS TEPMHUHBI
"moporoBelii pexkuM", "karactpoda Tuma coopku”, "karactpoda tuma ckaaaku", "BeIXO Mporiecca
u3-1oj KOHTpouis", "o6nacTh BBICOKOW MapamMeTpUyecKod 4yBCTBUTENbHOCTH'. Hanbonee eMkum
TEPMHUHOM, T0/IPa3yMEBAIOIIUM LIMPOKUIN CHEKTP SBJIEHHUM, MPUCYLIMX HEJIMHEHHBIM CHUCTEMaM, K
KOTOPBIM OTHOCSATCS TaKXke HK30TEpPMUYECKHE IMPOLECChl B XHMMHUYECKHX peakTopax, SBJseTcs
TepMuH "cuHepretuka'. cnoab3dyemas B Teopuu KaracTpod M Oudypkauuit auHeapuzanus
ypaBHEHUH CHpaBeAMBa TOJNBKO Ui Majod OKPECTHOCTHM TOYKM KatacTpodsl (Oudypkauuu) u
MO’KET MPHUBOAMTH K OIIMOKAM MpU OIpeleleHnd 00JacTh HEeIMHCTBEHHOCTH CTAallMOHAPHBIX
cocTosiHui. bosplioe koiaMyecTBo mapaMeTpoB U BO3MOXHbIE BapHallMM MX 3HAUEHWH B HMIMPOKUX
npeaenax 3aTPyIHSIOT aHalW3 U 000O0IleHHe pe3yJbTaTOB HEMOCPEICTBEHHBIX YHCIEHHBIX U
HKCIEPUMEHTAIIbHBIX HUCCIIEI0BAaHUIA.

Pa3BuTbie B TEOpUMU TOpEHUs aHAIUTUYECKHE METOMAbI, OONbIION (QaKTHUECKUH MaTepuant
YHUCJEHHBIX M JKCIEPUMEHTAJbHBIX HCCIIEIOBaHUN, a TJaBHOE, uyeTKas (U3MuYecKas TpaKTOBKa
pe3yabTaTOB, TMOHATHBIX Ul HIMPOKOTO Kpyra HccienoBaTesiel, BKIIOYas WHKEHEPHBIH COCTaB
XUMUKO-TEXHOJOTUYECKUX TPOU3BOJCTB, TIO3BOJSET aHAIM3UPOBaTh, CUCTEMATU3UPOBATH MU
000011aTh HE TOJIBKO CTAIIMOHAPHBIE, HO U TUHAMUYECKUE PEKUMBI IK30TEPMUYECKUX PEAKIUil KaK
B XMMMYECKHMX PEaKTOpax CMeIIeHHs (CHCTeMax C COCPEJOTOYEHHBIMHU IapaMeTpamu), Tak U B
peakTopax BbITECHEHHsI (CUCTEMaX C paclpe/ieJICHHbIMU NapaMeTpamH).

B noxnane npuBeneHbl HEKOTOpPbIE pe3yIbTaThl pabOT Ha 3asBJIEHHYIO TEMY, BHITIOJIHEHHbIE aBTOPOM
Y JPYTHUMU COTPYAHUKAMU Hay4HOM IIKOJIBI MepaHoBa B TEUEHHE MOCIEAHNUX COPOKa JIET.
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THE FEEDBACK BETWEEN SOLID STATE REACTION AND
RELAXATION OF REACTION-INDUCED STRESS: COMBINED FRONT
OF REACTION AND FRACTURE; PHENOMENA OF THE FRACTURE
SELF-ORGANIZATION

S.A. Chizhik*, A.A. Sidelnikov, A.A. Matvienko

Institute of Solid State Chemistry and Mechanochemistry, Kutateladze 18, 630128 Novosibirsk, Russia.
*stas@solid.nsc.ru

An in-depth analysis of the kinetics of any heterogeneous reaction, and particularly solid state
reaction, requires application of a macrokinetic approach which considers various transfer processes
occurring during reaction. One of the remarkable features of macrokinetic processes is appearance
of so-called feedback phenomena — mutual influence of the transfer processes and elementary stages
of the reactions leading to various nonlinear effects, for example, to spatial and temporal self-
organization.
The effect of thermal feedback is well known from the theory of combustion. But for the most of
solid state transformations the feedback of another nature is inherent, in addition, which originates
from the mechanical properties of the solid substances. Almost any chemical reaction going on in
solid substance causes change of the volume or structure of the solid reagent. The volume misfit
leads to non-uniform deformation and stress localized near interphase boundaries and within
adjacent reaction zone. The stress can affect solid state transformation in many aspects including
influence on the elementary stages, structure transformations, and mass-transfer processes. It is
BIEEE  usual for deformation caused by solid state reactions
to reach a value of several percent or even tens of
percent. This inevitably leads to very intensive
relaxation processes such as plastic deformation or
fracture producing rich variety of defects, including
vacancies, pores, dislocations, cracks and others.

These defects influence the reaction to an even

Fig. 1. Morphology of the fracture observed in the
reaction of ion exchange in silica lime glass:

(a, b) — disordered, (c) — ordered with oscillations,
(d) — ordered prismatic with hexagonal (e), or
quadrangular (f) cross section.
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greater degree. Chemical and physical properties of solid reagents can be changed significantly by
the defects produced in a great quantity resulting in autocatalysis or autoinhibition effects. The
feedback under consideration is valid for any solid state reaction, including combustion, but
expresses itself most thoroughly in the reactions with low thermal effect. It is responsible for such
topochemical phenomena as localization of reaction in the "reaction nuclei" and auto-localization of
reaction on the boundary between solid reagents and products (reaction front). It defines the
structure of the reaction zone, the rate of the reaction front and the morphology of resulting solid
products. The formation of sharp reaction fronts instead of extensive diffusion profiles is one of
simple manifestation of the non-linearity introduced by this type of feedback. More complicated
effects are possible as well — self-organization, for example. A very interesting scientific problem
consists in development of a continuous formalism describing the contribution of such a feedback in
the general macrokinetics of solid state reactions.

The fracture is the main stress relaxation mechanism for the reactions resulted in volume shrinkage
(reactions of thermal decomposition, dehydration of crystal hydrates etc.). A typical density of
elastic deformation energy in the reaction zone provides fracture on the scales ranged from
nanometers to hundreds of microns. The fracture accelerates heterogeneous reactions due to increase
of the reaction surface area and shortening of the diffusion paths. Resulting positive feedback leads
to the formation of self-sustained combined front of reaction and fracture.

The reaction of ion exchange in soda-lime glass was experimentally studied as a model solid state
reaction with the positive feedback between reaction and fracture [1]. The selforganization
phenomena were observed in the investigated reaction — transitions between disordered and ordered
fracture morphologies (hexagonal and quadrangular prismatic structures or oscillating structures
seen on the Fig. 1). The mathematical model of stationary combined front of reaction and fracture
was developed [2, 3]. The model allows predicting the stable morphology of the fracture and

stationary values of the front velocity and fracture scale.
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FABRICATION OF LUNAR AND MARTIAN PHYSICAL ASSETS
BY SHS REACTIONS

Gianluca Corrias, Roberta Licheri, Roberto Om‘l*, Giacomo Cao’

Dipartimento di Ingegneria Chimica e Materiali, Centro Studi sulle Reazioni Autopropaganti (CESRA), Unita di Ricerca
del Consorzio Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali (INSTM), Unita di Ricerca del
*Consiglio Nazionale delle Ricerche (CNR), Dipartimento di Energia e Trasporti - Universita degli Studi di Cagliari,
Piazza D’ Armi, 09123 Cagliari, Italy

*Authors to whom correspondence should be addressed:
R. Orru (E-mail: orru@dicm.unica.it; Ph.: +39-0706755076; Fax: +39-070-6755057)
G. Cao (E-mail: cao@dicm.unica.it; Ph.: +39-0706755058; Fax: +39-070-6755057)

The development of a new process potentially useful for future manned Lunar and/or Martian space
missions in the framework of the so-called ISRU (In-Situ Resource Utilization) and ISFR (In-Situ
Fabrication and Repair) concepts is described and discussed in this work. This process involves the
fabrication of physical assets by Self-propagating High temperature Synthesis (SHS) for
construction applications in Lunar and Martian environments starting from different Lunar or
Martian regolith simulants and aluminum, as reducing agent. In addition, although Moon and Mars
already contain ilmenite (FeTiOs) and iron oxides, respectively, the latter ones are also added to the
initial mixtures to promote suitable SHS reactions. A complete scheme for the fabrication of
physical assets to be used as protection against solar rays, solar wind and meteoroids, where all

required stages are indicated, is finally proposed in the framework of a recently filed patent.

Keywords: ISRU, ISFR, Moon, Mars, Regoliths, SHS, Fabrication techniques
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CAMOPACHPOCTPAHAIOUMICS BBICOKOTEMITEPATYPHBIH
CHUHTE3 MUHEPAJIOIIOJAOBHBIX MATPUYHbIX CUCTEM JJIS1
3KOJOI'MYECKHU BE30OIACHOM JIOKAJIU3ALIMU PAJJMOAKTUBHBIX
OTXO0J0B: OT METOJA K TEXHOJIOI'MHA

3.M. I'nmarosekuii (HUAY MUODH), A.B. Kynpun, A.W. bornanos (OAO BHUMHM),
FO.M. Kynsko, C.E. Bunokypos, b.®. Mscoenos (M®XD PAH),
3.E. Konoganos (®I'YII 'HL[ PO ®3U, r. O6uunck), C.B. FOnunues (MI'EM PAH)

VYTunuzanus BbICOKOAKTUBHBIX 0TX070B (BAQO), obpasyronmxcs npu nepepaboTke 00Iy4eHHOTOo
SAIEPHOTO TOIUIMBA, M, B TEPBYI oOuepellb, JOJTOXKHUBYUIMX PAJIMOHYKIUIOB SIBISETCS
CTPATErMYECKU BaYKHOM IKOJIOTMYECKOM 3aaUeH.

B Hactosimiee Bpemsi Ha koMOuHate Masik B NMPOMBIIIIEHHOM MacliTade peanu3yeTcs MpouLecce
octekyoBbiBaHusl xkuAkux BAO B meun DI1-500 ¢ momydeHuem amromModocaTHOTO CTeKIa.
OpHako, CTEKJIO BBy €r0 HU3KOU THIPOIMTHYECKONH CTOMKOCTH MPY MOBBIIICHHBIX TEMIIEpaTypax
U CKJIOHHOCTH K JCBUTPU(UKALUMU HENb3s paccMaTpuBaTh B JOJTOCPOYHONM TEpPCHEKTUBE B
KauecTBe TapaHTHPOBAHHO YyCTOWYMBOM  OJKOJOTHYECKH Oe30macHOM  (OpMBI  H3OJSIUU
JOJTOKUBYILIMX PAJUOHYKIUIOB U IPOAYKTOB JIeJI€HUsl OT OMOC(epbl.

B 57101 cBsi3u B mocienHee BpeMsi aKTUBHO Pa3padaThbIBAIOTCS albTEPHATUBHBIE OCTEKIOBBIBAHHIO
crocoObl  oTBepkAeHUss BAO B KepaMHYecKHE MUHEPAJIONOJA00HbIE MaTpUUYHBIC MaTepHAIbI,
XapaKTePU3YIOIIHECS BBICOKOW TEPMOIMHAMUYECKON CTAOMIBHOCTBIO, XUMHUYECKOM, TEPMUIECKON 1
paIvalrOHHON CTOMKOCTBIO.

Pa3pabarteiBaembiii aBTOpaMu crioco0 otBepxkaeHuss BAO B pexxume caMopacmpoCTpaHSIOIIETOCs
BbIcOKOTeMrieparypHoro cunreza (CBC) mno cBoedl mpupoie OTBeHaeT  KpUTEPHUIM
pecypcocOepexeHusi, a OTCYTCTBHE CIIOKHOTO amnaparypHoro oQopMmiaeHHs  MpPaKTUYECKU
uckioyaeT oopazoBanue BAO 2-ro nopsjka.

ABTOpaMU TIPOBEJICHBl HCCIICIOBAaHUS BBICOKOTEMIIEPATypPHOTO CHHTE3a MHHEPATIONOI00HBIX
Mmatpull Ha ocHoBe Y —Al rpanara ¢ uHkopropamueit B ero crpykrypy Ce, Nd, Sm, Zr, Mo, U u
*Am. Jns CHHTE3MpPOBAaHHBIX OOPA3LOB COACPKAHHE B MIHNXTE HJIEMEHTOB-HMHTATOPOB
pamuonykiugoB BAO cocrtaisiio okosio 10% mac; cogepxanue ypaHa — okojio 3% mac; yaenbHas
aKTHBHOCTD >*'Am B oOpasue MaTpuilsl - 8:10 " BK/T.

Pentrenoda3zoBsiii ananu3 o0Opa3oOB MaTpUI] OKa3all, YTO OCHOBHBIMU (pa3aMH SIBJISIOTCS LeJIeBble

Y-Al-rpanat (Y3Als;z) u aneMeHTHbIH MonauOneH. MarpuyHblii MaTepuan MPaKTUYECKH He
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COJICP)KUT CaMOCTOSATENbHBIX ()a3 OKCHIOB 3JIEMEHTOB-UMUTATOPOB, BKJIIOUash OKCHJBI ypaHa,
nupkoHust 1 P33, kxoropbie m3omMopdHO BOILIM B CTPYKTYypy Y-Al rpanara, W30Jupysch OT
OKpYKarollen Cpepl.

[IpoBeneHbl  DKCIEPUMEHTBI MO  HM3MEPEHHI0  CKOPOCTH  BBILIEIAYMBAHUSA *Am B
JACTWIJIMPOBAHHYIO BOAY IIPH 20-25°C. [TonyyeHHble [aHHBIE CBUIETEIBCTBYIOT O BBICOKOM
XMMHUYECKON CTOMKOCTH CHHTE3MPOBAHHOIO MaTPUYHOI0O MaTepuasa - menee 10 7 rlem? CYT.

3a mnocnenHue ToJbl JOCTUTHYT CYLIECTBEHHBI mporpecc B pa3BuTuM TexHonoruid CBC-
MMMOOWIN3ALIMU: OT TEOPETUUYECKHUX U SKCIIEPUMEHTAJIbHBIX paboT Mo pa3paboTKe NePCHEeKTUBHOTO
MEeTO/a K MWJIOTHOW JI€MOHCTPAIIMOHHOM TEXHOJOTMM U OOOpPYAOBAHHMIO TMPUMEHUTENBHO K
penIeHunto mpoodIeMBbl FKOJIOTHYECKH Oe3omacHo n3omsiimu BAO.

Bnepsrie B 'K Pocatom na mmomanke OAO BHUMHM co3nan ombITHBIN 00paser] MUI0THON
YCTaHOBKM KOHJuIMOHWpoBaHus kujakux BAO wu wux otBepxiaenus B pexume CBC,
npeaHa3HauYeHHbIN U1 pabOThI B yCIIOBUSX TOPSIUMX Kamep.

B Hactosiiiee BpeMsi MpPOXOJAT MCIHbITAaHUS NWIOTHOW YCTaHOBKM B TOpsuYed Kamepe
['HL[ P® ®5U (r. OOHUHCK).

Pe3ynpTaThl MCTBITAHUN TO3BOJIAT cliejaTh BbIBOJA O KOHKypeHTocrnocoOHocTH CBC-TexHonoruu

npu €€ UCTOJIb30BAHUU B YCIIOBHUAX paAUOXUMHNYCCKOTO MMPONU3BOJACTBA.
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YIAAPHBIE U JETOHAIIMOHHBIE BOJIHBI KAK UHCTPYMEHT
IHOJYUYEHUSA HOBBIX MATEPHUAJIOB

FO.A. T'opnomnosios

WHCTHTYT CTPYyKTYpHOI MaKpOKWHETHKH U TTpobiieM MaTepranoBeneHns, YepHoronoska, MockoBckas 00:1., Poccus
gordop@ism.ac.ru

B3pbiBHBIE TEXHOIOTHU OCHOBAHBI Ha (DM3UKO-XMMUYECKUX U (DU3UKO-MEXaHHUYECKUX TMpolieccax,
NPOTEKAIOUIMX B BEILECTBE MOJ JACHCTBUEM YJapHBIX BOJIH. Y JapHble BOJHBI T€HEPUPYIOTCS JTHO0
npu JETOHAIMM KOHJECHCHUPOBAHHOTO B3PBIBUATOTO BEILIECTBA, HAXOMISIIErocs B KOHTAKTE C
UCXOJHBIM MaTepHalloM, JIMOO TPU CTOJKHOBEHHUH C HUM YJapHHUKA, Pa3TOHSIEMOTO JI0 BBICOKHX
CKOpOCTEH MpOoAyKTaMH JeToHalMu. B o0oux ciyyasx B MaTepuale BOSHMKAET CKAa4yOK JaBICHUS
(~10" Tla), KoTOpBIil pacmpoCTpaHsIeTCs MO HeMy ¢ 6OJbIIOi ckopocThio (~10° M ¢ ) hapsny ¢
VILIOTHEHHEM ¥ BBICOKOCKOPOCTHOM nedopmarueii (~10° ¢™). Peakuust MaTepuana u3 Takoro pozia
IKCTpeMaJbHOE BO3/IEHCTBHE MOXKET OBITh CaMOil pa3HOOOpa3HOW B 3aBUCHMOCTH OT €0 MPUPOJBI.
N3menenue GpopMbl 3aroToBKH (OpMHUPOBAHHUE U3EITHS) MOXKET B ATUX YCIOBHUSAX COMPOBOXKIATHCS
XUMHUYECKUMH, CTPYKTYpPHBIMH M (ha30BbIMH MpeBpamieHussMu. [Ipu sTom, BcheacTtBue maloit
jutrTensHOCTH Tporiecca (~107° ¢) M TenmoBOM MHEpIMM BEIecTBa, ero Harpes, 00YyCIOBICHHBI
CKaTUEM M BHYTPEHHUM TpEHHEM, KaK MpaBWio, He sBIsercs QusndeckuM (GaKkTopom,
OTIPEIEIIAIOLUIMM TIOBEJCHUE BELIECTBA B 3TUX YCJIO0BHUAX. OH NMPOSBISIETCS JUILIb HE3HAUUTEIIBHO KaK
nocT-3¢dext. [MaBHYIO XK€ pojib UTpaeT MEXaHWYECKOEe aKTHBHPOBAHHE OBICTPONPOTEKAIOIINX
(GU3MKO-XMMHUYECKUX M MEXaHMYECKMX IPOIeCcCOB, KOTOpble, B OCHOBHOM, SIBJISIOTCS
TBepA0(a3HBIMU.

B Takux ycrnoBusx axke MHEpTHBIE MaTepHallbl JEeMOHCTPUPYIOT HEOObIUHBIE CBOWCTBA. Hampumep,
MeTaJlIbl, OCTaBasACh B TBEPAOM arperaTHOM COCTOSHHM CO CTPYKTYpPOH, XapakTepHOH [ TBEpJOro
Tena, BEAYyT ce0s NpuU  BBICOKOCKOPOCTHOM J€(OPMHUPOBAHMM KaK MCEBJIOKUAKOCTH. ITO
OOBSICHATCSI TE€M, YTO JIABJICHUS, TeHEPUPYEMbIH JIeTOHAIKEeH, 0OBIYHO BO MHOTO pa3 MPEBOCXOIST
npeaensl TeKy4ecTH METalljIoB, HO HEIOCTaTOYHBI JAJs 3aMETHOTO W3MEHEHHUS WX IUIOTHOCTH.
[TosTOMYy MakpoCKONUYECKHe BM)KEHUS] MaTepualla, BbI3BaHHbIE IPaJMEHTaAMU JaBICHUH, B psje
CIIy4aeB XOpPOIIO OMUCHIBAIOTCS YpaBHEHUSAMU Diliepa Asl UaealbHON HEC)KUMAEMON JKUKOCTH, a
B OKCIIEpUMEHTaX HaONIONAIOTCS  TakWe YHUCTO  TUAPOAMHAMHYECKHE  SBJICHHUS,  Kak
BOJHOOOPa30BaHME HA MOBEPXHOCTH KOHTAKTa METa/UIOB, HEYCTOMYMBOCTh TaHT€HIMAIbHbBIX
pa3phIBOB U 00pa3oBaHUe BUXpEH, KyMYJISTHBHBIX CTPYH, KaBUTalMs U T.N. Ha MUKpOypoBHE 3TO
COIPOBOXAaeTcs OBICTpON dBoJIONMEN CTpYKTypbl. Habmiomaercs cunbHas aedopmanus 3epeH
(TekcTynpoBaHue), oOpa3oBaHHE OOJBIIOrO 4YMCIa JUCIOKAaUMi (Hakiem), AWHaAMHYecKas

PEeKpUCTAITU3AIHS, CIOCOOHAS U3MENBYUTDh 3EPEHHYI0 CTPYKTYPY 10 CYyOMHKPOHHOTO, 8 BO3MOYKHO
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U JI0 HaHO YPOBHS, YTO NPUBOJUT K COBEPLIEHHO HOBBIM (PU3MKO-MEXaHWYECKHUM CBOWCTBAM
Mmarepuaa.

Kaptuna eme Oosiee YCIOXHSETCS, €CIM MBI HMEEM JEJ0 C BEIIeCTBaMH, CIOCOOHBIMH K
XMUMHYECKUM M (a30BbIM IPEBPALLCHUSAM, HAPUMEpP, ¢ 3K30TEPMUUYECKUMH CMECSIMHU MOPOIIKOB.
VYIUloTHEHHE  BELIECTBA,  COMPOBOKAAIOLIEECS  CXJIOMBIBAHUEM TOP W HMHTEHCUBHBIM
nepeMeIBaHueM KOMIIOHEHTOB, TPEHHEM I10 IMOBEPXHOCTH YacTHIl M UX AedopMaluii, pe3Ko
aKTUBUPYET TIPOLECChl CTPYKTYPHOW MeEpecTpOWKH, YBEIMYMBAET Ha HECKOJIbKO MOPSIKOB
k03 duumentsl aupPy3u U CKOpPOCTh XHMMHUECKMX M (a3oBbIX npeBpauieHuil. Ilpu stom
pa3nMyHble MpPOLIECCHl M OTAENbHBIE HMX CTaJAWU TpeOyIOT pa3luyHOrO BpPEMEHH Ui CBOETO
pa3BUTHs, MOATOMY 32 KOPOTKHE BpPEMEHA, XapaKTepHble /s B3PBIBHOTO HArpy>KeHHs, MOJOOHO
TEIJIOBOIl MHEPLMM HE BCE MPOLIECCHl YCMEBAIOT Pa3BUTHCS, U BEIIECTBO pearupyer Ha Harpysky
COBCEM HHaue, YeM TpH MEJICHHOM HarpykeHuu. Tak, HampuMmep, B Kele3e NpPH MEIJICHHBIX
Harpy3kax IulacThdeckast aedopmaivs OObIYHO IMPOTEKaeT MOCPEICTBOM CKOJIbXKEHHsS aTOMHBIX
IUIOCKOCTEH, a MpH UMITYyJbCHBIX Harpys3kax HaOmoJaercsi JIBOWHMKOBAaHUE — €IUHCTBEHHAs
peakiys Marepuaia, KOTopas ycIieBaeT MpOSBUTHCA 3a KOpPOTKoe Bpems. To ke camoe, mo-
BUJIUMOMY, OTHOCUTCSI K XUMHUYECKUM U (ha30BbIM MPEBPALIEHHSM.

Ko Bcemy cka3aHHOMY Bbllle cieAyeT A00aBUTb, 4YTO CaMU YAapHO-BOJHOBBIE Harpy3KH,
BBI3BIBAIOIINE TEPEUUCIICHHBIE BBIIIE TPOIECCH], HOCAT TEPeXOaHBIN (TIONBMXHBIN) XapakTep,
MOATOMY B OIMH M TOT %€ MOMEHT BPEMEHHM BEIIECTBO B Pa3HbIX CBOMX TOYKAX HAXOJIUTCS B PA3HBIX
COCTOSIHUSIX, 0OYCIIOBIICHHBIX TE€M, YTO BOJIHA CXKATUSl CMEHSIETCS BOJIHOM pa3pelkeHus, a B psje
ClTyyaeB MMEeT MECTO B3aUMOEHCTBHE MEPBUYHBIX YAAPHBIX BOJIH C OTPAKCHHBIMH.

M3 cka3aHHOTO BHIHO, HACKOJBKO MHOTOOOpPa3HBIMH M TPYAHO MpeACKa3yeMbIMH MOTYT OBITh
IOCJIEICTBUSL  yJAapHO-BOJIHOBOTO  HarpyxkeHus  BemjectBa.  OJHAaKO  CUCTeMaTHUYECKHe
(GyHIaMeHTaJbHBIE MCCIIEAOBAaHMS B 00JACTH (M3MKM W XMMHH yJIApHBIX BOJH HAa KOHKPETHBIX
CHCTeMaX OTKPBIBAIOT TMOMCTHHE HeHcyepriaeMble BO3MOXKHOCTHM JUIs YMpPaBICHUS MpPOLECCAaMM
CTPYKTYpPHBIX, XUMHMYECKMX M (Da30BbIX MpEBpAILEHHUH, MO3BOJSIOT CYIECTBEHHO W3MEHUTH
(Yy4ImuTh) CBOWCTBAa MaTEpPHAIOB U Ja)Ke CO3/JaTh COBEPILIEHHO HOBBIE MaTepHaibl, 00JIaaroNye
YHUKQJIBHBIMU CcBOMcTBaMHU. [looGHO mpeBparieHuio rpadura B anmas IMpU YAapHO-BOJIHOBOM
Harpy>keHUH, MHOTHE JpYyrHe, HEW3BECTHbIE IO HACTOALIET0 BPEMEHH MOIM(HUKAIMK BEIECTB,
MOTYT OKa3aThCsl CTAOMJIBHBIMU U B HOPMAJIbHBIX YCJIOBHSIX.

Pe3ynbTaThl Takux (hyHAaMEHTAIbHBIX MCCIEAOBAHUI M COCTABISIOT HAyYHbIE OCHOBBI B3PBIBHBIX

TEXHOJIOTUH.
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NANOSIZE METAL PARTICLES FOR SOLID AND HYBRID
ROCKET PROPULSION

L.T. De Luca*', B.M. Kosowski’

"Politecnico di Milano, SPLab, Campus Bovisa, Milan, 20156, Italy
MACH I, Inc., King of Prussia, PA, 19406, USA.
*deluca@aero.polimi.it

Both solid rocket motors (considered as mature propulsive technology) and hybrid rocket engines
(an old propulsive technology but today essentially still unexploited and of current interest for a
range of space exploration missions) can gain a lot by adding metal ingredients to their basic
propellant formulations. The positive effects in using metals (such as Al, Fe, B, etc.) generally
involve a marked increase of released thermochemical enthalpy, propellant density, and combustion
instability mitigation. As a matter of fact, the subsequent increases of theoretical performance in
terms of gravimetric and volumetric specific impulses are well known. Unfortunately, the related
negative effects due in particular to two-phase flow and slag formation are also well known, with the
subsequent deleterious decrease of the specific impulse efficiency. A possible way to overcome the
difficulties in using metallized formulations for rocket propulsion - while still keeping their
outstanding advantages - is to replace, totally or partially, the commonly used micrometric size
metals with the corresponding nanometric size elements. This alleviates the problem of specific
impulse losses but in turn entails new practical difficulties in terms of powder cohesion, active metal
content, optimum coating, safety of handling and storage. In addition, the prevailing flame structure
of the loaded solid propellants or fuels can markedly be affected; this requires a proper extension of
fundamental combustion studies under a variety of operating conditions.

This paper will discuss theoretical and practical techniques to master the use of nanosize metal
particles in rocket propulsion for both solid propellants and solid fuels. Experimental results
collected over the years by a number of international investigators will critically be reviewed. The
specific ballistic and mechanical results obtained by SPLab of Politecnico di Milano in testing a
wide range of Russian nanosize metals under steady and transient operating conditions will be
illustrated. In conclusion, a systematic effort is made to point out the most promising ways to fully

exploit the great potential of energetic nanotechnology.
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MACROKINETIC FEATURES OF HIGH-TEMPERATURE SYNTHESIS IN
MECHANICALLY ACTIVATED 3Ti + Al POWDER MIXTURES

V.Yu. Filimonov*l, M.A. Korchagin2, D.V. Dudina?, I.V. Mandrov'

1Altay State Technical University, ul. Lenina 46, Barnaul, 656038 Russia

’Institute of Solid State Chemistry and Mechanochemistry, ul. Kutateladze 18, Novosibirsk, 6300128 Russia
“vyfilimonov@rambler.ru

At present, combustion of mechanically activated powder mixtures is one of the rapidly developing
areas in the theory and practice of high-temperature synthesis. Due to an extremely small scale of
heterogeneity, macrokinetic features of phase formation in mechanically activated powder mixtures
are different from those observed in conventional non-activated powder mixtures. In order to obtain

solid state products of required composition and properties, reaction modes, mechanisms and

macrokinetic constants of synthesis should be studied.
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Fig. 1. Ignition temperature (1), maximum temperature (2) and effective activation energy of the
synthesis (3) vs. time of preliminary mechanical activation.

In the present work, peculiarities of high-temperature synthesis in a thermal explosion mode have
been studied in 3Ti + Al mixtures activated for different time durations. Mechanical activation was
conducted in a water-cooled planetary ball mill AGO-2 mill with 2 steel vials. The volume of the
milling vial was 160 cm’. The ball diameter was 8 mm, the mass of the balls was 200 g, the mass of
the powder was 10 g. The centrifugal acceleration of balls was 400 m-s 2. Techniques described in

[1] were used to carry out the thermal explosion experiments and obtain macrokinetic parameters.
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The analysis of the process thermograms showed that the ignition temperature and the maximum
synthesis temperature decreased with the time of mechanical activation (Fig. 1).

From the plot of the thermograms in Arrhenius coordinates, it was determined that the effective
activation energy monotonically decreased from 313 kJ-mol™" for a non-activated powder mixture to
10-15 kJ'mol" for a mixture milled for 7 min.

XRD analysis showed that the main product of the synthesis is the TizAl intermetallic in all samples
studied; however, a single-phase product was obtained exclusively in the mixture milled for 7 min.
Similar results have been previously observed in [1, 2] for the Ni-Al system. These studies allowed
us to suggest that with the time of mechanical activation, the phase formation mechanisms changed

continuously, the interaction mode experiencing a transition from a diffusional to kinetic one.
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THERMAL EXPLOSION IN CONDENSED HETEROGENEOUS SYSTEMS
WITH FORMATION OF INTERMEDIATE PHASE

V.Yu. Filimonov'', K.B. Koshelev?

1Altay State Technical University, ul. Lenina 46, Barnaul, 656038 Russia
’Institute of Water and Environmental Problems SB RAS, ul. Molodezhnaya 1, Barnaul, 656038 Russia
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Modern modeling methods of phase formation in heterogeneous binary systems are based on the
theory of heterogeneous kinetics of phase formation and growth during diffusion, dissolution and re-
crystallization [1]. The effect of the boundary kinetics on the macroscopic characteristics of
combustion waves is presented in [2] from the viewpoint of stationary propagation mode. However,
from the point of non-stationary theory of thermal explosion, the influence of the boundary kinetics
on the macrokinetic features of the reactions is much less studied.

In the present work, we model the dynamics of the self-heating process in heterogeneous binary
mixtures considering the kinetics of intermediate phase crystallization, limited solubility of the
diffusing component and a finite size of the effective reaction cell.

The modes of occurring thermal explosion as well as the modes of its degeneration are studied
depending on the ratio of the activation energy for crystallization and diffusion &, the ratio of the
characteristic times for diffusion and crystallization @ and boundary concentrations corresponding
to the phase homogeneity range of the crystallizing phase ¢,, ¢, (Fig.1):
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Fig. 1. The degeneration boundaries of thermal explosion for ¢, =0,6,¢,=0,7:1-0=1; 2-0=5; 3
- w=10. y is the heat release of reaction (in a dimensionless form).

46

Go to Contents



The diagram in Fig.1 has 4 characteristic areas: I — degenerate kinetic mode, III — non-degenerate
diffusional mode, II — transient mode, IV — non-degenerate kinetic mode.

It was found that the occurrence of the reaction in the kinetic mode was typical for systems with low
contents of the diffusing components in a reaction cell. A reduction in the activation energy led to
degeneration of thermal explosion upon transition through an area of the non-degenerate kinetic
mode. A developed analytical model of the kinetic mode of phase formation allowed finding an
interrelation between a shift of the temperature corresponding to the inflection point in the
thermograms and a change in the activation energy of intermediate product crystallization. The
existence of the limiting inflection points was proven.

These results are of interest for analysis of experimental thermograms of systems of varied reactivity
(for example, preliminary mechanically activated to a varied degree). It was found that the critical
conditions of ignition depended on parameters @, o and the content of the diffusing component in
a reaction cell, the classical ignition conditions presenting limiting cases corresponding to high or

low values of the mentioned parameters.
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[ToBpexnenue cepilleBUHBI ONTUYECKUX CBETOBOJOB, MHIYLIMPOBAHHOE Ja3€pHBIM H3ITYyUYEHHUEM,
SBJISIETCS JTUMHUTUPYIOIIUM (DaKTOpOM JJisl TPAHCTIOPTUPOBKHU JIa3€pHOTO H3JIyUYEHHs C BBICOKOM
IUIOTHOCTHIO SHepruu. [Ipu pacnpocTpanennn GpoHTa 30HBI pa3pyLIEHUH ONTUYECKUX CBETOBOJIOB
B 3aBUCUMOCTH OT NEPEHOCUMOM IJIOTHOCTHU 3HEPIUU YETKO Pa3IMyaroTCs J1Ba peXHMa: TOPEHUE U
JIETOHALMSI. BBICTpBIM M camMbIM pa3pylIMTENbHBIM PEKUMOM SIBIAETCS MHIYLUUPYEMBIN J1a3epoM
JIETOHAIIMOHHO-TION00HBIN pexum [1]. Tlpm 3ToM BoJIHA paspylieHHs PacHpoCTpaHIETCs IO
CepJLIEBUHE ONTUYECKOIO KBapLIEBOTO CBETOBO/Ia HABCTPEUY JIa3epHOMY M3ITYUYEHHIO CO CKOPOCTBIO
~3 km/s. Takue pexumbl ObUTM OOHApY>KEHBI ISl BCEX MCCIEAYEMbIX TUAMETPOB CEPJILIEBUH
ONTUYECKUX CBETOBOJIOB B uHTepBane ~1.5—-10 um. Bmepseie 3apeructpupoBaHbl (POHT 30HBI
1a3Ma ¥ BOJIHBI pa3pylI€HHs B CBETOBOJE IMPU MHTEHCUBHOCTH JIA3€pHOTO Jiyya A0 ~40 W/um? co
BpEMEHEM SKCIO3UIMU Kamepbl 2ns. Pacnpoctpanenue (poHTa 30HBI IMJIa3Mbl TBEPJAOTEIbHOM
IUIOTHOCTH OCYUIECTBISIETCSI BMECTE C JIBXKEHMEM 30HbI TPELIMH B MCCIEJIO0BAaHHOM JMara3oHe
IUIOTHOCTE 3Hepruil B cBeToBojie. V3MepeHus TemmnepaTyp MpOBOAWINCH KaK B TOYKaX 'MycCK-
OCTaHOBKA" TaK M B MpolLecce pacnpocTpaHeHUs. V3MepeHHas ApKOCTHas TeMIiepaTrypa U3iIydeHHs
JUTsl Touek "myck-octaHoBka" Obuia ~11 kK, a A1 1eToHaIlMOHHO-TIOJJOOHOTO peXKUMa TeMIepaTypa
cocraBisia ~9.4 kK. MakcuManbHoe JaBlieHHE B CEp/LIEBUHE CBETOBOJIA HAXOJUTCS B MHTEpBaje
50-100 kbar.

CBepXmpoBOAUMOCTh BCE€ OOJbIlIE HCHOJB3YETCS B MOIIHBIX JHepreTudeckux cucremax. Ho,
CBEPXIIPOBOIAIINE DJIEKTPUUECKUE JHUHUM MOTYT JEMOHCTPUPOBATH OBICTPOE paclpoCTpaHEeHHE
HOpPMaJIbHOM (pe3uCTUBHON) (a3bl MpU ONPENEIEHHBIX YCIOBUSAX. DTH YCIOBUS (3JIEKTPUUYECKHIA
TOK, BHEIIIHEE MAarHUTHOE T0JI€) U CKOPOCTH PacHpOCTPaHEHUs ObUIM MCCIIEeI0BaHbl I OTAEIbHBIX
CBEPXIMPOBOJAIINX MPoBoJok u3 Nb—Ti u Nb—Zr [2].

B paGote [3] coobmiaercs o mepBOM 3HKCIEPUMEHTAIBHOM HAOIIOJEHUU BIIMSAHMS KOHIEHCAUUU
MEPEHACHIIIEHHOTO YTIEPOIHOTO Mapa, 00pa3yIoIETrocs 3a OTPAKEHHBIMH YJapHBIMHA BOJTHAMH, Ha

NpolLecC paclpoCTpaHEeHUsi YyJIAapHOHM BOJHBI M (QOPMHPOBAHMS JETOHALMOHHOW  BOJIHBI
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KoH/eHcani. CWJIBHO TIepeHACHIICHHbIE Taphbl Yryiepoja ObUIM TMOJIyYEeHbl TPU TEPMUUYECKOM
pasznoxeHuu HecTaOuibHOrO cybokcuaa yriaepoaa C30, — C + 2CO 3a ynapHO# BOJIHOM B cMecsIX,
coagepxkamux 10-30% C;0, B aproHe. Drta peakuus CONPOBOXKAAIACh OBICTPBIM POCTOM
KOH/ICHCUPOBAHHBIX YAaCTHIl YTJIepoJia ¢ BHICOKUM BBIJICJICHHEM TeIlla. JKCIEPUMEHTHI MOKa3aIu
3HAYUTENFHBIA POCT TEMIIEPaTyphl U JIABJICHUS B Y3KOW 30HE 32 ()POHTOM BOJHBI, MPUBOISIIMNA K
YCHJICHUIO YJapHOW BOJHBI W €€ Tepexoly K JETOHAIIMOHHO-TIOJOOHOMY pexuMy. AHaIw3
KWHETHKHU BBIIENICHUS] Tella B JAHHBIX YCIOBHAX M pacyeThl B paMKax OJHOMEPHOW TEOpHH
JIETOHAIMK ToKa3ayiu, 4To B cMecu 10%C;0,+Ar HemocTaToyHOe BbIIEIEHHE Terula MPUBOJIUT K
pexumy “nepeckatoir geroHaumu”. B cmecu 20%C;0,+Ar ObUIO JOCTUTHYTO OUY€Hb XOpoOllee
COBIAJICHUE M3MEPEHHBIX 3HAUYEHHWH NaBJIECHUS M CKOPOCTH BOJHBI C PacueTHBIMU MapaMeTpamu
Usnmena-Kyre. A B Oonee Ooraroit cmecu 30%C;0,+Ar u30BITOYHOE BbIICICHUE Teria
NPUBOAWIO K 3aMEJUICHUI0 CKOPOCTH KOHJEHCAIlMM, W HAOMIOJANCS PEXUM “HElNOCIKATOM

neToHauu’” .
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B cymecTByromux CHIOBBIX YCTAaHOBKaX M TOPEJIOYHBIX YCTPOMCTBAX XUMHUYECKas SHEPrUs
roproyero npeodpasyercss B TEMJIO M MEXaHMYECKYI0 PadOTy 3a CYET MEAJEHHOrO0 TOpPEeHUs —
nednarpaumu. Kpome neduarpanuu M3BECTeH W JIpYrod pexuMm ropeHus — neroHauus. [lpu
JETOHAIMM XMMHUYECKasi peaklusi OKUCIEHHUs TOPIOYero NpoTeKaeT B pexUMe CaMOBOCILUIAMEHEHHS
NpY BBICOKOM JaBJICHUH 32 CUJIBHOHN yAapHO# BoiHOM. Ecnu npu nednarpaiyy Bo3ayIIHbIX cMecei
YIJIEBOJOPO/IHBIX TOPIOYMX MOIIHOCTh TEIUIOBBIIENEHUSI C €IMHUIBl IUIOIAAN IOBEPXHOCTH
dponTa peakumm coctapnser ~1 MBT/M?, TO MOUIHOCTh TeIUIOBBIAEICHHS B JETOHALMOHHOM
¢dponTe mpuOIM3UTETHPHO Ha 4 mopsiaka Beime: ~10000 MBT/M". Kpome Ttoro, B ominuue ot
NPOJYKTOB MEJJIEHHOTO TOPEHUs] MPOAYKThl JNETOHALMU 00J]aJatoT OrPOMHONM KHUHETHYECKOM
DHEPruei: CKOPOCTh MPOAYKTOB JeTOHAUMU B ~20—25 pa3 BbllIe CKOPOCTH MNPOAYKTOB MELJIEHHOTO
ropenus. Ecaum, Hanpumep, BMecTo cyiecTBytomux kamep cropanus (KC) ¢ HempepbIBHBIM
ropenreM wucnoyibzoBath KC ¢ HempepbIBHO Bpalllalolleicss JeTOHAlUed WM HMITYJIbCHO-
neroHaionHsle KC ¢ mepuoanyeckyM 3arnojHEHHEM KaMepbl TOproueil CMEChbI0 M CrOpaHUEM
cMmecH B Oeryuieil netoHanmoHHo BosHe (/IB), To Takue KC mornu Obl 1aTh O0JIbLIME BBITOBI IPU
UCIOJBb30BAaHUM B DHEPreTHKe Ojaronaps SHEProBBIACICHUIO C TIOBBIIMIEHWEM JIaBICHUS H
COBMEIIIEHNI0 KOMOMHUPOBAHHOIO y1apHO-BOJHOBOIO (MEXaHUYECKOr0) U TEINIOBOIO BO3AEHCTBUI
Ha 00BEKTHI, 00 IyBaeMble MPOIYKTaMH JICTOHAIUH.

B pabote paccMoTpeHbl mpoOiieMbl OpraHM3alldy LUKJIMYECKOro pabodero mporecca B KaMmepe
cropanusi ¢ Bpautaromeiics neronauueit (KCBJI) m B MMITyJIbCHO-JE€TOHAIIMOHHOM TOPEJIOYHOM
yctpoictee (MIAT'Y).

[Ipu oOcyxnenunn koHuenuuu KCBJl ocHOBHOe BHUMaHuWE yneneHO MpobdieMaM, BO3HHKAIOLIUM
npu npoektupoBanun KCBJ] B koMmoHoBke ¢ ycrpoucTBamu, wu3oiupyrommmu KCBJl ot
KoMIpeccopa U TypOMHBI B Ta30TypOMHHON >HEPreTHYEeCKOW yCTaHOBKE, a TaKke K mpobiemam
TEIUIOBOTO COCTOSIHMS CTEHOK KaMephl. AHAIM3 MPOBEACH Ha MpUMepe pacuera padoyero nporecca
B KoabpueBod KCBJI ¢ BHyTpeHHeW M BHelIHEH cTeHkamu auamerpoM 260 m 306 mm, ¢ oceBoi

nojiaueil CTEXMOMETPUUECKON BOJOPOTHO-BO3IYIITHON CMECH uUepe3 KOJbLEBbIE 3a30Pbl B JHUIIE
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Kamepsbl (oTHOcUTeNbHas miomans 0.61) u ¢ ogHoii JIB, Bpamaroielics HaJl THUIIEM C YacTOTOMN
okoio 126000 oboporoB B MHHYTy. Oka3anoch, 4TO B OTCYTCTBHE H3OJHUPYIOLIMX YCTPOMCTB
YPOBEHb ITyJIbCALIMI CTaTUYECKOro JIaBieHus: Ha Bxojae U Beixoae KCB/I nenonycrumo Benuk: 40—
45% n 30-35% COOTBETCTBEHHO MO OTHOLICHHIO K JaBIEHMIO 3a KommpeccopoM (10-25 atm).
CnenoBaTelibHO, YTOOBI HCKIIOYUTH HEXellaTellbHble MEXaHMYECKHMEe Harpy3Kd Ha 3JEMEHTBI
KoMmIpeccopa W TypOMHBI, HEOOXOAMMO MPUHHUMATh CHElHMaJbHblE MEpbl M0 OCIabJCHUIO TaKuX
myJibcalvii. PacyeTbl MECTHBIX M OCpEHEHHBIX TEIIOBBIX MOTOKOB B cteHku KCBJI nmoka3zanu, uro
MECTHBIE TEIJIOBbIE MOTOKM B OKPECTHOCTH JHMILA JJOCTUTAIM OYEHb BHICOKMX 3HAYEHUI Ha YpOBHE
16 MBT/M?, a OCpEJHEHHbIE TEIIOBbIE TOTOKH ObLIM HAa YpoBHE 2.5-3.5 MBT/V.

[Ipn ob6cyxnennn kouuenuuu MJII'Y ocHoBHOe BHHMMaHHME YJEI€HO MNpoOJieME UUKINYECKOTO
uHumupoBanus [IB depes ynpasnsiemblit iepexos ropenust B aetonanmio (I1I']]) Ha xparyaiimmx
pacCTOSTHUSIX TPU MUHUMAIBHOM DJHEPruM 3aXKuraHus. TeopeTHyeckh M HKCIEPUMEHTAIBHO
JIOKa3aHO, YTO pEIIeHHEe 3TON MpoOJeMbl CleIyeT WCKaTh B TINATEILHOM IMoa00ope (GOpMbI U
PAcCTaHOBKM MPENATCTBUM, OOecneynBarOlIMX ONTHUMAaJbHOE COIJIACOBAHHWE TEMIIOB YCKOPEHUs
IUIAMEHU U YCUJIEHMs YAApHOW BOJIHBI. DKCHEPHUMEHTAIBHO MPOJEMOHCTPUPOBAHA BO3MOXKHOCTb
ynpasisiemoro uukiandeckoro I1I'J[ B cmecH mpupoaHOro raza ¢ BO3AYXOM B TpyOe IuMaMeTpoM
94 MM C OTKpBITBIM KOHIIOM Ha JUIMHE OKOJo 2.5-3.0 M mpu pa3fesnbHOM HENpEpbIBHOM Mojaaye
KOMIIOHEHTOB CMECH M 3HEpPIrHM 3akuranus Ha ypoBHe 1 JIx. Ha ocHOBe 3KcrepMMeEHTalIbHBIX
ucclieloBaHUi pa3paboTaH, HM3rOTOBJIEH M HCIBITaH SKCIepUMEHTadbHBIM obOpazeny MY —
npoo0Opa3 MPOMBIIUICHHBIX TOPEIOYHBIX YCTPOHCTB HOBOTO IOKOJIEHUS, COBMEIIAIOIIUX
KOMOMHHPOBAaHHOE BO3/J€ICTBHME Ha OOBEKTHI, OOJyBaeMble MPOAYKTAMH TOPEHHUS: YJapHO-

BOJITHOBOC (MeX&HI/I‘-IGCKOe) " TCILJIOBOC.
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DEVELOPMENT OF TECHNOLOGY FOR SPECIAL ALLOYS OF RARE
METALS, ESPECIALLY TUNGSTEN

N.Yu. Golovchenko *1, S.Kh. Aknazarovz, O.S. Bayrakovaz, G.L Ksandopulo2

! Al-Farabi National University, Al-Farabi st. 71, Almaty, Kazakhstan
? Institute of Combustion Problems, Bogenbai Batyr st. 172, Almaty, Kazakhstan
" teya86@mail.ru

Because of the low prevalence of minerals of tungsten and tungsten-containing raw material scarcity
problem of waste production and waste of resources for production of tungsten ferrotungsten
relevant. In our paper we consider the possibility of obtaining ferrotungsten from waste products of
the following composition (XRD, wt %): W 20.39, Cu 0.19, Co 2.64, Fe 1.68, Ti 1.05, Ca 0.45, K
0.038, Si 26.34, S 0.065, Al 1.44, and Mg 0.24. To determine the conditions of possibility of this
raw material ferrotungsten conducted thermodynamic calculations. When calculating the heat
balance of the process system based on the composition of raw materials, it was found that the
amount of heat generated as a result of reduction reactions (Q = 1258.4 kJ), not enough to reach the
temperature at which melting would occur all the components of the charge. In carrying out the
process of recovery aluminothermic mixture, melt due to lack of temperature is not formed, we got
the spectrum. To increase the energy, as an additional source of heat we used a mixture of potassium
nitrate and aluminum. When you add in the estimated number of nitrate charge temperature will rise
to 2086 K (1813°C), which is sufficient to melt the oxides contained in the mixture. The source of
the tungsten component in obtaining ferrotungsten we used production waste and wasted electric
lamps with tungsten—-molybdenum filaments. Separation of tungsten from molybdenum occurs in
dilute nitric acid. The main source of heat for getting ferrotungsten is a mixture of iron oxide and
aluminum nitrate. With the passage of the reaction is not full penetration of the metal. To raise the
temperature of the process, the charge was introduced the necessary amount of nitrate and aluminum
mixture [1]. The experiments were conducted under laboratory conditions. Using the estimates, we
prepared blends of various raw materials. Samples of ferrotungsten: wolframite (XRD, wt %): W
70.58, Cu 0.56, Ni 0.49, Fe 16.71, Mn 28.6, Al 5.8, S 0.07; output of the alloy 89-90%; from raw
materials with low tungsten content (wy %): W 33.3-35.1, Cu 0.39-0.62, Co 7.7-8.12, Fe 25.56, Ni
0.56, Mn 0.31, Cr 0.21, Ti 3.08, Al 1.9-2.21, Si 25-26; output of the alloy 70-73%; tungsten scrap
(%): W 1.02, Fe 27.1, Al 1.04, Si 0.4; yield of the alloy 92-95%.

REFERENCES

[1] Khimicheskaya tekhnologiya neorganicheskikh veshchestv (Chemical Engineering of Inorganic
Compounds), ed. by G. Akhmetov, Moscow, Vysshaya shkola, vol. II, 2002.
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THERMAL EXPLOSION FOR MATERIALS SYNTHESIS
AND NET-SHAPE PROCESSING

I. Gotman*, E.Y. Gutmanas

Technion — Israel Institute of Technology, Haifa, 32000, Israel
* gotman@tx.technion.ac.il

Over the past decade, a gradual shift from the basic to applied research has lead to the development
of a number of unconventional SHS processes that allow simultaneous synthesis and consolidation
of the inherently porous combustion products. Pressure assisted thermal explosion (TE) mode of
SHS can yield near-fully dense products if the combined action of the externally applied pressure
and combustion temperature is sufficient for efficient material flow. Reactive Forging (RF)
SHS/TE-based method has been developed: in RF, a self-sustained reaction is ignited in a reagent
blend by rapid heat transfer from preheated press rams, and a moderate uni-axial pressure is applied
while a sufficient amount of liquid or very soft phase is present in the combustion product.
Combined with the developed Short Distance Infiltration (SDI) approach, RF provides conditions
for fabrication of interpenetrating phase in situ composites with binary (Al,Os, TiB,, TiC) or ternary
(MgAl1,04, Ti3S1C,, TizAlC,, Ti,AlC) ceramic matrices, as well as well as intermetallic-ceramic and
metal-ceramic composites (MgB,—Mg, Mg,Si—Mg, Ti/Nb—Al,03;, TiNi—Al,03). Compared to the
traditional melt infiltration, SDI has the advantage of the considerably shorter infiltration distances
(micrometers vs. millimeters or centimeters). SDI is based on the presence of finely-dispersed low-
melting phases in the reagent blend. Rapid heating above the melting point of these phases followed
by pressure application results in the squeezing of the molten phase into the pores—a process that
promotes SHS reactions, assists in consolidation and finally results in a dense product with fine
homogeneous microstructure.

The RF-SDI approach has also been successful in fabrication of ceramic matrix/diamond grinding
wheels, parts from machinable ternary ceramics, light armor tiles, and PVD targets. RF approach
can be applied to the production of 3D porous structures by diluting the exothermic blend with non-
reacting spacers that can be easily removed after SHS processing.

Simultaneous synthesis and consolidation of reaction products employing pressure assisted thermal
explosion is a "green", cost effective and thus promising fabrication route of near-net-shape

structural parts.
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PLASMOCHEMICAL PRODUCTION OF SILICON FROM QUARTZ

Yu.M. Grishin', N.P. Kozlov', A.S. Skryabin*', A.E. Sytschev*

! Bauman State Technical University (BSTU), Moscow, Russia
*Institute of Structural Macrokinetics and Materials Science (ISMAN), Chernogolovka, Moscow, Russia
terral 07@yandex.ru

We developed a new plasmochemical method for fabrication of silicon from silicon oxide. [1].
Suggested plasma method is realized in three phases. Evaporation and dissociation of SiO; (quartz)
particles (and hydrogen) occur in a flow of high-temperature argon plasma maintained by a plasma
generator. Upon cooling down, a complex of non-equilibrium reactions between oxygen, hydrogen,
and SiO, yields gaseous silicon followed by its condensation.

The efficiency of silica evaporation was studied for plasma generators with different output power
and the size of completely evaporating silica grains was determined. The studies on non-equilibrium
chemical kinetics in the system Ar—H-Si—O afforded to optimize process conditions: flow rates, the
dimensions of plasmochemical reactor, and admissible temperature range.

Under optimized conditions, the expected yield of silicon can attain a value of about 90% (=3 kW
plasma generator). According to XRD and SEM data, the products (see Fig. 1) contained
polycrystalline silicon (1), fused (2) and non-melted quartz (3). In these experiments, the yield of
silicon was about 60%, at its purity of 99.8-99.9%. Such silicon purity is largely due to the erosion
of electrodes. The yield of product was found to depend on the size of SiO, particles and hydrogen
flow rate. The production cost of silicon prepared by our method was estimated to be lower by a

factor of 2-3 compared to conventional processes.

- BEe
Fig. 1. The product prepared by suggested plasmochemical method: 1, polycrystalline

silicon; 2, fused silica; and 3, non-melted quartz.
Further work on this line of research is in progress.

REFERENCES
[1] L.A. Borisov, N.P. Kozlov, A.Yu. Kulagin, N.M. Serykh, A.S. Skryabin, Gornyi Zh., 12,
(1998) 74-79.
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PHASE COMPETITION IN SOLID STATE REACTIONS: SHS CASE
VERSUS ISOTHERMAL CASE

A.M. Gusak*, T.V. Zaporozhets

Cherkasy National University, 81 blvd. Shevchenko, Cherkasy, 18017 Ukraine
* amgusak@ukr.net

Phase spectrum of reaction zone in diffusive interactions of two solid reagents corresponds to
equilibrium phase diagram (when layers of all stable intermediate phases simultaneously grow in
diffusion zone) only for sufficiently long annealing of massive diffusion couple. In all practical
cases of solid state reactions (SSRs) in thin films, multilayers, powder mixtures, nanotubes etc, the
reaction products use to appear one by one, competing with each other, they may correspond to
metastable (crystalline, quasicrystalline or amorphous) phases. We will concentrate on the
suppression/growth criteria in phase competition under isothermic conditions and during SHS in
multilayers.

Phase competition under isothermic conditions is usually described in the frame of four alternative
approaches [1]: (1) diffusion-controlled simultaneous phase growth; (2) diffusive interaction
combined with interface-controlled fluxes though the phase layers; (3) diffusive suppression of the
critical nuclei; (4) thermodynamic suppression of nucleation by the sharp concentration gradients.
Recently we suggested development of approach (3), based on the concept of Flux Driven
Nucleation (FDN) [2]. It takes into account an additional drift in the size space of the phase nuclei,
generated by the divergence of atomic fluxes in usual space in the nucleation region. This leads,
among other consequences, to effective nucleation barrier depending on this very flux divergence
and therefore depending on the widths of neighboring phase layers. For example, nucleation of
phase 2 appears to be impossible (effective nucleation barrier infinite) while the width of fast

growing phase / layer is small enough:
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where D;,D, are the average tracer diffusivities in the phases 1 and 2, Ag, ., ,Ag,.5,, are the

3(1—01)202

driving forces of reactions, Q atomic volume, s, area per atom of interface, 7, y,, Ay are the
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combinations of surface tensions of interphase interfaces, c,,c, are the stoichimetric atomic

fractions of B-component in phases /, 2.

We analyzed the application of all 4 approaches plus new FDN-approach to SHS. Namely,

(1) we compare simultaneous growth of two compounds in SHS reaction with one by one growth
(2) we analyze SHS with single phase and two phase growth controlled by interface barrier

(3) we consider nucleation attempts of second phase at the interface of already growing phase and
one of initial components in SHS conditions. Naturally, in two last cases we should take into
account that if suppression time is larger than the time of reaction front propagation, then one should
forget about suppressed phase

One should also take into account that some phases may be formed without nucleation at all, as
claimed very recently for the Ni—Al exothermic reaction studied by molecular dynamic simulation
[3].

Possibilities of non-equilibrium phase formation in SHS are modeled and discussed as well.
Namely, system Ni—Zr is well-known since the 80s when the amorphous phase formation was
detected prior to formation of stable crystalline phase (if Ni was fine-grained). Recently analogous
behavior was found in SHS reaction between Ni and Zr [4].

All above mentioned possibilities are analyzed as well in the frame of semi-empiric rule of maximal

release rate of the Gibbs free energy.
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THERMAL EXPLOSIONS REVISITED

AN. Hayhurst

Department of Chemical Engineering and Biotechnology, University of Cambridge, Pembroke Street, Cambridge, CB2
3RA, England
anh1000@cam.ac.uk

This paper aims to review our present understanding of thermal explosions, particularly in reacting
gases, bearing in mind early, pioneering, Russian work and especially that of Merzhanov and his co-
workers. More recent computations have included the effects of natural convection [1] on thermal
explosion in a closed, spherical vessel. In addition, the consumption of reactant in the very simple
chemical scheme A — B has been included. This has enabled a more general scaling analysis to be
formulated [2]. Whether or not the exothermic chemical reaction A — B in a fluid leads to an
explosion depends on the following four time-scales: (zy) for the chemical reaction to heat up the
reacting mixture, (zz7) for heat conduction (i.e. diffusion) out of the reactor, (7o) for natural

convection in the fluid and (7...) for chemical reaction. Figure 1 illustrates this:

1774 Tdifr

No
explosion

Explosion

: T
T/ Treac T/ Teonv

Fig. 1. Sketch of the regime diagram for the exothermic reaction A — B occurring inside a spherical
reactor without mechanical stirring. Between the grey surface and the origin, the system explodes; at
the other side of the grey surface no explosion ever occurs. From Liu et al. [2].

Thus an explosion is only possible if the working point characterising the system is located between
the grey surface in Fig. 1 and the origin. Points along the vertical axis of Fig. 1 represent negligible

depletion of reactant without natural convection, i.e. the systems considered by Frank-Kamenetskii
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[3]. Likewise, points along the horizontal (7x/7..m) axis are for rapidly mixed systems without
significant loss of reactant, as examined by Semenov [4].

Numerical simulations and their results are discussed for non-turbulent, natural convection
occurring; computations to define the grey surface in Fig. 1 are described. Also, the possibility of
formulating a simple criterion for an explosion to occur is considered. In fact, for an explosion, it

looks as if the maximum rise in temperature in the vessel has to be at least five times the scale

(RT, /E) for an increase in temperature, where R is the gas constant, T is the initial temperature and

E is the activation energy of the chemical reaction A — B. Of course, wherever possible,

comparisons of modelling with experiments are made.
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THREE-DIMENSIONAL MODES OF UNSTEADY COMBUSTION

T.P. Ivleva*, A.G. Merzhanov

Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences,
Chernogolovka, Moscow, 142432 Russia
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The nonlinear dynamics of excitable media is one of most interesting and fast-developing lines of
research in modern science. Nonlinear dynamics manifests itself in spinning detonation, periodic
chemical reactions, frontal polymerization and spinning combustion. In these cases, a zone of
vigorous chemical reaction propagates along a screw trajectory. We consider the propagation of an
unsteady 3D combustion front during self-propagating high-temperature synthesis [1], a well-known
method for production of advanced materials. We analyze the systems of equations, describing the
propagation of self-sustained wave through a cylindrical sample of combustion mixture: once
initiated at the top of a cylindrical sample, the combustion wave propagates downward over the
entire sample. Using numerical simulation, we determine the inner structure of the unsteady waves
as well as describe different modes of their propagation for three various problems. The spinning
waves arise owing to the fact that the planar reaction front becomes unstable with respect to spatial
perturbations. The common property of these three cases is obtaining of condensed products during
chemical reaction.

Solid-flame combustion. Our data on solid-flame combustion show the possibility of the following
combustion modes: (i) one-spot combustion and (ii) two-spot combustion (steady and unsteady with
pulsation of temperature alongside the sample axis), (iii) three-spot combustion (symmetric and
asymmetric), and (iv) multi-spot combustion. We also determined the range of stability for these
combustion modes and demonstrated the non-uniqueness of solution (several modes are possible for
the same set of system parameters) [2, 3].

Solid-flame combustion in thermally and chemically heterogeneous media. We considered the
simplest type of thermally and chemically heterogeneous media, namely, a cylindrical sample of a
solid-flame combustion reactant mixture along the axis of which an inert cylindrical rod whose
thermophysical parameters differ from those of the mixture is inserted. We note that the thermal and
chemical heterogeneity of a system may both accelerate and decelerate the solid-flame propagation
because of the action of all components of heat transfer. High-velocity modes of propagation of

steady waves at relatively low temperatures in the front are observed. Another effect is the fact that,
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after introduction of an inert rod into a sample, 3D spinning waves can arise in the region where
plane waves are steady and, vise versa, steady waves can arise in the region where plane waves are
unsteady [4].

Filtration combustion in gas-solid systems. Filtration combustion is the propagation of an
exothermic transformation wave through a porous medium while an oxidant is filtering to the zone
where a solid reactant interacts with a gaseous reactant. We show that specific features of spinning
waves in filtration combustion are the following: (i) the hot spot and its tail are drifted by the
filtering gas flow inward the sample, (ii) the characteristics of spinning waves can change non-
monotonically with a monotonic change in the pressure of surrounding gas, (iii) an increase in the
gas flow through the sample surface can lead to the fact that the high-temperature tail following the
hot spot cuts short and the maximum of temperature is shifted to its end, (iv) a further increase of
pressure causes a decrease in the length of the high-temperature zone and the spinning waves

become similar to spinning waves of gasless combustion [5].

The distribution of dimensionless temperature 0, pressure £, and conversion degree 1 in figure is
given for the same moment of time in the cross section bearing a point with Omax. This cross
section is front-bound and moves downward as the sample burns out. The distribution of 6 is non-
uniform: it exhibits a high-temperature area (hot spot) where 6 > 0. The spot moves
counterclockwise. In this case, 0 is sufficiently high just ahead of the hot spot where the mixture

remains virtually unreacted. Here the heat flux from the hot spot becomes sufficient for ignition, so
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that the hot spot gradually shifts into this zone. This can be explained by the ignition of unreacted
but already warmed-up reagents, giving rise to counterclockwise rotation of the hot spot.

Since this cross section also moves downward, we obtain a resultant motion alongside the screw
trajectory.

The experimentally observed unsteady 3D waves can be modeled only in terms of 3D problem. We
managed to obtain the data that not only explain existing experimental observations but also predict

some still unknown modes of spinning wave propagation.
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CBC-KOMITAKTUPOBAHME HEITIOPOIIIKOBBIX CJIOEBBIX
KOMIO3ULUI A5 MOJTYUYEHUA KEPAMUYECKHUX MATEPUAJIOB
HA OCHOBE Ti;SiC,

[1.B. Uctomun*, A.B. Hagytkun, B.3. I'pacc

Wucturyt xumun, Komu HIL YpO PAH, yn. IlepBomaiickas 48, CoikTbiBKap, 167982 Poccus
*istomin-pv@chemi.komisc.ru

Kepamuueckue koMno3utsl Ha ocHoBe Ti3S1C; ABa MocaeHUX NECATUIIETHS MPUBIEKAIOT BHUMaHUE
CIEUMATNCTOB KaK TMEpPCHEKTUBHbIE MaTepuaibl, O00JIaJalollMe YHUKAJIbHBIM COYETAaHUEM
XapaKTEPUCTUK: BBICOKOW TPEIIMHOCTOMKOCTbIO, HEUYBCTBUTEIBHOCTHIO K TEPMOYJIapy, a TaKKe
XOpoIIei MexaHu4ecKoi oOpabdaTeiBaeMocThi0. OTHAKO, HECMOTPS Ha OYCBUIHBI MHHOBAIITMOHHBIN
MOTEHIIMAJI, TIPOMBIIIJICHHOE OCBOCHHME WX MPOM3BOJCTBA CIECPKMUBAETCS BBICOKOH CTOMMOCTBIO M
TEXHUYECKOM CJIOXKHOCThIO M3BECTHBIX METOJIOB TOJy4YeHHsS (TOpsS4Yero M30CTaTUYECKOTO
MIPECCOBaHUs, UCKPOBOTO TJIA3MEHHOTO CIIEKaHMsl, XUMHUYECKOTO OCKIICHUS U3 ra30BOi (asbl U T. 11.).
D dekTUBHBIM TOIX00M K PEIICHUIO JaHHON MPOOJeMbl MOXKET CTaTh MPUMEHEHUE TEXHOJIOTHMA
camopacrpocTpaHsitolerocs BbicokoTeMiiepatypHoro cunteza (CBC). M3ydenne wmexaHusma
(azoo0pa3oBaHusi B CUCTeMax, cojepkamux peaknuoHHyto mnapy Ti—SiC, mokazano, 4to mpu
ONpEICTICHHBIX YCIOBUAX B3aUMOJICHCTBHE TUTAHA U KapOuIa KpeMHus rporekaet B pexume CBC ¢
obpazoBanueM Ti3SiC,. Kak mpaBuio, MCHonb30BaHME THTAaHA B KayeCcTBE peareHTa MPUBOJIUT K
BBICOKOM TMOPUCTOCTH CHHTE3MpyeMoro marepuana. I[lpuunHOil mopooOpazoBaHusi SBISETCS
BBICOKasi cMaynBaeMocTh 3€peH SiC TUTaH-KpEeMHHUEBBIMU PACIIaBaMH, KOTOPBIE PaCIpeeIsIOTCs
o nmoBepxHocTu SiC, ocTaBJIss MOPHI HA MECTe UCXOIHBIX YaCTHIl TUTAHA.

3amMeHa JMCIIEpCHOTO THUTaHa Ha (OJBry MOXKET CYHIECTBEHHO M3MEHUTh  XapakTep
MopooOpa3oBaHusl U B COYETAHUHU C MPUIIOKEHHUEM MEXAHUUYECKOW HArpy3KH MO3BOJUT JOOUTHCS
BBICOKOM CTEINEHHU YIIOTHEHUS MaTepuara.

B mnHacrosimield paboTe mTpeacTaBlieHBI PE3yNbTAaThl SKCIEPUMEHTOB IO TOJYUYEHHIO KEPaMHUKH
Ti3S1C,—TiSi,—SiC nyTém cunoBoro CBC-xoMmakTHpOBaHUs CIOEBBIX PEAKIIMOHHBIX KOMITO3UIIHIA
Ti-SiC, mnpencraBisdomux co00M MHOTOCHOWHbIE MAKEThl PETYJISPHO YJIOKEHHBIX JIUCTOB
TUTAHOBOW (HOJIBTM M BBICOKOHAIMOJHEHHBIX IOJMMEPHBIX IUIEHOK, COAEpIKAIIMX JHUCIIEPCHBIC

HaCTHUIIbI Kap61/ma KpEeMHHU:. B HEKOTOPLIX CiIydadX, B COCTAB HAIIOJIHHUTEIIA BBOJUIMUCH YaCTUIIBI
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aKTUBHPOBAHHOTO YIJII B KoidWuecTBe 10 5 Mac. % s perynupoBaHHs (ha30BOro COCTaBa
KOHEYHBIX NpoaykToB. Muunmuposanne CBC B n3yyaemoii cucreMe NpoOUCXOAUT MPU TEMIIEpaType
1330°C, cootBercTByIOIIEl 5BTEeKTUKEe OwHapHO# cuctembl Ti—Si. B pesynbrare BakyymHON
TepMO0OpabOTKH cinoeBbIX Kommnosuiuii npu 1350°C B TeueHue 15 MUH MOJ MeXaHUYECKOM
Harpy3koi g0 3.5 Mlla, mpuiokeHHOW B HamnpaBi€HUW MEPHNEHIUKYJSPHOM IJIOCKOCTH CIOEB,
nojiyueHsl kepamuueckue komno3utel ¢ matpuueit TizSiCo—TiSiy, apmupoBannoit yactuuamu SiC.
Kaxymascst noTHOCTh NOJyUYEHHBIX MaTepuaoB gocturaet 90% oT TeopeTH4ecKoro 3Ha4eHusl.

[Tpenmy1iecTBa NpeUI0)KEHHOTO METO/1a BBIPAYKAIOTCS B BBICOKOW TEXHOJIOIMYHOCTH POU3BO/ICTBA
IPU HU3KOM YpOBHE DJHEPreTMYECKMX M BPEMEHHBIX 3arpaT. TexHudeckoe obecrieueHue
npejsiaraeMoro crocoda He TpeOyeT MCHOJb30BaHUs CHELMAIBHBIX Tpecc-(hopM A MPOBEIEHHS
CBC-KOMIAKTUPOBAaHUSA, 4YTO  CYLIECTBEHHO  pacIIUpsieT  BO3MOXKHOCTHM  INPOM3BOJICTBA

KPYTHOTa0apUTHBIX U3ETHA.

Paboma evinonnena npu @unancosoli noodepcke Poccuiickoeo ¢honoa ynoamenmanvrvix

uccneoosanuti (npoexm Ne 11-03-00529-a).
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REACTIVE DIFFUSION IN MULTIPHASE BINARY SYSTEMS:
THEORY AND EXPERIMENT

S.L. Kharatyan
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For over the past 30 years in the Laboratory of Kinetics of Self-propagating High-temperature
Synthesis of the Institute of Chemical Physics NAS RA systematic investigations have been
carrying out in the field of kinetics of solid state reactions under unique conditions of high-
temperature rapid transformations, that is in a totally new and extremal temperature-temporal
interval. In our investigations attention was mainly focused on metal/non-metal binary systems,
which are of permanent interest as convenient model systems for studying transformations under the
governed isothermal or non-isothermal conditions.

One of the most important mechanisms of chemical reactions proceeding with participation of solids
is reactive diffusion (RD). The diffusion saturation of metals most frequently leads to formation not
a single chemical compound but several ones, so the diffusion zone is found to be multilayer. The
kinetics of the total process in this case is associated with growth rates of all individual phases.

By now a great number of data indicates that the quantity and sequence of phases in the diffusion
zone are appropriate to the phase diagram for the corresponding binary system. However, the
question of full correlation between the structure of the diffusion zone and phase diagram is
currently debatable.

In the literature the detail analyses were curried out for cases, when limiting stage is diffusive
transport in solid phase (first type boundary condition, which corresponds to unlimited rate of
diffusive component (d.c.) supply). These models can describe only the growth of already formed
diffusive zone with constant concentrations on phase boundaries. However, due to the limited rate of
reagent supply the diffusive layers growth deviates from the parabolic law.

For description of RD processes in such cases we have offered to use the generalized boundary
condition (II type with transition to I one). The essence of the approach is that on reaction interface
certain value of limited flux is set which value is defined not only by process conditions (7, P,
composition of saturating medium), but also by the phase composition of outer diffusive layer.

Under these conditions the formation of all phases in multiphase diffusive zone can not occur
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simultaneously but in consecutive order. The model allows describing from the uniform point of
view both the formation and growth of a multiphase diffusion zone with arbitrary number of phases,
as well as with vastly differing diffusion coefficients of the d.c. in various phases.

It is obvious that the size and the form of sample are of great importance in diffusive saturation
process. The model allows to analyse the role of restricted geometry and sample symmetry on Kinetic
features of diffusion saturation. Particularly, according to above mentioned reasons, small particles
transform to final product in kinetic mode, and large ones - with change of mode from kinetic to
diffusive. It should be taken into account especially when using metal powders of various dispersity.
The exact solution of the complete system of equations and detailed analysis of formation and
growth laws for multilayer diffusive zone were carried out numerically.

Note that RD process with second type boundary condition can be easily realized experimentally
and is convenient for controlling too, particularly for obtaining single-phase products.

A knowledge of all of these allows to find optimal conditions for metal particles full transformation
into target product, and/or calculate the diffusion layers thicknesses () at arbitrary temperature
regime of interaction.

From synthetic point of view is of immediate interest the solution of forward problem: i.e. based on
the knowledge of diffusion coefficients to make optimization by 7(¢) regime and/or metal particle
size, providing the full conversion of metal particle or obtaining the desired phase composition of
target product.

On the basis of the RD model developed the laws of diffusion layers formation and their growth
were calculated for a number of systems, which contain phases hardly detected in the diffusive zone.
Calculations involving various diffusion couples along with corresponding experimental data
provide obtaining complete and reliable information about all layers, irrespective of absolute value
of their growth rate. As a result parabolic growth constants and diffusion coefficients for a number
of silicide and carbide phases (WSi,, WsSi3, MoSiy, MosSis, Mo3Si, TasSis;, NbsSi;, TaC, Ta,C,
NbC, Nb,C) were determined.
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NEW LECTURE COURSE “BASICS OF PHYSICAL METALLURGY:
DIFFUSION, DISLOCATIONS AND STRUCTURE FORMATION
MECHANISMS” FOR MATERIALS SCIENCE STUDENTS

B.B. Khina

Physicotechnical Institute, 10 Kuprevich str., Minsk, 220141 Belarus

khina_brs@mail.ru

Since the discovery of SHS in 1967, extensive research initiated by Prof. A.G. Merzhanov and his
scientific school at ISMAN was directed not only at the development of new materials and the
technologies for their production, which are based on the cost and energy efficient SHS method, but
also towards studying complex and unusual interaction routes that were observed during SHS and
appeared responsible for novel structure and properties of the target products. These efforts resulted
in the origin and fast development of Structural Macrokinetics (SM) as a new cross-disciplinary area
of knowledge at the intersection of the Combustion Science and Technology, Chemical Physics and
Materials Science, whose main subject are phase and structure formation mechanisms that work
during the synthesis of novel advanced materials including (but not limited to) SHS processes. Also,
Scientific-Educational Centers on SHS were established at ISMAN and the Moscow Institute of
Steels and Alloys (MISIS) with the objective of professional training of MS and PhD students in the
area of SHS of advanced materials, and specialized educational courses on SHS were developed.
From a broader viewpoint, SM partly overlaps the area of knowledge termed Physical Metallurgy
(PM), or Physical Materials Science, which is located at the junction of Materials Science and Solid
State Physics. Recent advances in SM motivate the development of a new general educational
course for graduate and post-graduate students majoring in Materials Science.

In this work, a new lecture course, “Basics of physical metallurgy: Diffusion, dislocations, and
structure formation mechanisms” is developed. It is intended to bridge the existing gap between
such courses as Metal (or Solid State) Physics and basic Materials Science, which are taught to
Materials Science students, and bring together the fragmented knowledge of the diffusion theory,
dislocation theory, heterogeneous reaction kinetics, etc. in order to demonstrate how they all work
together to produce particular microstructure and phase composition of a material, and how the latter
is linked to the material properties (Fig. 1). In this lecture course, special emphasis is made on phase

and structure formation mechanisms, which are based on solid-state diffusion and transformation
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kinetics and operate at thermal and thermochemical treatment of alloys and during the synthesis of
modern materials by different methods. Besides, the mechanisms responsible for mechanical
behaviours of materials at room and elevated temperature, which are connected with diffusion,
dislocations and interaction between them, are presented. Most of the discussed phenomena and

processes are illustrated with microstructures and examples of application.
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Fig. 1. Author’s concept of modern Physical Metallurgy and subject matter of the lecture course.

Including the developed lecture course into the curriculum of technological universities will permit
broadening the information basis used by researches in the development of advanced materials,
tailoring the material structure to target properties and particular applications, and thus will improve

the education quality of future Materials Scientists and Engineers.
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PHYSICAL MECHANISM OF THE INFLUENCE OF PRELIMINARY
MECHANICAL ACTIVATION ON COMBUSTION SYNTHESIS

B.B. Khina

Physicotechnical Institute, 10 Kuprevich str., 220141, Minsk, Belarus

khina brs@mail.ru

The mechanically activated self-propagating high-temperature synthesis (MA-SHS), which opens up
novel opportunities in the synthesis of advanced materials, consists of short-term mechanical
activation (MA) of a charge powder mixture, pressing the latter into a pellet and performing the
SHS, or combustion synthesis (CS) to produce target products such as intermetallics, complex
carbides, etc., and composite powder materials. It is known that MA permits noticeably decreasing
the ignition temperature of SHS (7j,), increasing the degree of chemical conversion (1), changing
the adiabatic combustion temperature (7,4) and facilitates SHS in difficult-to-combust systems
which feature low enthalpy of the product formation. The effective, or apparent activation energy of
MA-SHS (E,) was found to decrease substantially, by a value of up to 90 kJ/mol [1]. In most of the
conventional CS processes, T,q exceeds the melting temperature of at least one of the reactants and
the synthesis proceeds via participation of a transient liquid phase. In certain systems such as AI-Ni,
preliminary MA can bring about a substantial decrease of 7,4 so that an unusual phenomenon of
purely solid-state SHS becomes possible, where the rate-controlling stage is solid-state diffusion [2].
These and some other experimental results suggest that the effect of MA on subsequent SHS cannot
be ascribed only by a decrease of the characteristic particle size and increase in the contact surface
area of reactants due to comminution and cold welding in a milling device at MA. The existing
theories of MA-SHS are based on two concepts: (i) the apparent activation energy of heterogeneous
reaction decreases by the value of energy of cold plastic work stored in metals during MA [3], and
(ii) the non-equilibrium point defects (primarily vacancies) accumulated in crystalline substances
during MA remain therein upon heating and thus substantially enhance solid-state diffusion during
SHS [2].

In this work, a system of estimates is developed to analyze the physical reasons for the strong effect
of MA on SHS. It is demonstrated that the stored energy of cold work, including that associated with
crystal defects, is small and hence cannot be responsible for the decrease in £,. Relaxation of excess

vacancies to the equilibrium concentration, which occurs at heating of mechanically activated
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substances in the SHS wave due to vacancy diffusion to volume distributed sinks, viz. edge
dislocations, whose density in severely cold-worked metals is high, is estimated for a number of
metals typically used in MA-SHS. It is demonstrated that even at high heating rates typical of SHS
the non-equilibrium vacancies can completely disappear at a temperature below T, and therefore
cannot affect the interaction mechanism at a combustion temperature. Basing on the aforesaid
results and the previously developed theory of enhanced solid-state diffusion in metals under the
action of periodic plastic deformation during MA [4], a physical explanation for strong influence of

MA on SHS in metal-base systems is developed.
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Fig. 1. Maximal temperature 7;, at which relaxation of non-equilibrium vacancies in metals occurs,

vs. heating rate vr for different values of dislocation density p (typically, for cold worked metals
p~10"% cm™).
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THE COUPLING MODELS OF SOLID PHASE COMBUSTION
AT TECHNOLOGY CONDITIONS

A.G. Knyazeva*'?, S.N. Sorokova', A.S. Kadirova'
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Many modern technologies of materials production, conjugation and surface treatment are
accompanied by numerous physicochemical conversions including exo- and endothermic ones. For
example, energy of chemical conversions is used immediately during termite welding to ensure the
joint formation. At the coating deposition using electron beam and plasmatic methods, exothermic
compositions are used that ensures additional heating and process stability. In turn the conversion
regime depends on medium mobility, deformation, external loading etc. For deformable media
mechanical stresses and strains play a special role. They can effect on chemical conversions directly
and indirectly owing to feed-backs presence. Investigation of interrelation between mechanical
processes and exothermic chemical conversions has lead to coupling models of solid phase
combustion [1-3].

It was shown, for example [4—7] that the coupling models are applicable to conversion regimes
description at the conditions of modern high temperature technologies. The problem on stability of
conversion waves at the technology conditions was been formulated including the conditions of
plane deformed state and plane stressed state. It was demonstrated that the characteristics of
stationary regimes are different for these situations. The small perturbation method had allowed
investigating the reaction front stability in solid phase to one- and two dimension mechanical
perturbations. It was found that two stability combustion limits of exist when the reaction rate can
decrease with stress work. In the opposite case the mechanical stresses work restricts the region of
combustion stability, including the instability due to cross mechanical waves. The rheology features
of media change the stationary wave characteristics and stability conditions also [3, 7]. The type of
external mechanical loading effect not only on the stress and stains fields, but on the conversion
regimes, time of half-conversion, temperature and concentration distribution [6, 7].

The properties changes in the reactions lead to additional features. Near the interface between the

reagent and product the high stresses appear which effect on the reaction rate. The Fig.1 illustrates
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the temperature and concentration fields for situations when the thermal expansion coefficients are

different.

Here the designations 7 < (T T, )/ (I -Ty), Q= af / ay are used, where 7. and Tjare adiabatic

and initial temperature, of,ar are thermal expansion coefficients for product and reagent. The

spaces coordinated are referred to thermal scale.
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CHUHTE3 MATEPUAJIOB HA OCHOBE Ti-Al-Ta CIIJTABOB

O.K. Kambiauna*, O./]. bospuenko, C.I". Baguenko, A.E. Crerues, J.M. YMapos,
H.B. CaukoBa

HHCTUTYT CTPYKTYpHOW MakKpOKMHETHKH W Tipobsiem marepuanoBeaenns PAH, 142432 YepHoronoska
kuz@ism.ac.ru

CmnaBel Ha ocHOBe cucTteMbl Ti—Al-Ta sBASIOTCS MEPCHEKTHUBHBIMHU [UISI WCHOJIB30BAaHUS B
AIPOKOCMUYECKONM WHAYCTPUM C TOYKHM 3PEHUS MX HHU3KOM IUIOTHOCTH, BBICOKOM TeMIepaTypbl
IUIABJIEHUS, BBICOKMX IIPOYHOCTHBIX CBOWMCTB MpPH IMOBBILIEHHBIX TEMIIEpaTypax, BBICOKOH
CTOUWKOCTH K okucieHuto. CruiaBel Ha ocHOBe cucteMbl Al-Ta—Ti ¢ comepkanuem Al mo 45-50 at.
% TMpeACTaBISIIOTCS BecbMa BOCTPEOOBAHHBIMU BBICOKOTEMIEPATYPHBIMU MaTepUaiaMH ISt
peleHus pa3IudyHbIX MHKEHEPHBIX 3a1ad. Kpome Toro, TaHTana W CIUIaBbl HA €r0 OCHOBE IIUPOKO
WCIOJIB3YIOTCS B KayecTBE OMOCOBMECTHMBIX MAaTE€pPHAJIOB, B YaCTHOCTH, B PEKOHCTPYKTHBHOMH
XUpPYpruu, 0xaronapst UX BBICOKOW MPOYHOCTU M TBEPJOCTH, KOTOPHIE COUETAIOTCS C OTIWYHBIMHU
MJTACTHUECKUMH  XapaKTEePUCTUKAMH, BBICOKOM XHWMHUYECKOHW CTOWKOCTBIO M OMOJOTHYECKOM
COBMECTUMOCTBIO.

[enbto HacTosIIEN pabOTHI SBISETCS ONPEAeIEHUE BO3MOKHOCTH MOJIy4YEHHUs CIUIaBa Ha ocHoBe Ti—
Al-Ta w3 »>rmeMeHTapHBIX TIOPOLIKOB B pEXHMME TEIUIOBOTO B3phiBa. B  sKcrmepuMmeHTax
WCCIIEZIOBAJIOCh BIIMSIHUE JIUCTIEPCHOCTH M MOP()OJIOTUM WMCXOJHBIX IOPOIIKOB HAa MEXaHU3M
peaKkLuu, ONpeNesscs ONTUMAIbHBIA COCTaB UCXOJHOM CMECH, U3y4asach POJib MEXaHOAKTUBALIUU
B () OPMUPOBAHUM CTPYKTYPbl CHHTE3UPOBAHHBIX MaTEPHAJIOB.

B pesynbraTte mnpoBeneHHBIX paboOT TMOKa3aHO, YTO IpeABapUTENIbHAs MeXaHOAKTHBALMA
MOPOIIKOBOM CMeCHM B JaHHOW cHCTeMe TMPUBOAUT K HHTeHcUuukanmu auddy3MoHHOTO
B3aUMOJICHCTBUH PEAreHTOB BCJIEACTBUE NOBBIIIEHUS CTEIIEHW U3MENBUYEHHUs UCXOJHOTO0 MaTepHaa
(yBenuueHusi OOIEH BETUYMHBI TMOBEPXHOCTH paszzaena (a3, yMEHBIICHHsS paauyca BBITYKIIbIX
Y4acTKOB, pOCTa M30BITOYHON MOBEPXHOCTHOW DHEPIHMH, YBETUYCHHUS KOHIICHTPALUU J1e()DEKTOB U
pa3Mepa KpUCTaJLTIUTOB).

YBenuueHue cojepKaHus MEXaHOAKTUBUPOBAHHOTO TopoIika (cBbiie 50%) B peakiiMOHHON cMeCH
NPUBOAUT K YBEIUYEHHUIO 00beMa 00pa3lloB B IpOLIECCe TEIUIOBOTO B3pbIBA, M KaK CJEJICTBUE,
¢opMupoBanuto  mopucroro  Martepuana. OnNTUManbHOE  COOTHOLIEHHME  HMCXOAHOTO U

aKTUBUPOBAHHOTO NopoikoB 50 : 50.
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CAMOPACHPOCTPAHAIOUMICS BBICOKOTEMITEPATYPHBIH
CHUHTE3 MOHO®A3HOI'O CHJIMKOKAPBUJIA TUTAHA Ti;SiC,

M.A. Kopuarun, H.3. JIsxoB

Wuctutyt xumun tBeporo tena u mexanoxumun CO PAH, HoBocubupck, Kyrarenanze, 18, 630128, Poccus

e-mail: korchag@solid.nsc.ru

B nocnennee necstuiieTue 3HaUMTENbHOE BHUMaHHE MPUBIEKAIOT )KaPOCTOMKHE W JKapONpPOYHbIE
COeIMHEHHs Ha OCHOBe THTaHa. K yuciy HaunboJsiee HOBBIX MaTEPHAIOB OTHOCUTCS CEMENUCTBO TaK
Ha3zbiBaeMbIXx MAX — coenunenuil. Hanbosiee n3yyeHHbIM M MEPCHIEKTUBHBIM CPEIU COEIUHEHUI
JTAHHOTO KJjacca sBJsieTcss cuimkokapoun tutaHa Ti3SiC,. JlaHHOe coenMHEHHWE MMEeT BBICOKYIO
TemmepaTypy pasioxerust (2300°C), HU3KYIO IUIOTHOCT (4.5 r/cM’), BBICOKHE 3HAYCHHS MOYJICH
ynpyroctu (326 I'Tla) u casura (135 I'Tla). Kpome Toro, matepuasn MMeeT JOCTaTOYHO BBICOKYIO

BA3KOCTb pa3pylIeHHUss Npu KOMHATHOM Temmneparype (7-12 Mlla M

), a €ero Temio |
AJIEKTPOTIPOBOAHOCTH BBIIIE, YeM y TUTaHA. MaTepual Majio YyBCTBUTEIECH K TEPMUYECKUM yapam.
Takoil KoMmIieKC CBOMCTB BbI3bIBaeT 3HauMTeNbHbIM UHTepec K Ti3SiC, kak NnepcreKTUBHOMY
MaTepualny s aBUallMOHHOM M KOCMUYECKON MPOMBIILIEHHOCTH. AHAINU3 JTUTEpaTYPHbIX JaHHbBIX
NOKa3bIBAa€T, YTO HauOoOJiee YacTO MCIOJIb3YyEeMbIMU METOJaMH MOIYYeHUs CUIMKOKapOuaa TUTaHa
SBIIAIOTCSl Pa3jMuHble BapUaHTbl PEAKIIMOHHOTO CIEKaHMs WJIM H30CTaTUYECKOTO MPEeCcCOBAHUSI.
OpaHaKo MPaKTUYECKH BO BCeX paboTax OTMEYAIOTCS TPYAHOCTH ModydeHus MoHodazHoro Ti3SiC,.
Kak mpaBuiio, B MpoIyKTax CHHTE3a MOMUMO CHJIMKOKapOWaa MPUCYTCTBYET KapOWJ TUTaHA WM
SiC.

[Tpo6nemy momydenusi crporo MoHo(daszHoro TizSiC, HaM yaanoch pemuTh MyTeM OO0bEeIUHEHHS
BO3MOXKHOCTEH TIpeIBapUTEIbHOM MexaHnueckoi aktuauu (MA) cMecH UCXOJHBIX peareHTOB, U
nocienytomiero CBC.

MexaHn4ecKyo aKTUBALMI0 PEAKIIMOHHBIX CMECEW MPOBOAWIN B IJIAHETAPHOW 1IAPOBOM MEIbHUIIE
AT'O-2 ¢ BogsiHbIM oXxJaxkaeHueM. [[ns mpenoTBpanieHus: okuciaeHus Bo Bpemss MA, GapabGaHbl ¢
obpasuamu 3anonHsuiuch aprooM. Ilocie MA o6pasibl BeIrpyskanuch u3 6apabaHoB B OOKce ¢
aproHoBO aTMOC(epoii.

Cxxuranue o6pasuoB npoBogwin B npotouHom CBC peaxtope. Ilepen mnunmmpoBanuem CBC
peakTop ¢ obpasuom npoaysaics aproHom. Bo Bpemss CBC u 10 moaHOro ocThIBaHUS MPOIYKTOB

rop€HH:A B pCAKTOP IMOCTOSHHO IOJaBaJICA aproH.
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B pesynbraTe mpoBeneHHBIX AKCIEPUMEHTOB 0 MOAO00PY COOTHOUIEHUS MCXOJHBIX peareHToB W
NPOJIOJKUTENILHOCTH MA peakIIMOHHBIX CMecel, HallleHb! YCI0BHsI 00ecnieunBalolie peaan3alnio
CBC B nanHoii cucrteme, ¢ 00pa3oBaHHEM B KaueCTBE KOHEYHOTO MPOAYKTa CTPOTO MOHO(A3ZHOTO
Ti3S1Cs.

Peaknmonnple cMecu Tmocie MexaHuueckod akTtuBaiuu, ¥ npoayktel CBC wucciemoBamuch ¢
MOMOIIBI0 peHTreHodazoBoro ananusa (POA) u ckanupyroiei 3J1eKTPOHHOM MUKPOCKOIIHH.
TemnepaTypy ¥ CKOPOCTb FOPEHHsI ONPEAEISIM C MOMOIIBI0 PACIONOKEHHBIX HA OIpeeIeHHOM
paccTossHUU Bosib(paM-peHueBbIX Tepmonap nuamerpoMm 100 mMxm. CurHajibl OoT TepMmomnap 4depes
ANII JIA-2USB-14 3anuceiBaiuch Ha KOMIBIOTEp. MakcMMallbHblE 3HAY€HUs TEMIIEpaTypsl B

BoHe CBC = 1830 + 50°C. Ckopocts ropenmst 11.7 + 1 mm/c.

Puc. 1. Mukpodororpadus nonepeunoro ckoja CBC npoaykra cocraBa Ti3SiC,.

ITpoaykr CBC coctaBa Ti3SiC, nmpencrapiseT co00i XOpoIo NMpoIuIaBIeHHBIN, TPOYHbBIN 1
BBICOKOTIOPUCTHIM CMEK, COCTOSIIMK W3 TUIOTHOYMAKOBAHHBIX MAKETOB TOHKHUX TUIACTHHYATHIX
kpuctaiioB. Ha puc. 1 npusenena ¢ororpadust nonepeyHoro ckojia CUIMKOKapOuaa, mosyuyeHHas

Ha CKaHHUPYIOLIEM 3JIEKTPOHHOM MUKPOCKOIIE.
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HOJYYEHUE MOHO®A3HOI'O UHTEPMETAJVIMJA Ti;Al METOJOM
TEIIJIOBOTI'O B3PBIBA B MEXAHUYECKHN AKTUBUPOBAHHBIX
CMECHX TUTAHA C AIIOMUHUEM

M.A. Kopuarus', J.B. I[ym/IHal, B.10. ®uianmonos’

"UncruryT xumun TBeporo Tena u Mexanoxumun CO PAH, Hoocu6upcek, yi1. Kyrarenamse 18, 630128 Poccus

2 AnrTaiicKuii rocy 1apCTBEHHBII TeXHIYeCKHil yHuBepentet, Bapuayn, yi1. Jlenuna 46, 656038 Poccnst

e-mail: korchag@solid.nsc.ru

N3-3a BBICOKOI CKIIOHHOCTH THTaHA K OKHCJIEHHIO CIOKHOM TEXHOJIOTMUYECKOW 3a7audeid sBIsSeTCs
HAaHECEHUE Ha ATOT METa/Ul 3allUTHBIX MOBEPXHOCTHBIX CJIOEB. B HacTodllee BpeMsi B KayecTBe
OJIHOTO M3 TMEPCIEKTUBHBIX CIIOCOOOB pEIIeHHs 3TOW MpOOJIeMbl CUMTAETCS HAHECEHHE MOKPBITHIA
Ha OCHOBE AQJIIOMHUHMJIOB THUTaHa. 3alllUTHbIE TMOKPBITUS HA OCHOBE JTHUX HWHTEPMETAIIUIOB
3HAYUTENILHO MOBBIIIAIOT U3HOCOCTOMKOCTD M COMTPOTUBJIEHUE OKUCIIEHUIO TUTAHOBBIX JeTajieil mpu
BBICOKMX TEMIIepaTypax.

[[Iupokoe npUMEHEHHE aAJTIOMUHUIOB THUTaHA CAECPKUBAETCS HEKOTOPHIMU  CIOKHOCTSMHU,
CBSA3aHHBIMM C MOJYYEHHUEM 3TUX cOoeJuHEHUH. B yacTHOCTH, GOJABIIMM pa3ivuuveM TeMIepaTyp
riaBneHust TuTaHa v amoMuHus (okoso 1000°C), uxX BBICOKOM pPeaKIMOHHOW CIIOCOOHOCTBIO H
npo6JieMoii mosTyueHus: MOHO(A3HBIX coennHeH Tpedyemoro coctara. [TociieqHee oOycnaBiaBaeT
HU3KYI0 MJIACTUYHOCTh M YAAPHYIO BA3KOCTh 00pa3yroIIMXCcs NpOoAyKTOB. J1Jig JaHHOW CUCTEMBI HE
cBoOOmeH OT 3TuX HexocratkoB M Meron CBC. DtuM MeTonoMm ynaercs MOIy4aTb TOJIBKO
coequnenne TiAl;. Kpome Toro, n3-3a CpaBHUTEIILHO HEBBICOKUX 3HAYEHHI TEIUIOTHI 00pa30BaHMS
aMIOMUHUI0B TuUTaHa, uHUIMupoBath CBC B coctaBax cucrembl Ti—Al ynmaercst Toibko mocie
NpeABapUTEIbHOIO HarpeBa peakLMOHHBIX cMecel (10 TeMnepaTypbl 573 K u BblLe)

C npyroit CTOpOHBI, B HACTOSIIEE BpeMs XOpPOIIO M3BECTHO, YTO JaKe KpaTKOBpPEMEHHas
npeaBapuTebHas MexaHuuyeckas aktuBaius (MA) peakIMOHHBIX cMecel B DHEeproHanpsKEHHBIX
MJIaHETApHBIX IAPOBBIX MEJIbHHUIAX CYIIECTBEHHO CHWXAeT Temmeparypy uHuimupoBaHusi CBC
peakuuii. B HeKOTOpBIX cocTaBax Ha cOTHHU rpaaycoB. [IpensapurenbHas MA NpuUBOAUT TakkKe U K
BO3MO>KHOCTH TIOJTYUEHHsI B HEKOTOPBIX MHTEPMETAJLTUIHBIX CUCTEMaX MOHO(]A3HBIX MPOYKTOB.
Llenpto maHHON pabOTHI SBISAJIOCH HCCIAENOBAaHUE BO3MOXKHOCTU TONYYEHHUS MOHO(A3HOTO
unrepMetainaa TizAl B pexxume teruoBoro B3peiBa (TB) nocie npensaputenbHoit MA HCXOIHBIX

PEaKIMOHHBIX CMECcel TUTaHa C ATIOMHUHKEM. V3-3a HU3KOTO 3HA4YEHHUs TETUIOTH oOpa3oBanus TizAl
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peanmzoBath (ppoHTaNbHEI pexkuM CBC He yaaercst qaxke mocie npeaBapuTeTbHOR MA HCXOTHBIX

cMeceid.

Hcxonnble peakllMOHHBIE CMECH TOTOBUJIMCH ¢ MCHOJb30BaHKeM TuTaHa Mapku [ITOM-2 (99%) u

amomuaus Mapku [1A-4 (98%). MexaHnueckylo aKTHBAIMIO PEAKIIMOHHBIX CMeCel MPOBOIMIN B

aTMocdepe aproHa B IulaHeTapHO# mapoBoit menbHUIlE AI'O-2. TeroBol B3pbIB MPOBOJIWIN B

WHAYKIMOHHOW anekTporeun WIIT-0,0005/1,0-22, 0-U1

(22 xI'm) B armoctepe aprona.

Peakumonnsie cmecu nocie MA, u npoayktsl TB uccienoBanuch ¢ MOMOIIbI0 pEHTTEHO(PAa30BOT0

ananuza (P®A), ckanupyrolei 1 npocBeYUBAIOLIEH 3JIEKTPOHHOM MUKPOCKOITHH.

1200

1000

800

600

NHTEHCUBHOCTb

400

200

Ne 1113 TB
+-Ti Al (14-451)

20

B pesynbraTe mnpoBeneHHBIX 3KCIEPUMEHTOB MO MOAOOPY COOTHOMICHHS MCXOJAHBIX PEareHTOB,

MPOJAOTIKUTENLHOCTH MA  peakiMOHHBIX CcMeced, U PEKUMOB

TB HaiineHsl

yCIOBUS

obecneuynBaronie odpasoanre MoHogasHoro TizAl. B kauecTBe nmpumMepa, Ha pUCYHKe MpHUBEICHA

PEHTICHOrpaMmMa IMoJy4Y€HHOI'0O MHTEpMETAJJIMIA.
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IKCIIEPUMEHTAJIbHOE UCCJIEAOBAHHUE PEXKNMA
HEOAHOPO/JHOI'O ®UJIBTPALHIMOHHOI'O I'OPEHUA

C.B. KOCTI/IH], [1.M. Kpumenux*!, K.I'. I_I_IK:MI/IHC1<1/11712

IWHCcTutyT [pobaem Xumudeckoit dusnxu PAH, UepHoronoska, MockoBckast 001acTsb
2VIHCTUTYT CTPYKTYPHOI MaKkpOKMHETUKHU U poOieM marepuanoseneHus PAH, YepHoronoBka, MockoBckasi 001acThb
petr@ism.ac.ru

[lpu uccnenoBaHUM TOPEHHS METANTMUECKUX TMOPOIIKOB B YCJOBUSX OTpaHMYEHUs TPaHCIOPTa
razoo0pa3HOro peareHTa B pPEXKUME €CTeCTBEHHOW (UIbTpaluu OOHapy>XeH peXuM

pacnpocTpaHeHus CIUIOMIHOTO HEOAHOPOIHOTO (poHTa ropeHus. B npencraBneHHoii padore:

. JaETcs XapaKTepPUCTHKA BHEITHUX MPOSIBIIEHUI HEOTHOPOIHOTO (PPOHTA TOPEHHUS,
. paccMaTpHUBaeTCs ra30JMHaMUYECKas TPUPOAa SIBICHMS,
. MIPOBOJIUTCS aHATTU3 IKCIIEPUMEHTAIBHBIX IAHHBIX 110 CMEHE PEKUMOB (DUIBTPAIIMOHHOTO

rOpEHUs NIPU BapbUPOBAHUU NTAPAMETPOB CUCTEMBI,

. NPEJCTABISAIOTCA PE3yJbTaThl MCCIEIOBaHUS OUPPOHTAIBHOW CTPYKTYphl 30HBI TOpPEHHUs
TOPU30HTAIBHOTO MIOCKOTO CJ1051 PY KOHBEKTUBHOM I'a3000MEHE.

HeomHopoaHblii GpOHT ropeHUs TOHKOTO CJIOS TOPOIIKa TUTaHA peain30BaH IMPH OTPaHUYCHUU

J0CTyIIa IOTOKa BOSI[YHIHOﬁ CMCCH K 30HC 3K30T€pMHLIeCK0ﬁ peaKknuuu.

Puc.1. Cxema cTaHmapTHOTO OIBITHOTO OOpaslia MpSAMOYTOJdbHOU (opMmbl: 1 - Clloil mopolka
TUTaHa, 2- MeTajuindeckas (opMoUKa, 3 - MOKPBIBHOE CTEKIO0, X - GpoHT ropenus. CTpenkamu
yKa3aHO HampaBlieHMEe TEeUeHUs Tra3oB, CIUIONIHAs CTpelKa YyKa3blBaeT HarpaBieHHe
pacnpocTpaHeHus: TOPEHUsI.

3o0Ha ropeHus HEOJHOPOJHAa U COCTOUT M3 APKO U3JIydYarOIIHUX CBECT 0o CITpYHIIMPOBAaHHBIX AYCCK,
mmbo w3 SAYEEK, COCHUHEHHBIX MEKOYy coboii ydyacTkaMu € MCHCC MHTCHCHBHBIM CBCYCHHCM. Ha
IMOBEPXHOCTHU CropeBLICTO 06pa3ua OCTaroTCsAa penbe(bHo BBIACJIIOINHECA CJICAblI — TPCKU. HpOIIYKT

COACPKUT 00JIBIIIOE KOJIMYECTBO HE npopearupoBaBIICTO TUTAHA.
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JlaHa olleHKa CKOPOCTH IOTOKA BO3/yXa TEKYIEro HaJl MOBEPXHOCTBIO CJI0s1 NOPOLIKA TUTaHA 0]
MOKPBIBHBIM CTEKJIOM HaBcTpedy (poHTy ropeHus. s STOro mpoBefeHa HempepbiBHAs
perucTpauus U3MeHeHus: Beca o0paslia B MPOLIeCcCe FOPEHUsl ¢ BUAEO03ANUChI0 TOKAa3aHUI LKAk
BecoB. Ha oOCHOBaHMM cliellaHHBIX HW3MEpPEHMH pacCUMTaHO 3HAUYEHHE BEJIMYMHBI CKOPOCTH
BO3/lyIIHOTO TOTOKa B PEKUME €CTECTBEHHOW (uibTpauuu. JlaHa oLeHKa TpaJueHTa AaBICHUS
BO3IIyIIHOTO TOTOKA. [TokazaHa HeoOXOAMMOCTh OTBOJa OOEMHEHHOW Ta30BOM CMecCH 3a (PpPOHT
ropeHus Uil OecnpensiTCTBEHHOTO MOABOJA BO3AyXa B 30HY peakUuu. ITO JOCTUrajloch
OXJIAKIACHUEM MPOAYKTOB pEaKUMU IpU TEIUIOOOMEHE € OKpYyXKarolled cpeaoi, repMeTu3anueit
MOJy3aMKHYTOro 00b&Ma 3a (POHTOM TOpEHUs, YBEJIMYEHHEM CBOOOJHOro o0bEMa 3a 30HOMU
TOpPEeHUsl Uil OTTOKa OOEJHEHHOW ra30BOH CMECH M pacTBOPEHHMEM ra3o00pa3HbIX NpuMmeced B
KOHJICHCUPOBaHHbIX MNOJYNPOAYKTax peakuuu. HapylneHune naHHBIX YCIOBHH NEPEBOIUIO
HEOJHOPOIHBIN (PPOHTAJIBHBINA PEXKUM B SUEUCTBII PEXKHUM TOPEHHs WIM TPUBOAMIO K IOTYXaHHUIO B
YCIIOBUSIX OTPAaHUYEHHOTI0 110/1BOJIa AKTUBHOTO I'a3a.

Ilpn ropeHun OTKpPHITOH MOBEPXHOCTH TOPU30HTAIBHOIO IUIOCKOIO CJIOs IIOpPOIIKA TUTAHA Ha
BO3/lyX€ 30HAa pearupoBaHUs MOXeT mpuoOperaTh OU-(PPOHTANIBHYIO CTPYKTYpy B BHUJE
pacrpocTpaHeHusi JBYX IOCIEI0BaTeNbHBIX (POHTOB TOpPEHMs, pa3AeaEHHBIX BOCXOSIIUM

KOHBCKTHUBHBIM I'a30BbIM IIOTOKOM.

BOCXOAINHA
IaporasoBbIiA
IOTOK

BO3IyX ” 3
ay e N - BO3IVX

5 —_— Il dponT e I 2 ponT (

[lpy u3MeHeHMM YCIOBUH TemIooOMEeHa pealn30BaHbl PEKUMbI OTPbIBA M CIUSHUS (DPOHTOB
ropeHusi OuPPOHTANBHON CTPYKTYPBHI.

[pu nedummre ra3000pa3HOTO OKUCIUTENS CIYTHBIN Ta30BbIi IOTOK OKA3bIBAaeT CTAOMIM3UpYIOIIEe
BJIMSTHUE Ha YCTOHYMBOCTH OJHOPOXHOTO ()poHTa TopeHus. [Ipy BCTpeuHOM TOKE pearupyromero
rasa, HEJOCTaTOYHOM ISl 3aBEpIUCHUS HK30TEPMMUYECKONW pEaKIMM, BO3HUKAET HEOIHOPOIHBIH
(GpOHT MK siuercTasi CTpyKTypa FOpeHuUs BBICOKO aKTUBHUpOBaHHOM cuctemsl (Ti + Bo3ayx).

Paboma evinonnena npu noooepocxke PODHU (npoexmur Nel0-03-01167a u 10-03-00316a).
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BJIUSAHUE TUIIA UICXOJHOI'O HUKEJISA U MEXAHUYECKOM
OBPABOTKH EI'O CMECH C AIIOMUHHUEM HA ITAPAMETPBI
CHUHTE3A AJIIOMUHU/IA HUKEJIA

H.A. Kouetos*, C.I'. Baguenko

HMCMAH, Yepnoronoska, MockoBckast 001., 142432 Poccust

*kolyan kochetov@mail.ru

B nannoii paGoTe uccienoBagach CTPYKTypa M AUCIEPCHOCTh yacTHIl cMeced Ni+Al 1o u mocne
MeXaHu4yecKoi o0paboTkH B miaHeTapHoi MenbHue AI'O-2 B 3aBUCMMOCTH OT THIAa HUKEJS B 3TUX
cMmecsX. Bbl1o Mcnonab30BaHO ABa TUIA MOPOLIKOB HUKENS — 3JeKTponutndeckuil Mapku [THD-1 u
kapoonwibHblii [THK, mapku YT-3. Mexanudeckas oOpaOoTka cocTosia M3 JAByX d3TamoB: | —
MeXaHWYecKasl aKTHBallMs B TeUeHUE 5 MUH B aTMocdepe aproHa, 2 — MmexaHudeckas oOpaboTka ¢
BOJOW B Te4YeHHE 3-X MHUHYT — JUCHEPrUpOBaHHME AKTUBUPOBAHHBIX cMeceid. M3 monmydeHHBIX
cMmeceil (MCXONIHBIX, AKTHBUPOBAHHBIX W JUCIEPTUPOBAHHBIX) MPECCOBAIM LWIMHAPUYECKHE
00pa3iipl, Ha KOTOPBIX HM3MEPSIIH CKOPOCTh U TEMIEPATypy TOPEHUSI.

[locne MexaHMUYeCKOl aKTHBAaLMKM M3 MCXOJHBIX YacTHLl 00pa3yroTcsi KOMIIO3UTHBIE YaCTHIIbI,
COCTOSIIIIME W3 CIIOEB MCXOAHBIX KOMIIOHEHTOB M 3HAUYMTENbHO IMPEBBILIAIOIIME HUX IO pa3Mepy.
Pacrnipenenenue yactui no pasMepam JJis pa3iNuHbIX TUIIOB HUKENS OTJINYAJIOCh, CPEAHHUIN pa3Mep
KOMIIO3UTHBIX 4YacTull, mnojiydeHHbIXx u3 Hukens [IHK, Obu1 Oosble, yem pasmep dacTuil,
MOJyYEHHBIX U3 JIEKTPOIUTUYECKOTO HHUKENA. ITO MOXHO OOBSICHUTH 00Jiee BBICOKOW UMCTOTOM
KapOOHWJIBHOTO HHKENs M, COOTBETCTBEHHO, JIy4YIlEd CBapUBaeMOCTbIO YacCTHI[ B IIpolecce
aktuBauuu. [locne nucneprupoBaHusi KOMIIO3UTHBIE YACTULIBI PacciauBaloTCs, 00pa3ys eIk U
JUls 000MX THUIIOB HUKENs MX pa3Mepbl NMpUMepHO oiuHakoBbl. HaOnromaemass temmnepatypa u
CKOpPOCTb TOpeHHs [l 000MX THIIOB HHUKEJS MOCe aKTHBALMK 3HAYMTEIbHO BO3PACTAIOT, a MOCe
nucrnieprupoBanusi yObiBaloT. B Toke Bpemsi abCONIOTHBIE 3HAYEHUsS] TEMIEpAaTyp U CKOpocTei

rOpCHHs BbILIC OJIA CMeCCI\/'I, COACPpIKAIINUX Kap6OHI/IHBHBII>’I HUKCECJIb.

Paboma noooeporcana Poccutickum ¢poHoom gpyHoameHmanbHvix ucciedo8anull
(npoexm Nel0-03-00217-a).

79
Go to Contents



HECTAIIMOHAPHBIE PEXKXUMBI 'OPEHUSA I'ETEPOI'EHHBIX CPEJl C
YYETOM CJIYYAVHOI'O PACHPEJEJEHUS YACTHUIL 11O PASMEPAM

[1.M. Kpumennk*, C.A. Poraues, K.I'. H_[Ka,Z[PIHCKPlﬁl

HHCTUTYT CTpYKTYpHOW MakpOKHMHETHKH U Tipobiiem marepuanosenenns PAH, YepHoronoska, MockoBckas o6nacTs,
INHcTuTyT npodnem xumuueckot pusrku PAH, UepHoronoBka, MockoBckast 00J1acThb
petr@ism.ac.ru

['OMOreHHOCTh HMCXOJHOM TOpIOYEd CMECH SBISETCS OJHUM W3 OCHOBHBIX MPEANOJIOKEHUN
KJIAaCCUYECKOM Teopuu ropenusi. PeanbHble cMecH He SIBISIOTCS YHOPSA0YEHHBIMH CUCTEMaMU, OHU
UMEKT CHUJIBHO BBIPRXKEHHYK BHYTPEHHIOI HEOJHOPOJHOCTh, OOYCIOBIEHHYIO pa3IMdUueM
pasmepoB uactuil u Qopmbel. CrenoBaTeiabHO, CMECh JOKHA XapaKTepU30BaThCS CIIEKTPOM
MaciiTaboB  TE€TEPOreHHOCTH, OTPAXKAIOMIMX MX CTPYKTYPHYIO  HEyNOpsSAOYeHHOCTb. B
npezcTaBieHHON paboTe uccaenyercss (POHT TOpPEeHUs B JUCKPETHON T'eTepOreHHON CHUCTEMBI B
NPEINOIOKEHUN CIYyYallHOIO  pacHpeleNeHusl 4YacThll cMecH Mo pasMepaM. [Ipemnoxena
HECTallMOHAapHasi MaTeMaTHyecKash MOJeNb TEIJIOBOI0 PacHpOoCTpaHEHHs IUIAMEHHM B CIOUCTOM
reTepOreHHOM CUCTEME B MPEIINOJOKEHUH, YTO pa3Mephl CIOEB pacHpeesieHbl Mo ciaydailHOMY
3akony. [lpoBeaeH aHanmu3 “AUCKPETHBIX” BOJHOBBIX CTPYKTYp, M HM3yY€Hbl 3aKOHOMEPHOCTH
BOJIHOBOTO PAcCHpOCTpaHEHHs B MOJUAMCIIEPCHBIX MHOTOCIONHBIX cucTemax. [lokazano, uTo ¢
YBEJMYEHUEM JIUCIIEPCUM pacIpe/iesieHus BO3MOXHA MepecTpoiika KBa3MTOMOTEHHOTO peXHUMa
TOpeHss B  HEYNOPSAOYECHHBIM dScTadeTHBI, KOrJa YacTh CJIOEB  MpeBpamiaeTcs B
cBepxaanabaTuueckux pexkumax. [loiydeHbl KpUTepuU CyIIECTBOBAHMS KBAa3UTOMOT€HHOTO H
3CTaQeTHOTO peKMMa TOpeHHs B 3aBUCHMMOCTH OT CIy4ailHOro 3akoHa pacrpeieseHHsl pa3MepoB
CJIOEB.

HccnenoBana HectanMoHapHas AWHAMHKA (QpoHTa “AUCKPETHOTO” pacmpocTpaHeHUs (poHTa
ropeHuss B oOjacTu mnapameTpoB Terio-auddy3rnoHHoi HeyctodunBocTH. [loka3zaHo, 4to ¢
YBEJIMYECHUEM JIMCIIEPCUU pacIpe/iesIeHUs] HECOIJIaCOBAaHHOCTh COOCTBEHHBIX UM BbIHYXKJIEHHBIX
MPUBOJIUT K Pa3pyLICHUIO KBA3UTOMOT€HHOTO HEY CTOMYMBOTO TOPEHHUS.

Jna  ananu3a  BAUSIHUSL CTPYKTYPHOM  HEOIHOPOJHOCTH HAa PEXKHUMBI  3K30TEPMHUYECKOTO
MpeBpallleHUs] TeTEPOreHHBIX CHUCTEM IMpeJioKeHa JABYMEpHash HecTallMOHapHas MaTemMaTuyecKas
Mozaenb. MccnenoBaHa AMHAMUKAa TOpPEHUS  MOJUIUCIEPCHOM  CMECH, YUYMThIBArOUIasiCs
HEU30TEPMHUYHOCTh YACTHIl U TETUIOBOE B3aUMOJICHCTBUS MEXIYy XUMUYECKH aKTUBHOW W MHEPTHOM
KOMIIOHEHTaMH. B 3aBHCHMOCTHM OT IUCHEpPCHMHM paclpelesieHUs] Y4acTHl] M0 pa3MepaMm IOoKa3aHa
BO3MOXKHOCTh (OPMUPOBAHUS OUPPOHTAIBLHOU CTPYKTYphl (POHTA B TETEPOTCHHON CMECH.
[loka3aHo, 4YTO B TMEPEXOJHOW TMapaMeTpUUYECKOM 00JIacTU MEJIKOJMCIIEPCHbIE YaCTHUIIbI

IpeBpalIar0TCs B y3KOI>i 30HC B KBa3UI'OMOI'CHHOM PEIKHUME, KPYITHO-AUCIICPCHBIC MMPEBPALIAOTCA B
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HIMPOKOM 30He B d3cTageTHOM pexuMme. BpicokoremmnepaTypHble o4ard 00€cHeYMBaoOT
3HAYUTEIIbHBIN TEIUIOBOM MOTOK KAaK B BEAYLIYIO y3KYIO 30HY, TaK U B 30HYy IIPOAYKTOB. Ha pucynke
NPEJCTaBIEHO MPOCTPAHCTBEHHOE pachpe/iesieHHe TeMIepaTrypbl NPy TOPEeHUH MOJUIMUCIEPCHOM
cMecd. BumHo, 4TO TmoOCIe CropaHusi KpPYMHOAMCIIEPCHOW (paKiMyU MPOUCXOAMT BBIXOA Ha
pPaBHOBECHYIO Temneparypy ropeHus. C yBeIMYEHHEM AMCIIEPCUM PACHpPEICIICHUS U3MEHSETCA
CTpYKTypa ()pOHTA: KOJMYECTBO BBICOKOTEMIIEPATYPHBIX OYAaroB M HIMPUHA 30HBI MPEBPALICHUS
CMecH yBelW4YMBaeTca. Macca XMMUYECKM aKTUBHOM KOMIIOHEHTHI MpeBpallarouiascs B BeayUleH
30H€ YMEHBUIAETCS, TEIJIOBOM IOTOK W3 BBICOKOTEMIIEPATYPHBIX OYaroB B y3KYIO 30HY pacTer,
CKOpPOCTh (hpOHTaA MEHsIeTCsl He3HauuTeNbHO. VccnenoBana AMHaMUKa pa3BUTHS IPOCTPAHCTBEHHO-
HEYCTOMUYMBBIX PEXKHMMOB TOPEHUs] B 3aBUCUMOCTH OT JUCIEPCUM CIIy4aHOTO pachpeaeaeHus
yactull. [loka3aHo, 4TO cBepxaaMabdaTHYECKU XapakTep MpPeBpalleHUsl KpPYMHOAMCIEPCHOMN
KOMIIOHEHTHI OKa3bIBAET CYIIIECTBEHHOE BIMSIHHUE Ha YCTOWYMBOCTh TUCKPETHOU BOJHBI ropeHus. C
yBEeIUUYEHHEM THUCIIEPCUU pacmpeseseHuss (GopMHUpYyeTcsl ABYXCTaIWNHBIN (POHT, CBS3aHHBIA C

PA3JINIHBIM XapaKTCPOM MPECBPALICHUA XUMHUYICCKA aKTHBHOM KOMITOHEHTEI.

s
=

e
ST

AHaIUTUYECKUMH U YUCICHHBIMU METO/IaMU U3yUEHO pacnpoCTpaHEeHUeE JABYXCTaJUIHHOro (GpoHTa B
NPEANONIOKEHUH CUJIBHOW 3aBUCHMMOCTH (YHKLUHMHM TEIUIOBBLAEICHUS OT TeMIepaTypbl Belylle
CTaJvY, W JINHEHHON 3aBHCUMOCTH OT TEMIIEpaTypbl BTOPOM cTaauu. MccinenoBaHbl BO3MOXKHBIE
BOJIHOBBIE CTPYKTYpPbl JBYXCTQIUIHHOW BOJHBI, IIOJy4EHO BBIPAKEHHE CKOPOCTH TOpEHU,
TEMIEepaTypsl B 30HE pEaklUU U €€ MPOCTPAaHCTBEHHOE paclpejeneHue. MetogaMu BO3MYILEHHM
olpejiesieHa TpaHuLa ycToHunMBocTH (poHTa. ITokasaHo, YTO ¢ yMEHBLIEHHEM IIUPHUHBI 30HBI
rOpeHHsi BTOPOM CTaJluu BO3MOXKHA cTabuin3auus GppoHTta. Eciau moTok Temia B BeIyIlIyO CTaJHIO

He,Z[OCTaTO‘IHBIf/'I, COXPAHACTCA HGYCTOﬁqHBBIﬁ PEIKUM I'OPCHHUA.
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SHS-PRODUCED MATERIALS IN THE TECHNOLOGY
OF ELECTROSPARK ALLOYING

E.A. Levashov, A.E. Kudryashov*, Yu.S. Pogozhev, E.I. Zamulaeva

Federal State Educational Institution of Higher Professional Education “National University of Science and Technology
MISiS”, Leninskii pr. 4, Moscow, 119049 Russia
*ackudr@rambler.ru

The classification of electrode materials produced by SHS technology is given along with the examples of their practical
implementation.

Conventional hard-alloy electrode materials such as WC—Co, TiC—WC—Co, and TiC-WC-TaC—Co
not always meet the requirements of electrospark (ES) alloying in view of their high erosion
resistance, poor mass transfer, low hardness of deposited coatings, low heat/corrosion resistance of
WC, and large friction coefficient of coatings. A novel route to fabrication of electrodes for ES
alloying was offered by SHS technology [1, 2].

SHS-produced electrode materials can be subdivided into the following three groups.

(1) STIM group materials: STIM-20N (TiC—Ni), STIM-3B (TiC—Cr;C>—Ni), STIM-3V (TiC—Cr;Co—
Fe); (2) materials dispersion-strengthened with fine particles of refractory metals and compounds:
STIM-3BOKn (TiC—Cr;C-Ni—Zr0,""), STIM-3VU (TiC-Cr;C>-Fe-5% FD fine diamond
powder); and (3) pressed or sintered SHS mixtures for Thermoreactive Electrospark Surface
Strengthening (TRESS) processes.

Group (1) also involves dispersion-strengthened TiC-based ceramics with the effect of simultaneous
dispersion-strengthening of carbide grains and metal binder due to concentration-induced
delamination of oversaturated solid solutions and concomitant segregation of nanosized redundant
phases both in the carbide grains [such as Me'C(Me") phases] and in the metal binder (e.g. y'-
phases). A role of matrix in these materials is played by (Ti,Nb)C, (Ti,Zr)C or (Ti,Ta)C. To improve
the quality of deposited coatings, SHS-produced electrode materials contain a specially added Ni—
Co—Al-Cr, Ni—Al or Ni binder in amounts of 10-60%. Group (1) also contains some heat-resistant
Co- and N-based alloys (KhTN-61, SDP-6, ZhS6U) produced by SHS casting and the so-called
MAX phases (Cr2AlIC, TipsCr;sAIC). The coatings of the above materials exhibit low friction
coefficients.

Group (2) also involves materials doped with powdered minerals such as TiC-Ni—-Mo—(0.5-5.0)%

CaBJ[SiO4](OH) (datolite). Introduction of datolite lowered the erosion resistance of electrodes.
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To date, SHS-produced electrode materials - 70% (xTaCygs + TiC)-Kh18NOT (x = 0-60%), TiC—
20% Ni (STIM-2/20N), TiC—30%Ni (STIM-2/30N), TiC—40% NiAl, TiC—40% (NiAI-NisAl), TiC—
40% NiAIMo, TiC-TiNi, TiC—Cr;C,-Ni (STIM-3B), TiC—Cr;C,—Fe (STIM-3V), and TiB-Ti
(STIM-4) - are being widely used to strengthen various instruments and machine parts.

However, the technology of ES alloying [3] with SHS-produced electrodes turned out most effective
when applied to strengthening expensive large-sized items. ES processing with SHS-produced
electrodes was used on a pilot scale to strengthen dyes for hot pressing as well as for hacking,
forming, stretching, and bending works. The use of energy-intensive ES alloying afforded not only
to strengthen forming rolls but also to recover their size after regrinding.

ES alloying was also used to strengthen the surface of intake/exhaust valves and Ti floating links in
gas engines, railroad machine parts, moulds for brick production, and parts of air conditioners in
airplanes. Elaborated processes are being widely used in strengthening taps, broach tools, drilling

tools, and milling cutters.

This work was supported by Program on the Development of Research Potential of Higher School in
2009-2011 (project no. 2.1.2/13893).
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SHS MATERIALS OPEN THE DOOR TO NEW ACHIEVEMENTS
IN SURFACE ENGINEERING

E.A. Levashov

"National University of Science and Technology, Moscow, Leninsky pr. 4, 119049, Russia
* levashov(@shs.misis.ru

Recent progress on synthesis of composite targets for PVD and PLD (pulsed laser deposition) are
presented. Problem of multicomponent (Ti,Cr)~(AlSi,Cr,Y)~(C,B,N) coatings deposition
stimulated studies on SHS of composite targets with different metal/nonmetal ratios in Ti—Al-Si—
C—N, Ti—Cr-Si—-C—N, Cr-Ti-Al-C, Ti—-Cr-B, Ti-Ta—C, and Cr—B—AI-Si systems. Multicomponent
nc-coatings (Ti,Cr)~(ALSi,Cr)-(C,B,N) deposited by ion implantation assisted magnetron
sputtering technology were found to be much better on the combination of physical mechanical,
tribological properties and heat resistance as to compare well known analogs. Deposition of nc-
coatings (Ti,Cr)-Al-«(C,N) using SHS targets based on Cr,Ti, ;AlIC was carried out. Film
compositions which have a dense and defect free structure consist of cubic (Cr,Ti)(C,N), A-AIN,
cubic (Ti,Al)(C,N) nanocrystals, and amorphous phase. Coatings are characterized by high hardness
3045 GPa; high wear resistance; friction coefficient less than 0.17; thermal stability up to 1200°C
in vacuum and high oxidation resistance in air. Low oxidation layer thickness 200-500 nm at
1000°C was accompanied by a loss of nitrogen and diffusion of Al to the surface of coating
resulting in the formation of a layered barrier structure consisting of Cr,Os, Al,O3, Cr;C; and
AIN,O, sublayers from the top to deep of the coatings.

SYS electrodes are successfully used also in pulsed electrospark deposition (PED) and chemical
reaction assisted PED (CRAPED). Two groups of electrodes were studied: (1) dispersion-hardening
ceramics (DHC) based on Ti—xC, Ti-Me—xC (Me = Nb, Zr, Ta); (2) dispersion-strengthened
ceramics with modified structure produced using focused alloying by nanosized refractory
compound which are modificators affected to the process of melt containing structure formation and

lock the recrystallization. Coatings thickness (more than 50 pm) at density till 100%, lower

roughness (less than 0.1 um) were achieved due to high energy expended to erosion of

nanostructured anode at high frequency and relatively lower pulse discharge energy.
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ELECTROPHYSICAL PHENOMENA IN SHS

Yu.M. Maksimov*, A.I. Kirdyashkin

*maks@fisman.tomsk.ru

Non-thermal effects of the gas plasma generation, radiation, and electrical polarization were
analyzed for the Ni-Al, Ti-B, Zr—B, Ti—C, Ti—O,, etc. SHS systems.

Gas plasma. Based on the electroprobe and spectrometer measurements, gas plasma of SHS is
shown to be generated due to emission of free electrons and ions from a surface of condensed
phases. The peculiarities are the high degree of ionization (up to 10%) and electronic temperature
(up to 80000), the presence "hot" electrons with the energy more than 100 eV and ions with the
second degree of ionization (Ti*, Zr*").

Electromagnetic radiation. Using the radiometric and spectrometric methods, it is found out that
besides a thermal spectrum, the reaction zone of SHS releases radiation in the radio-frequency (8—88
mm), ultraviolet (200400 nm), and soft X-ray (0.1-0.3 nm) ranges. Radiation can be explained by
the damping effect of "hot" electrons and radiative energy jumps of gas plasma.

Acoustic emission. The generation of acoustic oscillations in condensed phases of the Ni—Al system
was observed with narrow bands near 900 kHz and 1800 kHz.

Electric polarization. During combustion and thermal explosion observed was the generation of
pulsed EMF with an amplitude of 1-2 V and a duration of 10°~10"" s. Pulse duration is close to the
characteristic time of reaction on a spatial scale of particles size to that of a sample. Electric
polarization is the combined occurrence of gas plasma transport along with galvanic and thermo-
EMF phenomena in condensed phases. In the Ni-Al wire system, the value of thermo-EMF (about
1.5 V) exceeds an equilibrium value by more than one order of magnitude.

The parameters of the phenomena under study indicate an essential deviation of reactionary systems
from THE heat balance even on a microscopic level. Emission of nonthermal high-energy quanta up
to 5 keV is a consequence of the local energy concentration and is caused, apparently, by collective
(multinuclear) effects of the system excitation during rapid processes of reaction and phase
transformations.

Electrophysical phenomena are shown to have direct and back coupling with SHS dynamics. In the

Ni—Al system, the catalytic effect of gas plasma was found to affect the reaction kinetics.

This work was supported by the Russian Foundation for Basic Research (project no. 11-03-00688a).
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CARBON COMBUSTION SYNTHESIS OF NANOSTRUCTURED COMPLEX
OXIDES: FUNDAMENTALS AND APPLICATIONS

K.S. Martirosyan

University of Texas at Brownsville, Department of Physics and Astronomy, 80 Fort Brown, Brownsville, TX, 78520 USA
“karen.martirosyan@utb.edu

The rapidly growing market demand for nanostructured materials calls for cost-effective and
environmentally friendly technologies for their large-scale production. The use of nanoparticles
offers many advantages due to their unique physical and chemical properties. This paper
summarises recent progress in understanding of the key behavioral features of a new, simple,
economical and energy-efficient synthesis of nanostructured complex oxides from inexpensive
reactant mixtures, referred to as Carbon Combustion Synthesis of Oxides (CCSO). In CCSO the
exothermic oxidation of carbon nanoparticles generates a steep thermal reaction wave that
propagates through the solid reactant mixture converting it to the desired complex oxide product.
Numerous advanced oxide ceramics such as ferroelectric, multiferroics, fuel cell component, battery
electrode material, hard/soft magnetic materials, environmental catalysts and others were produced
and characterised their physicochemical properties.

The CCSO [1-4] is a modified form of SHS [5] that maintains the advantages of SHS and
circumvents some of its disadvantages. Specifically, it enables a more economical synthesis of
complex oxides. A major difference between CCSO and SHS is the extensive emission of CO; in
CCSO that modifies the product structure and causes a loss of heat to the surrounding. A large CO,
emission provides a convective cooling mechanism trough the sample that significantly reduces
local temperature and prevents product partial melting. The product properties are usually superior
to those produced by other processes and at a lower price. The carbon used in CCSO is not
incorporated in the product and is emitted from the sample as CO,. A large gas emission provides a
convective cooling mechanism trough the sample that significantly reduces local temperature and
prevents product partial melting and particles growth. The CCSO does not require use of expensive
fuel reactants and complex equipment and can be scaled up for continuous mass production. The
product particle size can be controlled with increasing carbon content in the reactant mixture and
oxygen concentrations. An important characteristic for combustion reaction is their kinetic

parameters. We used DSC to determine the minimum temperature which caused a thermal reaction
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of the samples. Figure 1 shows a typical temporal temperature rise during synthesis of Ba-ferrite
(carbon concentration in mixture of 11 wt %) at various heating rates of 10, 15 and 20°C/min. We
estimated the apparent activation energy based of these data by using an isoconversion method. The
activation energy for CCSO reactions was estimated to be about 98 kJ/mol. This value is lower than
any similar E, value measured for carbon oxidation in earlier investigations by other equivalent
methods. The low E, value proves that probably catalytic properties of initial oxides decrease the

minimum energy of carbon oxidation.
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Fig. 1. (left) DSC patterns of BaCOs;—Fe,O3;—C mixture at different heating rates; (right) Arrhenius
plot for the exothermic peaks of the DSC curves.

Recent research breakthroughs in the integration of nanostructured particles into micro-electro-
mechanical systems (MEMs) for fabrication of inertial navigation and guidance devices, bio sensors,
laser correction systems, micro instruments and micromechanical resonators devices will be

highlighted.

Acknowledgments: We wish to acknowledge the financial support of this research by the National
Science Foundation, grant # 0933140.
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COMBUSTION OF ENERGETIC NANO-SYSTEMS: OVERVIEW

Alexander S. Mukasyan'* and Alexander S. Rogachev’

! University of Notre Dame, Notre Dame, Indiana, 465562

? National University of Science and Technology MISIS

3 Institute of Structural Macrokinetics and Problems of Material Science,

Russian Academy of Sciences, Chernogolovka, Moscow Region, Russian Federation

Several new classes of energetic systems with nano-level scale of heterogeneity and extremely high
reactivity have been recently discovered. Four classes of such reactive nano-systems: (i) mixtures of
metals and metal oxides nano-powders, i.e., nano-thermites; (ii) reactive sol-gels; (iii) nano-
composites, obtained by high energy ball milling of reactive powder mixtures; and (iv) multilayer
reactive nano-foils, are overviewed in this presentation . Scientific researches in each of these sub-
classes of combustible systems are performed almost independently, and cross references are rather
rare. However, comparison of specific features for combustion of such systems could be helpful in
fundamental understanding of the general trends and mechanisms of interaction in nano-structured
reactive media. The fundamental concept of so-called “Solid Flame”, proposed by Prof. A.G.
Merzhanov more than 40 years ago, is discussed in the light of recently obtained results on
combustion of different nano-scaled media. Such highly energetic systems are also promising
candidates for various applications including gas generators (nanothermites), synthesis of novel
catalysts (sol-gel systems), nanocrystalline materials with the pre-designed microstructures
(mechanically activated mixtures), and joining of microelectronic components and refractory
materials (multilayer reactive nano-foils). Various examples of mentioned applications are

discussed in this work.
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MEXAHMU3M CTPYKTYPOOBPA3OBAHUA JUCITEPCUOHHO-
TBEPJAEIOIIEI'O KEPAMHWYECKOI'O MATEPHUAJUIA
CUCTEMBDBI Ti-Zr-C

O.C. ManakoBa*, E.A. JleBamos, B.B. KypbaTkuna

HauunonanesHslii nccnenoarenbckuit Texnonornveckuii yausepeuter MUCuC, 119049, Mockga, JlenHuHckwuii nip. 4,
MockBa, Poccus
e-mail: manakova_ ol@mail.ru

B Hactosmee Bpemsi ¢ 0co00if MHTEHCUBHOCTBIO BelyTcs pabOThl MO CO3/IaHUIO U MPUMEHEHHIO
KepaMHUYeCKUX MaTepualioB, MPUIOJHBIX K OSKCIUTyaTalldd MpU BO3ACHCTBUM OJHOBPEMEHHO
BBICOKUX TeMIepaTyp, MeXaHWYeCKHMX Harpy3oK, KOppO3MOHHBIX cped. OpaHako mnpoOiema
XPYIKOCTH KEPAMUKH JI0 CUX TOP SIBJSIETCS TJIaBHBIM MPEMSITCTBUEM €€ UCIOIb30BaHUSI B KaUueCTBE
KOHCTPYKIIMOHHOTO MaTepHaa.

Martepuansl cuctembl Ti—Zr—C, mosiy4eHHbIe M0 TexHojoruu cuiaoBoro CBC-koMmakTupoBaHus,
00J1a1a10T BBICOKOM TBEPAOCTBI0, U3HOCOCTOMKOCTBIO, %KapO- U KOPPO3MOHHON CTOMKOCTBIO. B TOXKE
BpeMsl HAJIMYME OCTaTOYHOM MOPUCTOCTU Ha ypoBHE 11-16% M BbICOKast XpyNKOCTb OrPaHUYMBAET
NpUMEHEHHe JaHHOW KepaMHUKM B KayecTBe KOHCTPYKIMOHHOTO MaTrepuaia. YBEJIUYUTh
OTHOCHUTEJIbHYIO TUIOTHOCTb M MPOYHOCTh CHUHTE3MPOBAHHOTO MaTepuaia MOXHO J100aBlieHHEM
METAJUTMYECKOM CBA3KH.

B nanno#i pabore paccmorpeHbl Marepuanbl cucteMbl Ti—Zr—C ¢ MeTauIMyecKod CBS3KOM Ha
ocHoBe Ni, mojy4eHHble M0 TexHooruu cuiioBoro CBC- koMnakTUpOBaHUSL.

[Io panHbIM MeTauTOrpa)MYecKoro aHaau3a CTpPyKTypa cmiaBoB ¢ 20% CBSI3KM  SIBISETCS
MHOTO()a3HON U COCTOUT U3 3ePEeH MOIU3APUIEcKoi (hOpMbI TBEPAOTO PAacTBOpa HA OCHOBE KapOuaa
tuTaHa pazmepoMm 0.6-2.4 MKM, MEXJy KOTOPBIMU pacriojiaraercsi CBsI3Ka, MPOCIOWKH KOTOpPOM
umeroT tomuby ot 0.2 1o 2 MkM. [locie TepMooOpabOTKH CTPYKTypa CIUIABOB XapaKTEepU3yeTCs
6osiee OKpYIJIBIMM 3epHamMu cliokHoro kapounaa (Ti,Zr),C, pazmepom 1.0—4.5 MKM B OKpyXeHHU
CBSI3KM TOJIIMHON OKOJIO 1 MKM. PEHTreHOCTpYKTYpHBI aHalu3 MoKa3ajd, YTO OCHOBHOM ¢a3zoi
SBJISIETCS] TBEP/IbIA pPacTBOp HecTexruomeTpuueckoro asoiHoro kapouna (Ti,Zr)C. Beenenue cBsizku
MO3BOJIMJIO CHU3UTH MOPUCTOCTh 10 1%, MOBBICUTH TBEPAOCTh B 2 pa3a IO CPABHEHUIO C
MaTepHuasioM 06e3 CBA3KM U 3HAYUTENIbHO YJIYUIIUTh NPOYHOCTHBIE XapaKTEPUCTUKH.

PazpabGoTanHblii AUCTIEpCHOHHO-TBEPACIONINN KEpaMHUUECKH MaTepuasl ObLT PeKOMEHIIOBaH s
NPUMEHEHUs] B KAuyecTBE JJIEKTPOJIOB Ui HaHECEHUs] MHOTO(YHKIMOHAIBHBIX MOKPBITHNA Ha

TUTAHOBLIC CIIJIaBBI I10 TEXHOJOI'UH IJICKTPOUCKPOBOT'O JICTHUPOBAHUA.
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CIIUPAJIBHBIE BUXPU KAK ITPEAJIIECTBEHHUKH U ITPU3HAK
BO3HUKHOBEHUS ®UHT'EPHOM HEYCTOMYUBOCTHU B XOJE CCSO

A.A. Mapxos', . A. ®ummonor”, K.C. Maptupocsis’

'HucturyT npobnem mexanuku PAH, np. Bepuazckoro 101, Mocksa, 119526 Poccusi a_a_markov@yahoo.com
*UHCTHTYT CTPYKTYpHO MakpokuHetnkn PAH, UepHoromnoska 142432 Poccus, i_a_filimonoff@mail.ru

3 Texas University at Brownsville, Department of Physics and Astronomy, 80 Fort Brown, Brownsville, TX, 78520
USA, Karen.Martirosyan@utb.edu

YucneHHble pacyeThl, MPOBEJICHHbIE aBTOPaMU B LIMPOKOM JUaa3oHe MapaMeTpoB AJIs 3aJa4yd O
pacnpoctpanennn BoiHbI Carbon Combustion Synthesis of Oxides (CCSO) [1] moka3amu
BO3MOKHOCTh BO3HUKHOBEHMsI (MHrepHOW HeyctoiunBocTu BOo ¢poHTe CCSO mpu A0CTaTOuHO
CWJIBHOM HayajbHOM JMcOanaHce MEXIy TeMIlepaTypaMd BXOJla M BBIXOJAa HA pearupyrouiem
oOpasue. /leTanbHoe nccnenoBaHUE pa3BUTHUS 3TOM HEYCTOMYMBOCTH MO3BOJIMIIO ABTOPAM BBISICHUTD
ra3oJJMHaMHUYECKHEe OCOOEHHOCTH €€ pa3BUTHs HEycTOMuMBOCTH. OKa3anaoch, YTO BO3HUKHOBEHHIO
¢unrepos Ha pponre CCSO npexmecTByeT GOpMUpPOBaHHUE CHELM(PUUECKUX CIHPATBbHBIX BUXPEH,
TeMIepaTypa B KOTOPBIX OTJIMYAETCS OT TeMIepaTypbl MPOAYKTOB PEAKLMU. Y IOMSHYTbIE BUXPHU
SBIISIFOTCS MPEIIeCTBEHHUKAMKU BOSHUKHOBEHUS (PUHIEPHON HEYCTOWYHMBOCTU U MOTYT CIIY>KUTh €€
OTIUYUTENBHBIM Tpu3HAaKoM. Ha pnaHHOM »JTame wWcclaeloBaHU TMOMy4YeHHbIE pPe3yJIbTaThl
MO3BOJISIIOT  ABTOpaM  yTBEpXKJaTh, YTO Ha paHHeW craauu QopmHupoBaHUs (UHrepHOI
HeycroiunBoctH B Xxoae CCSO uumcna 3enpaoBuYa MPEBBILIAIOT KPUTUYECKYHO BEIMUYUHY JUIS
BO3HUKHOBEHHS TEIUIOBOM HEYCTOMYMBOCTH M COCTaBISIOT BENWYUHY, paBHyro 6—7. [loatomy
CHauaja BO3HHMKaeT ciabas CIIMHOBAsi HEYCTOMYMBOCTD C XapaKTepPHBIM BUXPEBBIM JIBUKEHUEM raza
U TeMIlepaTypoid B ToOJOBe CIHMHA, KOTOpas YK€ BIIOCIEACTBUU IepepacTaeT B (PUHIEPHYIO
HeyctoruuBocTh CCSO. Ilo oreHkam, BBITIOJIHEHHBIM B X0Ji€¢ paOOThI, BOZHUKAIONIUI CITMHOBBIN
PEXKUM PACIIPOCTPAHEHUS] MOKET CIY>KUTh MPEAIIECTBEHHUKOM U MPU3HAKOM pa3BUTUSI GUHTEPHOMN

HeycTroiunBocTH Bo pponte CCSO.
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[1] A.A. Markov, I.A. Filimonov, K.S. Martirosyan6 Thermal reaction wave simulation using micro- and
macro scale interaction model, In: Computational Fluid Dynamics 2010, ed. A. Kuzmin, Springer,
2011, pp. 929-936.
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Ob YCJIOBUSAX PAZBUTUA ABTOKATAJIMTUYECKHUX
PEAKIIMM 3A)KUTAHUS TEPXJIOPATA AMMOHUS

A.B.Muxaiiio

Tynbsckuii rocy1apcTBeHHBIN yHUBepcuTeT, Tyna, np.Jlenuna, 92, 300600, Poccus.
mikh74@rambler.ru

N3BectHo [1,2], YTO OCHOBHBIM, O OOBEMHOMY COAEPNKAHHUIO JMCIEPCHBIM KOMIIOHEHTOM
BBICOKODHEPTeTUYECKUX TBepAbIX pakeTHbIX TormuB (TPT) sBnsieTcss KOHACHCUPOBAHHBIM
okucautenb. B kadecTBe mocienHero, B coBpeMeHHbIX cocTaBax TPT Haubosnee wmupoko
ucnons3yercs mnepxyopar ammoHus (I[1XA) NH4ClO4, crocoOHBIE NpU  SK30TEPMHUUYECKOM
pas3inoxeHnu (TOpeHrur) 0CBOOOKAATh MOJIEKYJIbI Kuciopoaa [1]. DxcnepumentansHo, [1.5/kob6com u
[".Ilupconom [1] ycranoBieno, 4to uucThii [IXA (06e3 roproye-cBA3yIOlEH MAaTPUIBI U
JIOTIOJIHUTENIbHBIX ~ KaTalu3aTOpOB TOpeHWs) — JUCIEePCHOE MOHOTOIUIMBO, CHOCOOEH K
CaMOTIOIJICPXKUBAIOIIEMYCSl TOpPeHHI0 [3], peanu3ys MeXaHW3M Ta3u(QUKAIMH W TEIUIOBOTO
BOCTJIAMEHEHHUS TIOTPAHUYHOTO CJIOSI, a TAK)KE K YCTOWYMBOM JCTOHAIIMU, HHUITMUPYEMOH yIapoM —
CKOPOCTh JICTOHAIIMOHHOW BOJIHBI B MoOHOTomuBe [IXA cocraBnser 3400 m/c, u30ObITOUHOE
JaBJIeHHE Ha BOJTHOBOM (hponte 5,64 I'Tla [1].

Takoke SKCIepUMEHTANIBHO YCTAaHOBIIEHO, YTO Mpoliecc ropeHus MoHoTornBa [1XA He pa3BuBaeT
TpeOyeMble JHEPreTUUECKHUE XapaKTePUCTUKH WLITAaTHBIX PAKETHBIX TOIUIMB — aanabaTUYecKylo
temnepatypy Tr u ckopocTh ropenust U;, KUCIOpOAHBIN OajlaHC NPOAYKTOB cropanus K, ynenbHblit
UMILyJbC Iy, ¥ Ip., ¥ HE IPUMEHAETC B KaUeCTBE OCHOBHOIO cHapshkeHHs coBpeMeHHbIX PIITT. B
Tabnuie 1 mpencTaBieHbl OCHOBHBIE 3HAYCHUs JHEPTETUYECKHX XapaKTePUCTUK MOHOTOILIMBA
[IXA wu aHanormyHblX XapakTtepucTHk cmecu [IXA + ruppokcuicoiep:kaiuid noaudyTaaueH

(HTPB) ipu naBnenuu ~7 Mlla [1,4].

Tabmura 1
Tonnuso Cocran T, K U, M/c K,% Iy, € M, r/monb
MOHOTOIITHBO XA 1400 ~ 0,01 34 157 27,9

Cwmech I[IXA+HTPB 3000 ~ 0,034 - 240 -

N3 ananuza Ta6J'lI/IIII)I 1 CJICAYCT, YTO BBCJACHUC B COCTaB MOJIMMECPHOI'O0 T'OpPrOYCro KOMIIOHCHTa

HTPB (0e3 nomnosHUTENbHBIX A00ABOK KaTaJn3aTOPOB FOPEHUS U HUTPAMUHOB), B 3HAUMTEJIbHON
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CTENEHN YBEIUYMUIIO TEMIIEPATypy U CKOPOCTh TOpeHUsi MOHOTOIIMBA Ha ocHOBE [IXA. [Ipu sToM,
yYBEJIIMYEHHE YIEIBHOIO uUMIyjdbca Ha 53% CTaBUT JaHHYK peuentypy B OOUH pAx C
COBpEMEHHBIMU  BbICOKOZHepretuueckumu ananoramu TPT, mpumensemsix B PATT. Otmernm
OJIHy BaXHYI0 OCOOCHHOCTb BOCIUIAMEHEHHs 3apsnoB AaHHoro Ttuma. M3pectHo [1-3], uyTo
MPEIBOCIIJIAMEHUTENIbHBIA  MPOTPEB  MOTPAaHUYHOTO Cjosg MoHoTorumBa [IXA Ha piagy c
pa3BUBaeMOil  OaJJTMCTUYECKOM  MOIIHOCTBIO,  COINPOBOXKIAETCS  BBICOKOAMIUIUTYIHBIMU
NEepeXOIHBIMU PHJO0- U IK30TEPMHUUYECKUMH MpolieccaMu — (a3oBbIMU Hepexonamu 1 u 2 pona, B
NOTPAaHUYHOM CJIO€, YTO HEe Habarojaercs MpU BOCIUIAMEHEHUM OJHOPOIHBIX, JBYXOCHOBHBIX
TOIJIUB — OaIUCTUTOB [1].

B Tabnune 2 npuBeneHbl KOHTPOJIbHBIE 3HaYeHUs Temneparypsl Ts v TernoBbIX 3¢ {eKkToB 3H10- U
IK30TEpPMUYECKHUX MpeoOpa3oBanuii Qs TBepaod ¢a3pl MoHoTOIUMBA [1,2], a Takke pacueTHbIE
3HAYeHUs! YACIbHOU TETIOEMKOCTH Cs [2] n aanabaTtuueckoil Temmnepatypsl ropenus Qs/cs [1,3] B

MEPUOJ IPEIBOCIUIAMEHUTENIBHOTO IIPOrpeBa.

Tabmuma 2
Ne Touku 1 2 3 4 5
Ts, K 300 520 603 720 725
Qs Jix/kr 882:10° 797-10° 912:10° 1220-10° 890-10°
cs, Juk/krK 1146 1335 1407 1507 1512
Qs/cs, K 769,6 597 648,1 809,6 588.,6

[Tpu sTOoM, B okpecTHOCTH 3HI0TepMudeckoro muka (Ts+ = 511-518 K) [1-3], ckaukom u3MeHseTcs
3HaYeHHEe SHEPruM akThBalMU Eg M MIOTHOCTb KOHJAEHCHUPOBAHHON (pa3bl MOHOTOILIMBA pPs, YTO
00BsICHSIETCS HAauaIbHBIM BBITOpaHUEM TBEpAOH (a3bl, N3BMEHEHUEM KPUCTAITUUECKON CTPYKTYPBI U
akTUBalMeil Oonee menneHHOW xumuyeckod peakuuu. Tak, mpu Ts< Ts+, mmoTHocTs ps = 1975
KI/M°, TIOC/IE  SHIOTEPMUYECKOTO MHKa, ps = 1711 Kr/M’. DHEprus akTHBALHMH SK30TEPMHUYECKOTO
paznoxenus Eg = 134 xJ[»/mMonb, ans sTana sHA0 TepMudeckoro pacnana, Es = 94,2 xJlx/mouns [ 1-
3]. PacueTHble 3HaueHUs HadalbHOM TemIiepaTypsl I1aMeHn MoHoToruBa [IXA cocrasmsaror 720-
750 K.

VYkazaHHasi HEOJTHOPOAHOCTh (DM3MKO-XUMHUYECKHUX XapaKTEpUCTUK MoHOToruBa [1XA, a Takxke
NPOSIBJICHHE HETMHEHHOCTEH (a30BBIX SHIO- U IK30TEPMHUUECKUX Tepexo1oB (Tabdauma 2) — 53,1%
no teroBbiM 3hdekram u 35,7% mno anmabathyeckol TemIepaType IUIaMEHH HeHn30eXHO

HPUBOJUT K CKAUKOOOpa3HbIM TeMIiepaTypHbIM Ts(t) U KOHIIEHTPAILMOHHBIM Mg(t) 3aBUCUMOCTAM, a
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TaK’ke HW3MEHEHUsIM xapaktepa rpaduka aupQy3HOHHOTO CIaraéMoro TEIUIONPOBOIHOCTH,
PETHCTPUPYIOLIETO MPOLIECC BOCIIAMEHEHUSL.
Ha pucynkax 1-3 mnpuBeneHbl JaHHble TpauyecKue 3aBUCHUMOCTH [yl HAyaJbHOIO CEYEHHUs

MOrpaHUdHOTO ciiost MoHoTomBa ITXA (x = 0): mpu Ts(0) = 300 K, q(0) = 660 kB1/m>.

— teMIieparypa, K
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B paccmarpuBaeMoil 3amade omnpezelieHUs YCIOBHM 3axuranus MoHortoruiBa [IXA, Ha nepBom
JTare, TPaJULMOHHO AHAIM3HUPYIOTCSl YMCIIEHHbIE pEIleHHs HEOJHOPOAHBIX IU(epeHIIHaTbHbIX
YpaBHEHUH TEIUIONPOBOAHOCTH (puc.l) M ypaBHEHHE XMMHUYECKON KMHETHKM JUIi KOHLIEHTpaluu
TBepIoi (a3l MOrpaHUYHOTO CIOS MOHOTOIUIMBA (pHUC.2) C y4eTOM HEOJHOPOTHOCTH (PU3UKO-
XUMUYEeCKHX xapakTepuctuk I[1XA, a Takke MNpPOSABICHUS CKAYKOOOPAa3HBIX HEJIMHEHHOCTEH
(ha30BBIX PH]I0- U PK30TEPMHUYECKHX MEepexo10B (Tadnuia 2).

Jns peuieHusl JaHHBIX YpaBHEHMH I1e1ecOO0pa3HO MCIOJIb30BaTh HESIBHYIO CXEMY MPOTOHKH
A.A.Camapckoro ¢ UTEpallMOHHON JIMHEapU3alue HCTOYHUKOBOIO ciaraeMoro [5,6].

OueBuaHO, YTO 00 YCIOBUSAX 3aKUTaHUsI MOHOTOIUIMBA BO3MOKHO CYJIUTH MO 3HAUYEHUSIM BEKTOpa
I} Qy3MOHHOTO TMOTOKA — CIO0XKHOM, TPEXKOMIIOHEHTHOM MPOW3BOIHONW B COCTaBE ypaBHEHHUS
TETIONIPOBOIHOCTH.

TN _y.vr=v2r,
Oox

< ag(x,Tg) -mg(x,Tg)-
Oox
B CYH_IHOCTI/I JOaHHas1 HpOI/I3BOI[H3.5[, 10 MAaTECMAaTHYCCKUM IIOHATHUAM MCXAaHUKHU CHHOIHHOﬁ CpeI[BI
MIPEJICTABIISACT CKAISIPHYIO JUBEPTEHIMIO TeMIepaTypONpPOBOAHOCTH €IWHUIIBI KOHIEHTPAIMK Ha
BEKTOPHBIM TeMIlepaTypHbId TpaaueHT. [lpemimaraeMbiM KpUTepueM 3aKUTaHUS MOHOTOIUIMBA

ABJIACTCA:

g aS(x,TS)-mS(x,TS)-@ <0.

ox ox

PaccMmoTpum 1 mpoaHanusupyem rpaduk 3aBUCUMOCTH JaHHOW MPOW3BOIHOW BO BpeMeHH (puc.3).
HauanbHoe ymeHblleHHe 1—2 CBsI3aHO C aJeKBaTHBIM CHIMKEHUEM IpaJueHTa Temmepatyp (puc.l).
B Touke 2 rpanueHT Temmeparypsl paBeH Hyo (puc.l), 9TO COMPOBOXKIAETCS BBICOKOW CKOPOCTHIO
BBITOpaHUS KOHIIEHTpaluu 0e3 KaKuxX-Tu00 CKauykooOpasHbIX HM3MEHeHWH (puc.2), 4To, B CBOIO
ouepeslb, MPUBOAUT K WM3MEHEHUIO HampasieHus AudQy3rnoHHOro BekTopa. [loTok TeroorBosaa
CTaHOBHTCS JIOTIOJIHUTEIbHBIM HCTOYHUKOM SHepruu!

Takum 00pa3zom, Touka 2 MOKa3bIBAET MEPHUOJ U TEMIIEPaTypy MEPBUYHOTO 3aKUTAHUS — Pa3BUTHUS
CaMOCTOSITEIbHBIX, AaBTOKATAJUTUYECKUX peaKklHi, CYIIECTBYIOLUIMX 3a CYET BHYTPEHHHX
IK30TEPMUYECKUX HCTOUHUKOB. Touku 4 u 5 (puc.3) COOTBETCTBYIOT 3aBEpIICHUIO MEPBUYHBIX
peakuuii M YacTMYHOMY BOCCTAHOBJICHHIO AU(D(PY3MOHHOTO TEIIO0TBOJA, YTO OOBSICHIETCA
Ype3BbIYAHO MeUICHHBIM JoropanueM (puc.2). [Ipu 3ToM, B Touke 6 HabIr0IaeTCs BTOPHUYHOE

3AKUTI'aHUEC C ACUMIITOTUYCCKUM YCTAHOBJIICHUEM PEIKUMA PCAKIIUN T'OPCHUA.
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Takum oOpaszom, paccmaTpuBaeMoe MOHOTOIUIMBO [IXA ¢ yueTom (a3oBbIX, PU3HKO-XUMHUECKUX
HEOJJTHOPOJHOCTEH, MpPHU BOCIUIAMEHEHHMU O0JIafaeT BBIPR)KEHHBIM OYaroM AaBTOKATaJIMTUYECKHX
peaKkuuii, COOTBETCTBYIOIIMM MOMEHTY BPEMEHHM CKauka TemmepaTypsl. llepuon BpeMeHu mexny
NEPBUYHBIM U BTOPUYHBIM 3a)KMraHueM cocTaBisger 27 Mc. lIMeHHO Ha JaHHOM MHTepBale
IIPOUCXOJUT BHYTPEHHEE IEPEPACIPENEICHUE JYHEPTUM, AHOMAIIBHBIA CPBIB TOPEHUs, IHUPOJIU3,
BCIIBIIIKA W T.II. B NPakTUYECKUX YCIIOBUAX Takas BPEMEHHas 3aJepKKa IPU BOCILUIAMEHEHHUU

MOHOTOIUIMBA MPUBENIET K BOSHUKHOBEHUIO HEYCTOWYMBOTO (KojaebaTenbHoro) ropenus [1].
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OITPEAEJIEHUE CKOPOCTHU KOHBEKTHUBHOI'O I'A3OOTBOJA ITPH
BOCINIAMEHEHHUHU I'ASUOPULIUPYIOLEI'O CJ10A
TOIIVIMBA C YYETOM BA3KOCTHU KOMIIOHEHTOB

A.B.Muxaiiios

Tynbsckuii rocylapcTBeHHBIN yHUBepcuTeT, Tyna, np.Jlennna, 92, 300600, Poccus.
mikh74@rambler.ru

Paccmotpum cuctemy HenuHelHbIx anreOpanyeckux ypaBHeHuil (CHAY) [1,2], onpenenstolryio
KpaeBble (Tra30JUHAMUYECKHE) YCIOBHS  COMPSIKEHHOTO  (U3UKO-XMMHUUYECKOrO  Mpolecca
rasuukanu — JUHaMHuYeckoro QopMupoBaHus 007acTH TJIAMEHHBIX peakUuid M TOpeHHus
0aJUIMCTUTHOTO TOIUIMBA, MOJIU(HUIMPOBAHHYI YYETOM JIMHAMHUYECKOW BS3KOCTH 00Opa3yeMbIX
ra3oo0pa3HbIX KOMIOHEHTOB. J[aHHBIA ydeT MpeacTaBiseT coOOil CIOXKHYI0 MaTeMaTHYEeCKYIO
orepalyio, CBI3aHHYI0 C PACCMOTPEHHEM OCEBOTO KOMIIOHEHTa TeH30pa BA3KUX HAINpPSHKEHUH B
ra3oBoi (asze, HCKIIOYAEMYyI0 B M3BECTHBIX MOJIEISAX, OCHOBAHHBIX Ha HW3BECTHOM IMOJXOJE
JI.D#nepa. Ilpu »TOM, OYEBHIIHO, YTO JAHHBIM y4YeT 3HAYUTENHHO KOPPEKTHPYET CKOPOCTh U
napameTphbl COCTOSIHUS Ta3a B OKPECTHOCTH razuduuupyromero tomiusa [1].

Marematnuecku, CHAY npencrasiser coboii cucreMy 0aaaHCOBBIX COOTHOLIEHUH, ONpeeIseMbIX
(yHIaMEHTaIbHBIMM 3aKOHAMH COXpPaHEHUS MacChl, HEPa3pbIBHOCTH MOTOKOB KOHIEHTpPALUii,
KOJIMYECTBa JBWKEHUs (MMITyJabca) M sHepruu [2]. Ilpuuem, Ui paccMaTpruBaeMbIX OOBEKTOB —
TBEP/bIX TOIUIMB C KOHBEKTUBHO-IM((Y3MOHHBIM TOPEHUEM MOTPAHUYHOTO CJI0sl, MHTEHCUBHBIMU
9K30TEPMUYECKUMHM  pEaKLMUsIMH, 3aKOHbl COXPAaHEHUS MacChl M DSHEPruu  CYLIECTBEHHO
YCIOXKHAIOTCA ~ COJIEpKaHUEM  CHEeUUM(PUYHBIX KUHETHMYECKHUX cjaraeMblx. YHCIEHHBIM U
aHaJIMTUYEeCKUM MeToJaM pemienuss CHAY nocssiiieH uenslil pa3en npukiaaHold MateMaTHKy [3].
M3 ynmoMsiHyTBIX 4eThIpeX YpaBHEHHMH, TOJIBKO J1BA SBIISIOTCS HEJIMHEWHO-3aBUCUMBIMH. Y paBHEHHE
COXPAHEHUs YHEPIHUH, B KJIACCHYECKOM BHJIE, HE 3aBUCUT OT MMITYJIbCAa M KOHLIEHTPALUH, BKIOYAET
YacTHbIE MPOU3BOJHBIE TEIUIOBBIX TOTOKOB CO CTOPOHBI pearupyrouleil TBepaod ¢a3pl U rasa.
OnpeneneHue TEIIOBOTO TPajJMe€HTa U 3HAYEHHs TeMIlepaTrypbl B clioe ra3oBoil ¢asel 0+Ax 1o
pacripeiefieHusIM TeMIepaTypbl M T'paJueHTy B Clio€ KOHAEHcHpoBaHHOU (a3pl 0—AX ¢ yyeToM
MOII[HOCTHU 3K30TE€PMUYECKUX UCTOUHHUKOB, HE BBI3bIBAET CYIIECTBEHHbIX 3aTpyJHEHUH [1].

[lpu 5TOM, Ba)XHO OTMETHUTh, YTO M OIpeJesieHHe camMoi (QyHKIMM TeMmIepaTypbl rasa, U
omnpeeieHre €€ TMEepBOM MPOU3BOAHONW MO KOOpAMHAaTe (JIMHEMHOTrO TpajgueHTa) SBISIOTCS

H€O6XOI[I/IMBIMI/I U JOCTAaTOYHBIMU [JII MOCTAHOBKU T'PAHUYHBIX YCHOBI/Iﬁ JJIAA Hapa6OHHqGCKOFO
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ypaBHEHHUs TEIUIONPOBOAHOCTH B ra3oBoi dase — nuddepenumanbHoit popMel 2-ro nopsaka. Takxke
HEOOXOJMMO OTMETHUTh BaXXHOCTb omnpezeneHuss GyHKIMHU ckopocTd Wg M KOHLEHTpaLUu cy Juis
Ka)JI0OT0 Y—KOMITIOHEHTa Pearupyromieil cMecH, a TakKe UX JIMHEWHBIX I'PaJMeHTOB Ui 3aMbIKaHUs
cucrembl 1udpepeHmanbHbIX ypaBHeHH B popme Hasbe-CTokca [4].

B pabote npenoxkena MoaupUIIMpOBaHHAs CHCTEMa HETMHEHHO-3aBUCUMBIX YpaBHEHUH — 3aKOHOB

COXPAaHCHUA MACChI U 3aKOHA COXPAaHCHUA UMITYJIbCa:

pgWe=C- 2Ry
y
: (h
2 4 6(/qug) R
N it - SA S N \
Pg Ve ™3 o Pgig M, P

Benem o6o03nauenus nepemenssix B (1): pg = Fi, Wg = F», npeobpasyem (1) k Buny:

F-F, =C
. @)
o(u,F
F-Ff —E-M:Fl .C3 - Cy.
3 Ox

13 BTOpOTO ypaBHEHHs CHCTEMBI (2) Moly4aeM oObIKHOBEHHOE MuddepeHinansHoe ypaBHeHue |-

'O IopgaKa OTHOCUTCIIbHO I'paAUCHTa CKOPOCTH KOHBECKTHBHOI'O I'a300TBO/IA.

2
0 Oug 0 2Ry
W, i, 0T, 3 T,R
ﬂg—g+Wg—g—g=—' y——pg-g—+Ap. 3)
ox Ty, ox 4 Pg M,

HuddepenupoBaTh AMHAMUYECKYIO BS3KOCTh B (3) Iydlle MO HE3aBUCHMOMY MapamMmeTpy,

HanpuMep 1o TEMIIepaType, YeM 0 3aBUCHUMOU KOOpIMHATE.
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MICROWAVE-ASSISTED COMBUSTION SYNTHESIS
OF TiC SKELETON FOR COMPOSITE REINFORCING

K. Naplocha*, K. Granat

Wroclaw University of Technology, Wyb. Wyspianskiego 27, Wroclaw, 50-370 Poland
* krzysztof.naplocha@pwr.wroc.pl

Microwaves as a nonionizing electromagnetic radiation can be successfully used in selective heating
of metallic and ceramic materials. As compared to conventional heating proceeds in materials with
reverse thermal gradient reducing microstructural coarsening or porosity of sintered minerals [1].
Depending on the absorption mechanism materials can be classified into dielectric and conductive
loss types. Graphite is treated as dielectric material and its absorption ability could be improved by
mechanical milling [2]. In non-ferromagnetic metals (Ti) microwave interaction is restricted to
surface only and relate to eddy current induced by microwave field (the magnetic component). In
typical single mode reactor the energy transmitted from the magnetron through a transmission line is
absorbed by material precisely positioned in applicator for optimum coupling of microwave energy.
Field components of the electromagnetic radiation can be separated as the node of an electric and
magnetic field. Metallic particles, in the contrary to graphite, are heated more efficiently in the node
of magnetic field [3, 4].

In this study processed material includes differently absorbing microwave and changing their
properties during combustion synthesis. Ti and C powder (—325 mesh) with stoichiometric ratio 1 : 1
were comminuted in a ball mill for 6-14 h. Next cold isostatically pressed under 500 MPa to 3mm
height disks. The specially designed single mode microwave reactor comprised standard waveguide
with built in quartz tube heating chamber and magnetron with adjustable 0-900 W power.
Temperature was recorded by a pyrometer with spot dia. 0.6 mm. Disks were heated-up in
microwave field to preheat and ignite combustion synthesis. Finally produced porous TiC skeletons
were infiltrated with AlSil1 aluminium alloy by direct squeeze casting under 100 MPa pressure.
Effect of milling time and microwave power on synthesis course was investigated and controlled in
order to moderate reaction and produce porous skeleton. XRD analysis of mixture after milling
confirmed no reaction and the presence of the starting powder. Ignition of disc sample prepared
from powder milled less than 6 h was impossible. Similarly, when magnetron was supplied with

200-300 W power reaction can not start. On the other hand, using of high microwave energy (600
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W) resulted in explosive mode of combustion synthesis. Depending on the process parameters
synthesis begins immediately, when power was turn on, or with overheating period preceding
ignition. Positioned vertically disc coincided with the node of electric field in a standing wave.
Though, specimens were heated-up in their entire volume, due to concentration of microwaves on
the disk edge, synthesis started at its top wall and passed along with a typical propagation front.
Maximum temperature of synthesis detected by pyrometer, on the external surface of specimen,
ranged from 1900-2300°C. Usually high temperature resulted in vigorous synthesis and destruction
of skeleton structure of product. At proper conditions structure reveals interconnected pores between
plates with spotted globules of TiC compound, see Fig. 1a. Phase XRD analysis showed completely
processed powder substrates and only TiC was detected. When synthesis was performed with long
overheating period in carbide structure numerous close pores were observed. After infiltration even
under high pressure porosities in composite microstructure are created, see Fig. 1b. Unfortunately,

interface between TiC and reinforcement were developed without porosities or chemical reaction

products. Produced composite materials reveal good hardness and excellent wear properties.

@ )

Fig. 1. Fracture of TiC skeleton (a) and reinforced with it siluminum-based composite (b)

REFERENCES

[1] P.Mishra, G. Sethi, A. Upadhyaya, Metall. Mater. Trans. B, 37, (2006) 839—845.
[2] Y. Fana, H. Yang, M. Li, G. Zou, Mater. Chem. Phys., 115, (2009) 696—698.
[3] M. Ignatenko, M. Tanaka, Physica B: Condens. Matter, 405, (2010) 352-358.
[4] K. Rybakov, V. Semenov, Radiophys. Quant. Electron., 48, (2005) 888—895.

99
Go to Contents



GEOTHERMAL R&D AIDED BY SHS-RELATED TECHNOLOGIES

O. Odawara

Tokyo Institute of Technology, J2-48, 4259 Nagatsuta, Midori-ku, Yokohama, 226-8502 Japan
odawara.o.aa@m.titech.ac.jp

Geothermal energy has a forecasted potential more than 20 GW years of energy capacity and lower
temperature (<423 K) resources have been estimated to exist around 10 GW in Japan. Geothermal
energy has been first developed through the name of “Sun-shine Projects”, which has realized the
installed capacity of 0.533 GW with 17 sites. The development of these resources requires a wide
range of cost-effective and reliable materials, especially as in Japan where most of geothermal
resources are liquid-dominated type which usually contain various impurities and therefore more
corrosive in low pH condition than vapor-dominated type.

In the development of deeper geothermal resources (3 km — 4 km in depth) for establishing larger-
scaled geothermal electric power plants, it has been one of the important factors to select superior
materials against such conditions as high-salinity and low pH fluid at high temperatures and with
high-speed flow. In these conditions, the particular concern is the selection of material for well
casings and pipings to handle brine, steam, and brine/steam mixtures.

To establish the suitable assessment for the utilization of deeper geothermal resources, several
material tests have been performed at condition of much higher fluid velocity, for which a field test
apparatus has been constructed at ONIKOBE. With the apparatus, erosion-corrosion tests have been
carried out in the conditions of high velocity (100 m/s) and various acidities (pH 2.0—4.5) of two
phase flows.

With the aid of an SHS technology of the “centrifugal-thermite process”, metal-ceramic composite
pipe has been developed and tested at the ONIKOBE field test site. The resistance of the C-T pipe
against abrasion has been also investigated through the abrasion test with SiO, slurry flowing for
900 h and the air blust test with SiC powder. As a result, the corrosion resistance of the present pipe
is remarkably higher compared to the noble stainless steels against the corrosion conditions of
higher concentration of hydrochloric or sulfuric acid solution at 353 K, and the abrasion loss of the
metal-ceramic composite pipe is less than one tenth of that of mild steels and it shows higher
resistance even compared to other ceramics such as 97% sintered Al,Os and Al,O3—ZrO; ceramics,
which have made the developed pipe great advantages in corrosion and abrasion resistance

compared to iron based metallic ones.
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Geothermal R&D on “natural volcanic occurrence of hydrogen (fuel production from magma)”
would relate with an SHS technology principally on the reducing action of basaltic magma on
injected water, which chemical interaction causes the oxidation of ferrous components in the basalt
and the production of hydrogen:

2 FeO (magma) + H,O (fluid) — Fe>O3; (magma) + H; (fluid)

Fresh basaltic lava contains on the order of 10 weight percent ferrous oxide (FeO) and 1 to 2 weight
percent ferric oxide (Fe,O3;). These components are present as dissolved constituents within the
silicate melt and in minerals (e.g., olivine, pyroxene, magnetite) suspended in the magma. The
predominance of ferrous over ferric oxide in basaltic magma is in large part responsible for the
reported concentrations of hydrogen and carbon monoxide observed in the above volcanic gas
collections. The oxygen fugacity of basaltic lava has been measured as a function of temperature in
the field on cooling lava and in the laboratory on basalt samples raised to magmatic temperatures.
Oxygen fugacities of basaltic lavas have also been inferred from the compositions of coexisting
mineral phases. As a whole, the oxygen fugacity of basaltic lava can be closely simulated by
various solid assemblages, that is, mixtures of certain solids at temperatures and pressures of
magmatic environments develop oxygen fugacities characteristic of those determined for basaltic

lavas.
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SYNTHESIS OF GRADED MATERIALS IN THE Ti-Al SYSTEM
CONTAINING NANOSTRUCTURED LAYER

G. Oniashvili, G. Tavadze

F. Tavadze Institute of Metallurgy and Materials Science
oniash@gtu.ge

Notwithstanding the extreme diversity of combustion synthesis methods the developed SHS coupled
with thermal explosion is proving useful regarding the alloys based on titanium aluminides.
Conventional production methods are restrained by the lack of effective and inexpensive production
technologies. We are first proposing two technologies of fabrication of single-phase (by means of X-
ray diffractometry) components made from Ti—Al compounds, which are compacted and pore-free.
These technologies are performed in two modes: combustion and thermal explosion with the
subsequent compacting of the synthesized product. In order to realize synthesis in a thermal
explosion mode in Ti—Al system, we used high exothermic charge (TiB). As a result we obtained
graded material where one layer is intermetallic of Ti—Al system and the second layer is TiBo¢. The
material has fine microstructure, and in particular cases even nano-structure, which makes them very
attractive because of expected increase in strength and plastic characteristics of the material.
Because of peculiarities of Ti-Al compound formation in the developed equipment of SHS in the
mode of thermal explosion, at first stage of the process the staring materials (Ti and Al) are pressed
at 0.25-2 kbar (depending on the end product TisAl, TiAls, TiAl). After heating to definite
temperature with the definite rate of heating (different for different phases, TisAl, TiAl; and TiAl),
the synthesis in the mode of combustion or thermal explosion with subsequent compacting takes
place. After the synthesis of the compounds in the mode of thermal explosion, a compacting at high
temperature, 1300—-1600°C is performed (depending on the end product, TizAl, TiAls;, TiAl). This
causes plastic deformation of dislocation structure and formation of new grain boundaries, resulting
in grain size refinement and formation of very fine microstructure with the dimensions, ~80 nm. The
above leads to the conclusion that the developed technology makes it possible to produce

nanostructure single-phase Ti—Al intermetalides.
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GAS-TRANSPORT REACTIONS IN MECHANOACTIVATED
Cr-B AND Ti—Cr-B SYSTEMS

E.I. Patsera *, E.A. Levashov, V.V. Kurbatkina, A.S. Rogachev, N.A. Kochetov

National University of Science and Technology MISIS, Leninskii pr. 4, Moscow, 119049 Russia
*patsera_yevgeniy@mail.ru

At the present time, much interest is drawn to the borides of transition metals because of their
unique mechanical, physical, and chemical properties. Borides are being used in nuclear and
chemical industries, in structural ceramics, abrasives, wear-resistant materials, and protective
coatings. The main problem that restricts wide application of these materials is a high production
cost.

Investigation of structure formation during combustion of Cr-B, Ti—Cr—-B mixtures and their
composites was reported for both pre-mechanically activated (MA) and non-activated blends.

MA of powders was carried out in a planetary ball mill AIR-0.015 with a centripetal acceleration of
250 m/s” at a ball/mill ratio of 10 : 1. Heat of formation of borides was determined with a high-
speed calorimeter BKS-4. The effect of initial temperature 7, on the combustion temperature 7, was
detected using a W—Re thermocouple. The burning velocity U, was inferred from video records.

In the MA mixtures is possible to implement SHS at 7 = 300 K; for the Cr—29.4%B blends with
™va = | min, this is possible only at 7y = 525 K; and in the non-activated Ti—10% Cr—12.6% B, Ti—
20% Cr-11.2% B, Ti-30%Cr—9.8% B, and Ti—40%Cr-8.4% B mixtures, it is possible only at 7 =
393, 494, 523, and 653 K, respectively. For all MA compositions and 7, > 530-540 K, the
combustion sources are formed throughout the sample volume (combustion is similar to explosion)
and their motion is chaotic. For activated Cr-B and Ti—Cr—B charges, the combustion rate is higher
at the same initial temperature compared to non-activated charges. For example, for the Cr—29.8% B
mixture, 7o = 525 K, U, = 1.8 mm/s at tya = 1 min and 8.7 mm/s for tya = 21 min.

For all compositions the relation of burning velocity of the initial temperature has a linear function,
as well as the fact that in a certain range then the combustion temperature 7, depends only slightly.
For all samples, except for Ti-10% Cr—12% B, the combustion temperature is below the melting
point of the components. Investigation of possible reactions showed that the combustion process
goes through the gas phase with the formation of volatile B,O,, and transfer it to the surface of metal
particles, where the interaction of B,O, with Me results in formation of the boride and B,O; [1, 2]

Since the gas transport is weakly activated process, the dependence of 7t is very weak.
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Investigated were the features of phase formation in the Ti—Cr-B system. It is shown that an
increase in the Cr content of the alloys leads to disappearance of TiB and appearance of Ti,CrB,.
The formation of previously unknown ternary compounds Cr4TigB and Ti,CrB, was observed in the
Ti—Cr-B system.

Synthesized were the samples 125 mm in diameter. Their residual porosity was lower comparison
with Cr—. The samples have high HV hardness (up to 16.1 GPa) and thermal stability (up to 1273
K). For the Ti—40% Cr—B system, T was 60 h, which can also be caused by low porosity (2.2%) and
high chromium content. Oxidation follows the parabolic law, when the growth of the oxide film is

limited by the diffusion of oxygen through the oxide layer.
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CHUHTE3, CBOMCTBA U 3AKOHOMEPHOCTHU 'OPEHUSI HUTPATOB U
XJIOPNJI10B METHJIOJITHUTPAMMWHOB

H.®. IIaraxkos*, 1.b. Brronosa, C.C. HoBukoB

Hucturyt xummnueckoit ¢pusnku uM. H.H. Cemenosa PAH, Mocksa,
e-mail: tat50807836(@yandex.ru

B nutepartype [1] oTmeueHo, uTo anudaTuueckue HUTPOCTIUPTHI MPH 00pabOTKe a30THOM KUCIOTOM
B IPUCYTCTBUU KHUCIIOpOJa MpPEBpallaloTCs B COOTBETCTBYIOIME HUTPATHI, KOTOPbIE MOTYT OBITH
UCII0JIb30BaHbl B KAUECTBE B3PbIBUATHIX BEILECTB. AHAIU3 JIUTEPATYPHBIX JaHHBIX MOKA3bIBAET, YTO
xsoptpuHuTpoben3on  (XTHB) ropur MemieHHee  HErajJoMrMpoBaHHOTO — BelleCTBA  —
tpunutpobenzona (THB). IlpencraBnser wuHTEpec W3YYUTh aHAJIOTH [B-HUTPOCHHUPTOB H
TJIOUTHUTPOAPOMATUYECKUX COCTMHEHHI B PsIly MOJTMHUTPOAMUHAIKAHOB.

B nanHoii pabGoTe moka3zaHO, YTO BBEACHHE KHUCIOPOACOACPXKAIIMX Tpymm [2], B YaCTHOCTH
HUTPOKCUIBbHOW (HUTpaTHOW, —ONO;) B CTPYKTYpbl MOJEKYJ] AJIKWIHUTPAMHHOB 3HAUMUTEIILHO
MOBBIIIAET WX B3pbIBYATHIE CBOMCTBA W YJydlllaeT XapaKTePUCTUKU UX TopeHus. Haumbonbmmmu
CKOpPOCTSIMM TOpeHHsI o0JajaloT AWHUTPAThl, coiepkamiue 3 U 4 HUTpaMUHHbBIE TPYMIblL, HE
yCTyMaroUMe M0 MOIIHOCTH U CKOPOCTSIM TOPEHHsI CBOMM IIMKJIMYECKUM aHajloraMm, mTaTHeiM BB:
reKCOreHy M OKTOreHy. BBeneHue B CTPYKTYypy JMHEHHBIX METHIHHUTPAMHUHOB rajouja (Xjuopa)
MOHW)KAET TeMIIEpaTypy IUIaBJI€HHS M WX YyBCTBHUTEJILHOCTh K yJapy, a Takke MoliHocTh BB u
CKOpPOCTb FOPEHMUS.

Jlns HUTPaTOB CBOMCTBEHHA BBICOKAs YYBCTBUTEIBHOCTH K yAapy MO CPaBHEHUIO C T€KCOTEHOM M
okToreHoM. [lo 4YacTtocTH B3pBIBOB, OINpEAEICHHONM KONPOBBIM MeEToAOM Ha mnpubdope Nel,
ucciefoBaHHble HUTpaThl UMetoT 100% 4dyBCTBUTENBHOCTh, U3MEPEHHYI0 METOJOM DPETUCTpPALUU
KpUBBIX HanpsikeHus. OHU MMEH CleAyIolue 3HaueHUs] KpUTUYEeCKUX JaBieHui: Bemectso H-3,
O,NO(CH2NNO2)3CH3, HUTpOKCUMTHII(METHII)AUMETHIEHTpUHUTpaMuH, Pkp=5,6 kbap (uem
Oonpllie  3HAYEHWE  JIaBJIEHWS  TeM  HW)KE  YyBCTBUTENBHOCTH),  BemectBo  JIH-3,
O_NO(CH2NNO,);CHoONO,,  6MC(HUTPOKCUMETHI ) IMMETUICHTPUHUTPaMul, P, = 4,8 kbap,
BeuiectBo J[H-4, O,NO(CH2NNO;)sCH>ONO,, OUC(HUTPOKCHUMETHIT)TPUMETHIIEHTETPAHUTPAMUH,
Py, = 4,2 x6ap. I'ekcoren umeer P, = 7,1 x06ap, okroreH — 6,7 k6ap. COOTBETCTBEHHO, HX
B3pBIBYATHIE CBOMCTBA OTIMYAIOTCS, HO HE TaK PE3KO.

CKOpOCTH TOpEHHsI HUTPATOB 3HAYUTENbHO BhIle, yeM mrtatHbie BB. JIH-3 npu 100 atM umeer
JAUHERHYy0 ckopocTh ropenust U,100 = 23 mwm/cek, rekcoren — 17,8 mm/cek; JIH-4 umeer U,100 =

24 mm/cexk, okToreH — 12,2 mm/cek. [lokazarens cTeneHu B 3aKOHE CKOPOCTH TopeHust v = 0,7 u s
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rekcorena v = 0,7; v = 0,75 ana JIH-4 u oktorena. [loarBepkaaeTcsi ycraHOBJIeHHas paHee [2]
3aKOHOMEPHOCTh: JIMHEHHBII pa3BepHYTHI T'€KCOr€H U OKTOT€H MMEIOT MPAKTHUUYECKU paBHbIE V =
0,7 n 0,75, COOTBETCTBEHHO, a TakK)Ke€ COU3MEPHUMBbIE C MPEbIAYIIUMH JIMHEHHBIMU aHajloraMu
ankuiHuTpamudamu, TPUC u TETPA, u ucxonusimMu aneratamu, J1A-3 u IA-4 [3]. MunumansHoe
JTaBJIEHHE, HAYMHAsl C KOTOPOTO HaOII0aeTCsl YCTOMYMBOE rOpeHHe, Y BCEX HUTPATOB OJMHAKOBO,
Pyuw =1 at™.

Cpenu o0OIIKMX 3aKOHOMEPHOCTEH TOpPEHHMs MCCIEAOBAHHBIX XJIOPMETHIIHUTPAMUHOB MOKHO
OTMETUTh cleayrole. MUHIUManbHble 3HAUYEHUsl JAaBJIEHUs, HauMHAasg C KOTOPBIX HAOJIIOJaeTcs
yCTOMUYMBOE rOpeHue, JUTS aHaJIoroB HUTPATOB, X-3, CI(CH2NNO2)3CH3,
XJIOPMETHII(METHI) IUMETHIICHTPUHUTAMUH, IAX-3, CI(CH2NNO2)3CH2C(l,
JU(XJIOPMETHIT ) TUMETUIICHTPUHUTPAMUH, u JX-4, CI(CH2NNO2)4CH2C(l,
JU(XJTIOPMETHIT ) TPUMETUIICHTETPaHUTpaMUH OJTM3KU U Jiexkat B Auanazone 5—10 atm.

3HaueHWe ToKa3aTelisi CTeMeHM B 3aKOHE CKOPOCTH TOpPEeHHs Ui JABYX HCCIeI0OBaHHBIX
XJIOPMETHJIIHUTPAMUHOB coBnaAaroT U paBHbl 0,7. 3Hauenuss v miga JX-4 pasno 0,75. 3HaueHus
ckopoct ropeHuss nmpu P = 100 aTtM OJU3KM M COCTABJISIOT JJS COCIUHEHHH C Tpems
HUTPAaMUHHBIMH TpyIamMu 6 U 7 MM/CEK, YTO 3HAYUTEIIFHO MEHBIIE CKOPOCTU TOPEHHUs BElIeCTBa
TPUC, mns kotoporo U,100 = 8,5 mm/cek, a s JIX-4 u TETPA onu coBmanarot, 7,3 MM/cek.
VYyuTtsiBas, uTo npu AaBieHusx Boiie 100 atM ckopocth ropenus J1X-4 yBenuurBaercs, TO CleayeT
OTMETUTb, YTO BBEJEHUE XJIOpa B MOJIEKYJy HUTPaMHUHOB, COAEpXKALIUX TPU M UEThIpe
HUTPaMUHHbIE TPYIIIbI, TOHUKAET UX CKOPOCTh TOPEHUSI.

CuHHTE3 HUTPATOB U XJOPHUIIOB OCYIIECTBISUICA JEHCTBUEM, COOTBETCTBEHHO, a30THOM KUCIOTHI U
cyxuMm HCI Ha anieToKCUMEeTHUIIHUTPaMUHBI TPENOYTUTENHHO B TalloOUJAJIKaHaX.

[IpoBeneHbl pacueTbl M SKCHEPUMEHTAIBHO OIpeNeeHbl Pl OCHOBHBIX MaKpOMOJEKYJISPHBIX
XapaKTePUCTUK HUTPAMUHOB, B TOM YHCJE TEIUIOTHl B3PHIBYATOTO TPEBPAIICHUS W CKOPOCTH
netoHaru. [lpu wcciaenoBaHUM CKOPOCTH TOPEHUS WCIOIB30BAIKMCH IHIMHAPUYECKHE 00pa3ilbl
(3apsinel) muamerpoM S MMm. CrkUraHue MPOBOIWIOCH B OOMOE TIOCTOSIHHOTO JIaBlIeHHs B aTMoc(hepe
a30Ta MMPHW BapbUPOBAHUM JaBieHU B AuamnazoHe 1-150 atm. OTMedeHa KOppesius B3pbIBYATHIX

CBOMCTB: YYBCTBUTCIIbBHOCTHU K Yapy, TCIUIOTHI B3pbIBa U CKOPOCTU I'OPCHHUA.
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ANALYSIS OF TOMSK-7 ACCIDENTS REASONS

A.V.Rodin', E.V. Belova*!, E.R. Nazin’, I.G. Tananaev !, B.F. Myasoedov1

" Frumkin Institute of Physical Chemistry and Electrochemistry
? Scientific and Engineering Center for Nuclear and Radiation Safety
* bl174@bk.ru

On the radiochemical plant at the Siberian Chemical Combine in the apparatus of the solutions
preparation to further processing capacity of 31 m’ have occurred the explosion, which destroyed
the device. In the apparatus for a long time there were about 4 m’ of solution containing 30 g/l of
uranyl nitrate and HNO3 with the concentration of 1.5 mole/l. It is believed that the solution was
between 150 and 500 liters of the organic phase, qualitative and quantitative composition is
unknown. In general, the plant used as an extractant 30% solution of TBP in the diluent AJ-3, which
in addition to saturated hydrocarbons contained 51% cyclic paraffins and 2% aromatic
hydrocarbons. But most likely, the organic phase in the device contained degradation products of the
extractant.

The apparatus has received two portions of the solution after evaporation, containing 440 g/l of
uranyl nitrate and 0.5 mole/l HNOs, first 12 m’ , and then 7.5 m3, and the latter portion of the
solution arrived an hour before the filing of the apparatus 14.2 mole/l HNOs. Evaporated solutions
could have a temperature of from 105 to 120°C, and also contain TBP and its degradation products.
Cold 14.2 mole/I nitric acid was added on top of the solution without stirring. After 85 minutes after
submitting HNO; there were seen oxides of nitrogen coming out of smokestacks (and perhaps
earlier) and simultaneously recorded by the operator of the apparatus pressure 0.15 atm. After 10
minutes the pressure in the apparatus reached 5.4 atm, and after 3 minutes the explosion occurred.
Attempts to relieve the pressure were failed.

Both before and after the accident at Tomsk-7, we carried out experimental investigations of thermal
stability of the extraction systems. The main results are as follows.

Heating two-phase mixtures of TBP and its solutions in a diluent with nitric acid concentration up to
12 mole/l up to the boiling temperatures of water phase is accompanied by gassing without
exothermic effects. When heated, the extractant with the extracted HNO; gas release is accompanied
by several weak exothermic process at temperatures of about 90 and 128°C with the heating of the
extractant at 10-20°C, thermal explosions were absent.

The condition of thermal explosion in a one-and two-phase mixtures of extractants with nitric acid,
is the heating of extractant to the critical (we call them starting) temperature at a pressure above
atmospheric pressure, i.e. in closed vessels or with little removal from the vessel of gaseous
products.

Obviously, this was done in the accident. Questions arise - how the apparatus was hermetically
sealed and by what means the extractant was heated up to start temperature of thermal explosion.

107
Go to Contents



CTPYKTYPHASA XUMHUA HAHOMUPA - HOBASA CTPAHULIA
HEOPITAHUYECKOM XUMUU

B.J. llleBuenko

Wucrntyt xumnu cunukaros uM. M.B. I'pe6enmnkosa PAH, Caunxr-IletepOypr, Ha6. Makaposa, 2, 199034, PO
shevchenko@isc.nw.ru

HaHoMup — 3TO0 4acThb NPOCTPAHCTBA, B KOTOPOM M3 aTOMOB MyTeM CaMOOPraHU3ALUHU
(opmMupyeTcsi BemecTBo, JKUBOe MM HexknBoe. DyHTaMEHTANBHON XapaKTEpPUCTUKOW BelIeCTBa
sABJISETCA ero CTpyKkTypa. [lo onpenenenuto cmpykmypa (CTpoeHue, pacrookeHHe, MopsiIoK) — 3TO
COBOKYNHOCTh ~ yYCTOMYMBBIX CBA3€ 0OBEKTa, O0OECHNEUMBAIOIIMX €ro ILEeJOCTHOCTh U
TOXJIECTBEHHOCTh CcaMOMy ce0e, TO eCTb COXpPAaHEHHE OCHOBHBIX CBOWCTB IIPU Pa3IMYHBIX
BHYTPEHHHUX M BHELIHUX U3MEHEHUSX.

OTO ompeneneHue BBOAUT B MHUP CTPYKTYPHOM XUMHUH TE€OMETPHUIO KaK MepoolpeeneHne
npoctpaHcTBa. Hy’KHO moguepkHyTh, YTO M MOCTAaHOBKA 3a/lauM U €€ pelleHHe JaBHO (COTHHU JeT
Ha3aJ) Mpe/ACTaBIeHbl MaTeMaTHKaMH, U 3TO Hay4yHOe OOraTCTBO MCIIOJIb30BAaHO HAMM €/1Ba JIM Ha
necath npoueHToB. M3BecTHa 3amadya M. Keruiepa o muioTHeiel ynakoBKe OJUHAKOBBIX ILIapOB
(1611 ron). A. I'mnsbept B 1900 roxy ompenenun npodiemy (Ne 18) o 3amonHeHnH npocTpaHCTBA
KOHIPY3HTHBIMU MHOTOIpaHHUKaMH. OH, B YaCTHOCTH, MHcall: 5] yKaxy 3/leCb Ha CBA3aHHBIN C ITUM
BOIIPOC, BaXKHBIM IJIs1 TEOPUM YMCell, a, BOSMOXHO, MOJE3HBbIH B Oyayliem naxe A GU3MKU U
XMMHHU: KaK MOXXHO HauOouiee IMJIOTHBIM 00pa3oM pacHoOKHUTh B MPOCTPAHCTBE OECKOHEYHOE
MHOKECTBO OJIMHAKOBBIX TeNl 3aJaHHOM (OpMBI, HampuUMep ILIAPOB 33JaHHOTO pajguyca WIH
NPaBUIbHBIX TETPAa3ApOB C JaHHBIM peOpoM (WIM B TMPEIINMCAHHOM IOJOXKEHHH), TO €eCTb
PacIoIOKUTh TaK, YTOObl OTHOLIEHME 3alOJIHEHHOM YacTH MPOCTPAHCTBA K HE3alOJHEHHOW ObLIO
10 BO3MOKHOCTH HAMOOJIBIINM.

Pa3zymeercs, Bce 3TH MNpoOJeMbl CBS3aHbl ¢ XMMHEH, Tak Kak KpHcTauiorpadbl HCCIeayrOT
TpeXMepHOe TPOCTPAHCTBO, OJHAKO HAM Ka)KeTCs, YTO YKa3aHHBIC BBIIIE MPOOJIEMBI TEPEeBEIyT
Kpuctajnorpaduio B n-MepHbld aHanor. HemaBHUE OTKpPBHITHS KBAa3MKPUCTAIIOB IMO3BOJIIOT MX
paccMaTpuBaTh Kak oOOBeKThl Ha 4-, 6- M 8-MepHbIX pemieTkax. Pasmemnias B #n-MepHOM
NPOCTPAHCTBE B  OMNpENEJIEHHOM TMOpsAJKE HEKHe TOYKM, MBI TE€M CaMblM IO UX
B3aMOPACIIOJI0KEHHUIO OIpeAesieM NalbHEeHIINue MyTH CaMOOPTaHW3allMU CUCTEMBI, HCIOJb3Ys
YUCTO FeOMETpUYecKre ornepauuu. Takum ob6pazom, cMblKalomca UH@oOpMamuKka u cmpoenue.
Hayka o mocTpoeHHM BellleCTBA OCHOBaHAa Ha CaMOOpPraHM3allMM aTOMOB CHayajla B TOYHBIE
KOH(QUTypalnuy, a 3aTeM MO MPUHIMIY KISTOYHOTO aBTOMaTa B OoJiee CIIOXKHBIE 10 HEepapXuu

CTPYKTYPbI, BHa4aJI€ B HAHOYACTUIIbI, 4 3aTEM B MAaKpPOMOJICKYJIbI 1 MaKpOO6’[>eKTBI.
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Ha ocHoBe cucTeM KpUCTAUIOXMMHUYECKMX DPAJUYCOB aTOMbl MOXXHO MOJEIHUPOBATH TBEPIBIMU
rapamu, a MOJIEKYJbl — MHOTOTPaHHMKaMH OoJjiee CI0XKHOW (OpMBI U paccMaTpUBATh YHAKOBKY
TaKUX IIApOB WJIM MHOTOIPaHHUKOB. DOpMallbHO-TEOMETPUYECKOE PACCMOTPEHHE — 3TO
uccienoBaHue UX GopMbl U CHMMETPHUH U UX CBSA3b C MPOCTPAHCTBEHHON CUMMETpHEN KpUcTallia.
Kak >xe cBsizana xumuueckas (Gopmyla BelecTBa ¢ ero crpoeHneM? Bo MHOTHX ciydasx aTOMBI
00BEIMHAIOTCS B HEKOTOPBIE€ YCTONUMBBIE TPYNITUPOBKH, KOTOPBIE COXPAHAIOTCS U B KPUCTAIJIE KaK
Lesnoe, U Torga 3TH TPYNIHUPOBKM YJIOOHO M 3aKOHOMEPHO pPAacCMaTpUBaTh KakK CTPYKTYpHBIE
€MHULIBI KPUCTAJUIOB. YJAJIOCh TMOCTPOUTh HECKOJIBKO BAXKHBIX MPOCTHIX TPYIII, paccMaTpuBas
MHO>KECTBO BCEX YKECTKMX BpallleHWA W OTpakeHWM penieTky JIMya, OCTaBISIONIMX HETOJABHKHBIM
HEKOTOpBII LIEHTPAJIbHBIN 11ap W MEPECTaBISIOIEN OKPYKarOIMe ero Hapbl. ITO MHOXKECTBO ONeparyi
Ha3bIBAIOT IPYNION aCHMMETPUM JAHHOW YIIAKOBKHU.

['pynna cummerpum Jlnya nMeer MOpsSAOK, TO €CTh YHUCIO AJIEMEHTOB CUMMETPHH, OKOJIO 810",
OpHa U3 MoCIeIHUX KOHEUHBIX MPOCTBIX TPYII OKaszajach ee Oosbuie rpymnmsl KonBes u Obuia
nposBaHa "MoHcTpoM". UHMCIIO 3IEMEHTOB 9TOM TPYMIBI cocTapiser mopsiaka 8-107. M3 storo
paccMOTpEHUs CIIEAyeT, YTO BO3MOXKHOE YHCIIO0 XMMHUYECKUX BEIIECTB BEChbMa BEJIMKO (MPAKTUYECKH
O0eckoHeuHo). TakuMm o0pa3zoM, MOJTHO WTPYIIEK HE Ha IOy KOMHaThl (M3BECTHOE BhIpakeHue P.
®deiliHmaHa), a B pelieTke KopHen Eg. ITO KJIaA0Basi NPUPOAbI.

[lonATe ONTMMAIBHOCTH UCXOAMT W3 TEOPUM BapHalMOHHOro ucuucieHus. B 1744 rony II.
MonepTion BbIABUHYJ MNPUHLUMI HAaWMEHbBIIErO JEWCTBUS, COTJACHO KOTOPOMY KOJUYECTBO
JeicTBUA, "KOTOpOE J0MYyCKAaeT MPOU3BEACHHOE U3MEHEHHE, SBISeTCd HAMMEHbIIMM BO3MOKHBIM."
Msi Takxke OyneMm paccMaTrpuBaTh aOCOJMIOTHBIA MHHHMMYM, XOTS HEKOTOpPbIE YaCTHUIIBI MOTYT
3aCTpATh B JIOKATbHOM MHHMMYyMe. DTa 3agada sBjseTcs (yHIaMEHTaIbHOM mpolnemMoii
HKCTPEMAJIbHOM I'€OMETPHUH, €CIM OHAa PEelIaeTcss B IMPOCTPAHCTBE MPOM3BOJIBHOW PAa3MEPHOCTH U
MPOW3BOJILHOM MOTEHIMATBHON (DYHKIMH.

JlBa  TeopeTuueckux  MpUOJMKEHUS, BMECTe  WJIM  OTHENbHO,  HCHOJB3YIOTCS Ui
KBa3UIEPUOIUYECKOT0 3all0JIHEHUS POCTPaHCTBA. B KOHIeNnMy "yKIIaJAKu CTPOUTENBHBIX OJIOKOB"
MCTIOJIB3YIOTCS IBa pOMO03/Ipa, KOTOPBIE 3aMOJHSIIOTCS aTOMaMU, KaK B KOHLETIUH "3JIeMEHTapHOM
Ayeku" A8 NMepUOAMYECKUX CTPYKTYp. Bbulo Takke MpeniokeHO, YTO KBa3UIEPUOAUYECKHUE
YKJIAJKA MOXHO paccMaTpuBaTh Kak MPOEKIMU MEPUOAMUYECKUX PElIeTOK (Hampumep, KyOu4ecKux)
U3 IPOCTPAHCTB BBICIIEH Pa3MEPHOCTH.

pyroe mnpuOnamxeHue, pa3BUBaeMO€ HaMH, OCHOBAHO Ha KOHLEMIMHM HAHOKJIACTEPOB aTOMOB
(byHmameHTa bHBIX KOHQUTYpAllMi), CBA3aHHBIX TEM WM HMHBIM 00pa3oMm, IJisi TOCTPOCHHS
CTPYKTYp, OOBIYHO, MKOCA’APHUYECKOM WM JEeKaroHaabHOW cuMMeTpuu. llomeITkM mocTpouTs
MOJIEJIH PETYJIAPHBIX CTPYKTYP Pa3IMYHBIX XUMUYECKHUX BEIIECTB MPUBEIHU K MOSBICHUIO OOJIBIIOTO
yuciaa CTPYKTYpHBIX MHOTOTPaHHUKOB M kiactepoB — Frank 1952, Bernal 1959, Kasper 1959,
Mackay 1977, Gaskell 1978, Egami 1984, Miracle 2003, Ma 2006, kiactepsl: Bergman, Kuo u

Tsai. Bce oHM SBISIIOTCS] MPOU3BOAHBIME OT (PyHAaMEHTaIbHBIX KOoH(puUrypammii. CoBceM HeJaBHO
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oOHapykeH B HHTepMeTauuaax eme oauH kiaactep (Blatov 2009). Pa3Bureie npeacraBieHus
3HAYUTENBHO PACIIUPSAIOT TI0JIe JEATENBHOCTH KIACCHUYECKOW KpucTtamorpaduu, TMO3BOJISS
paccMaTpuBaTh HE TOJBKO HOBBbIE OOBEKTHl HCCIEAOBAaHUS, HO M HUX KOJIMYECTBEHHBIE
XapaKTePUCTUKH.

B 3akmioueHnn cuuTaeM HEOOXOIMMBIM TPUBECTH CBOJKY pPE3YyJIbTaTOB, KOTOPBIE OKa3alHCh
HACTOJIbKO HEOOBIYHBIMM, YTO TO3BOJMJIM TOBOPUTH O CYIIECTBOBAHMM HAHOMHUpa, "TSATOM"
cocTostHMM BelecTBa. CTpyKTypHasi OOIIHOCTh B HAHOCOCTOSIHUM OMOJIOTMYECKUX, OPIrAaHUYECKUX U
HEOPTaHWYECKHUX BEIIECTB CHUMAET OrPAaHUYEHHUS HA B3aMMOJICHCTBHE MEXIY HUMHU. MBI Ha3Baju
9TO SIBJIEHUE KOHBEpreHLMeH, YTO, B CYIIHOCTH, CBUJETENbCTBYET B IMOJIb3Y T'MIIOTE3bl O €IUHOM
KapTHHE MPOUCXO0KICHHSI BEILIECTBA, dKUBOTO WM HEXKHUBOTO.

HccrnenoBanusi 0cOOEHHOCTEH HAHOCOCTOSHUS TIO3BOJIMIIO ClIEIAaTh 3aKIFOUEHHUE O €r0 CTPYKTYPHOM
MHOT000pa3uu, Tak Kak (OPMHPOBAHHE CTPYKTYPHl OTPAaHUYHMBAETCS TOJBKO T€OMETPUUYECKHUMHU
3aKOHaMU MPOCTPAHCTBA, U KaK CJIEJCTBUE 3TOr0 HAOII0JaeTCsd HEPABHOBECHOCTh, KOT€PEHTHOCTD,
(parmMeHTapHOCTH, 0000IIEHHAsT CUMMETPHSI U UepapXus. DTH CBOWCTBA OMPEACISIOT JTOKAIbHBIN
xapakTep (HOpPMHUPOBaHMS HAHOYACTHII, TOJATBEP)KIAET KOHIEMIINIO "CTPOUTEIBHBIX OJIOKOB" —
(yHIaMeHTaNbHBIX ~ KOH(QUrypauuid, M, CIEelI0BaTeIbHO, HEOO0XOAMMOCTh  HCIOJIb30BaHMS
NPOCTPAHCTBA BBICIIUX Pa3MEPHOCTEH MJIi OMHCAHMS PA3UYHBIX HAHOYACTHI[ — JIBYOKHCH
IIUPKOHUS, TUTAHTCKOTO Kiactepa Pdse;, MKOocasmpuueckux KemiepatoB Mioiiepa, aaMmasos,
BUPYCOB U T. M. DTH pe3yJibTaThl IMO3BOJUIN CHOPMYIUPOBATH T'€OMETPUUECKUE IMPUHIIUIIBI
caMOOpraHu3alMi HAaHOYACTHI] M 1aTh onpejesieHue noHaTus "Hanomup". Kctatu, 310 ci1oBO ObLI0
MPENI0KEeHO Hamu BiepBbie B 1999 rony.

PazBuBas uzpero A. Makkess O CBSI3U CTPYKTYpbl M HMH(GOpPMAlMU, Mbl OLUEHHUIM BO3MOXKHOCTH
WCTIOJIb30BaHMs KJIETOYHOTO aBTOMaTa B KOMOMHAIMU ¢ (hyHIaMEHTAIbHBIMU KOHMOUTYpAIUSIMUA U
MOKa3alyu TUIOJIOTBOPHOCTh TAKOTO IMOAXO0Ja K MHUHEpajaM THMa NayJIUHTruTa (3TOT MUHepana
BBIOpaH, Kak 00BbEKT ucToprudeckoro Bonpoca A. Makkes — "I'1e rensl B maynunrure?"). OrpoMHbIi
miar Brepea ClejaH B TEOPETHYECKUX MPEJCTABJICHUSX 00 00pa30BaHUM WHTEPMETAJUIMIIOB —
MpeIMET HCCIEIOBaHUM TaKMX 3aMedaTeNbHbIX KpucTammoXuMukoB kak C. Camcon, P. [1aynunr, P.
Xodpodman, C. Anaepccon. Knacrep NaCd, comepxut B anemeHTapHO# siueiike 6osiee 1200 aToMoB.
BuzyanuzupoBansl ctpykTypsl 6onee 1500 knacrepos. IloayueHHble pe3yabTaThl JarOT OCHOBaHHE
OTIpEIeTUTh HAHOMUP KaK 4acTh MPOCTPAHCTBA, T1Ie POPMHUPYETCS XMMUYECKOE BEIIECTBO.

Mpb1 MOkeM Terephb yKaszaTh riaBHyo 3anady 21 Beka s xumun. Eciau Gu3uKy uccienyoT BOIpoc
0 TOM, Kak mnpowusouuia BceneHHas, OMOJIOTM — Kak MpPOM30LLUIA KU3Hb, TO XUMHUKHU JOJOKHBI
OTIPE/ICNTUTh, KaK MPOU30ILIO BEMIECTBO (XUMHUUECKOe). MecTo, r/ie OHO POpMHUPYETCs, Mbl 3HAEM —

3TO HAHOMHUD.
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AYEUCTBIE PEXKUMbI @PUJIBTPALIMOHHOI'O I'OPEHUA ITOPUCTBIX
CPEA C TBEPAbBIMU IMTPOAYKTAMU PEAKIIUN
(TEOPUA, DKCIIEPUMEHT)

K.I. HIKaanHCKI/II?I*Z, C.B. KOCTI/IHI, I1.M. KpI/IIHeHI/IKl, H.N. O3epKOBCKaﬂ1, A.H. <I)I/Ipc0B2

' IHCTHTYT CTPYKTYpHON MaKpOKHHETHKH H rpoGieM Matepranosenenns PAH

i WuctutyT npobnem xumndeckoit uznkn PAH

shkad@ich.ac.ru

OUbTPaAllMOHHOE TOPEHHE TMOPUCTHIX BBHICOKOIHEPIETUUYECKUX COCTABOB, B3aUMOJIEUCTBYIOLIUX C
AKTUBHBIMH Tra30BbIMU pearcaramu, HCIIOJIb3YIOTCA B BBICOKOTEMIICpATypHOM CHHTE3€C
KOHCTPYKIOHOHHBIX MaTCpPpUAJIOB. bes JOINIOJIHUTCIIBHOIO I1oABOAAa TCIlJla HU3BHE, MOXHO
OpraHHU30BaTh IMpPOoHECC, zxocmraroumﬁ HECKOJIbKHUX TbICAY TIpaayCoB MW I0JYyYaTb CTOfIKHC,
TYTOIUIAaBKUE MAaTCpHUAJIbl U U3JCIUA U3 HUX. HpI/I BHEIIHEH IpOCTOTE IIpoLecCCa, OCYHICCTBIICHUC
KaQ4Y€CTBEHHOI'0 CHHTE3a BO3MOXHO IIpU I‘J'IYGOKOM NMOHMMAaHUM MAKPOKMHETUKU Iponecca U
BO3MOXKHOCTEH ympaBiaeHus: UM. OObYHO Oosblias 4acTh 30HBI TOPEHUS HAXOJUTCS BHYTpPHU
MOPUCTOTO 00beMa U BU3YaJbHO HENOCTyNHAa M MH(poOpMaIMio 00 YCIOBUSAX CHUHTE3a MPUXOIUTCS
IMoJiydyaTb KOCBCHHBLIM IIYyTEM. HNHTeHCcHBHEBIE HCCIICAOBAaHUA ITOCICIHCIO BPEMCHHU I103BOJIMIIN
Y3HaTb MHOIo€ O MAaKpOKHMHCTHYCCKHUX 3aKOHOMCPHOCTAX pPaCIpOCTPaHCHUA (prHTa CHHTEC3a, €ro
YCTOMYMBOCTU W HENMHEHHOW nuHamuke. OHAKo MpoOjaeMbl MPSAMOro (BU3yalbHO JOCTYITHOTO)
SKCIICPUMCHTAJIBHOI'O HCCICAOBaHUs IIpolecCa U pa3pa60T1<H AaCKBATHBIX MAaTECMAaTHYCCKHUX
MOJIGJ'IGﬁ €T0 OMUCAHUA OCTANOTCA aAKTyaJIbHBIMH. B pa60Te NpEaJIOKCH U 000CHOBaH nmoaxon, (CM.
pHUC.) SKCHEPUMEHTAIbHOIO HCCIIEAOBaHUA (QUIbTPALIMOHHOTO TOpPEHHs B KBa3UIBYMEPHOM

npubnmxkeHny. PaccMaTpuBaeTcs mopucras cpea B popMe TOHKOTO IIOCKOTO CIIOS.
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OUIBTPAaLMOHHBIN TPAHCIIOPT I'a30BOI0 PEareHTa B 30HY PEAKLMM OCYIIECTBISETCS BAOJIb TOHKOW
IUIOCKOM MOJIOCTH (L€M) C PEryJupyeMbIMU pa3MepaMH, YTO MO3BOJISAET JIETKO perysupoBaTh
“3(peKTUBHYI0 TPOHHUIIAEMOCTh” TOPUCTONM cpenbl. BusyanbHoe HaOmIofeHHWE 3a TUHAMHKON
npolecca OCYyIECTBISIETCS Yepe3 TOHKOe KBapLeBoe CTEKIO0 (2), KOTOpoe OJHOBPEMEHHO SBISETCS
rpanbto 1ienu. [llenp depes 3a30p cooOmiaeTcsi ¢ BHEIIHEW aKTHMBHOW ra3oBoi cpenoil. ['openue
uHUIMUpyeTcs crupaibio (3). KonaencupoBaHHble MPOAYKTHI CUHTE3a COXPAHSIIOTCS U MOTYT OBITh
JIOTIOJIHUTENIBHO McclieoBaHbl. Pa3paboTaHa M YMCIEHHO MCClleZloOBaHA MaTeMaThdecKass MOJelNb
naHHOro mpouecca. lIpu HEyCTOHYMBOCTM IUIOCKOTO (pOHTAa TOPEHUS BO3HMKAIOT HOBBIE
YCTOHYMBBIE HEIMHEHHbIE NMHAMUYECKHE PEXUMBI CaAMOIOAECPKUBAIOIIErOCs Mpolecca FopeHus
CO CJIOXHOM CTPYKTYpo# ¢ppoHTa (B TOM uncie sueructoit). Ha mpumepe ciost tTurana + Bo3myx (a3or
80% + xuciopox 20%) SKCHepUMEHTaIbHO HCCIENOBaHAa HENUHEHHas IWHAMHKa (SYEeUCThIN
pexum) (QUIBTPAIIMOHHOTO TOpEHHs B 00JACTH HEyCTOMYMBOCTH Tuiockoro (ponta. Ilpomecc
(ukcupoBancs BUIMOKaMepoil. BriepBble 0OHapyKeH MyJIbCUPYIOUIMHA PEKUM JIBHKEHHUS SUeeK
9K30TEPMUYECKOTO XUMHUYECKOro mpeBpaieHus. [loka3aHo, 4yTo B yCIOBUSIX HEYCTOHYMBOCTH
IUIOCKOTO  (DUIbTpalMOHHOTO (poHTa TOpeHHus GPOHT “‘pacmagaercs’ Ha OTACIbHBIC SYCHKU
IK30TEPMUYECKOIO  XMMHMYECKOTO  IPEBpallleHus, KOTOpble, MEpeMelasch IO  CJOH
KOHJIEHCUPOBaHHOM Cpejibl, OCTABISAIOT 3a COOON KOHIEHCHUPOBAaHHbIE NPOIYKTHI B (hopme “nosoc”.
N3ydeHo nBwxkeHue siueek B MpsiMOoM (OT CHUpajid 10 3a30pa) U B OOpaTHOM HampaBiieHUH (110

HEIIpopearnpoBaBiIeMy KOHJACHCHPOBAHHOMY COCTaBY) J0 MOMCHTA IoracaHusl.
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B 3aBuCHMOCTH OT yCIIOBH (DPUIBTPALIMOHHOTO TPAHCIIOPTa AKTUBHOTO Ta30BOT'0 peareHTa B siueiiky
Y TEIUIONOTEPh BO BHELIHIO CPely sUeiKa MOXKET PACTH U AEIUTHCS UM, HA000pOT, yMEHbIAThCS
u ruOHyTh. MccnenoBaHo BIMSHHME ONpEAEISIOIMX MapaMeTpOB Ha KOJIMYECTBO BO3ZHHMKAROLIMX
S4eeK, HMX CTPYKTYpy W 3aKOHOMEPHOCTH IyJbCUPYIOIIEH JWHAMHUKH WX PaclpOCTpaHEHHS.
OmnpeneneHsl KpUTHUECKHUE YCIIOBHS MX CYIIECTBOBaHMS B 3aBUCHMOCTH OT Teruionorepb. Panee
SYEUCTBIE CTPYKTYPBI TOpeHMsl HAOII0JaluCh MPU FOPEHUM ra3oBbIX cMecel. VX cyliecTBoBaHue
CBSI3aHO CO cTaOMJIM3alMell syeek HelTMHeHHBIMU Terulo-Au(dy3noHHBIMU (paKTOpaMH B YCIOBHUIX
rOpeHusl ¢ UCKPHUBIEHHBIM (pOHTOM. B naHHOM ciiyyae cTaOMIM3MPYIOMINUM (DaKTOPOM sIBIIsSiETCS

(GUIBTPALIMOHHBIN TPAHCIIOPT ra30BOI0 peareHra.
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SHS FOR PRODUCTION OF CONSTRUCTION MATERIALS
FROM LUNAR DUST

F. Alvarez, C. White, E. Shafirovich*

The University of Texas at El Paso, Department of Mechanical Engineering, El Paso, TX 79968, USA

* eshafirovich2@utep.edu

Future exploration missions to the Moon and Mars will involve construction of radiation shielding,
landing/launching pads, thermal wadis, and other structures on the lunar/planetary surface [1, 2].
The construction materials could be produced in situ from regolith by sintering at high
temperatures, e.g., using microwave radiation [3]. Heating the regolith to the required high
temperatures, however, would require significant energy input. An alternative approach involves
combustible mixtures of regolith with some additives. Upon ignition of such a mixture, exothermic
reactions, either between the additives or between the additive and regolith, would cause self-
sustained propagation of the combustion wave.

In the present work, thermodynamic calculations of the adiabatic flame temperature and combustion
products were conducted for the mixtures of Al and Mg with JSC-1A lunar regolith simulant. At the
same metal concentrations, the calculations predict higher adiabatic flame temperatures for Mg-
based mixtures. The maximum temperatures are reached at 23 wt % Al and 26 wt % Mg. For
comparison, thermodynamic calculations were also conducted for triple mixtures of JSC-1A,
titanium, and boron, where Ti/B ratio corresponded to the formation of TiB,. At 23-26 wt % of the
Ti/B pair in the triple mixture, the predicted adiabatic flame temperatures are lower by 500-600 K
than for the mixtures of JSC-1A with Al or Mg.

Combustion of Mg/JSC-1A mixture pellets in argon environment was studied experimentally. Prior
to mixing with Mg, the used JSC-1A powder was ball-milled. At the volume weighted mean
diameter less than 100 um, ignition and stable propagation of the combustion front was observed in
all experiments (Fig. 1). It was shown that with increasing the milling time of JSC-1A, the
combustion front velocity of Mg/JSC-1A mixture increases. A decrease in argon pressure from 90
to 10 kPa does not influence the front velocity. In addition, experiments in microgravity were
conducted onboard reduced-gravity research aircraft in June 2011.

This research was supported by the NASA Office of Education (Group 5 University Research
Centers). The experiments in microgravity were supported by NASA’s Reduced Gravity Student
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Flight Opportunities Program and by the Center for Space Exploration Technology Research at the

University of Texas at El Paso.

t=0 t=5s t=10s t=15s t=20s

Fig. 1. Images of combustion front propagation in the mixture of JSC-1A lunar regolith simulant
with magnesium (26 wt% Mg) in argon environment [4, 5].
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OCOBEHHOCTHU ®OPMHUPOBAHUA CTPYKTYPbI U UBMEHEHUE
PEAKIIMOHHOM CIIOCOBHOCTHU
B AKTUBUPOBAHHBIX CBC-CMECHAX NI-AL

IIkoanu H.®.*, Baguenko C.I'., Poraues A.C., CauxkoBa H.B.

WHCTUTYT CTPYKTYypHOI MaKpOKMHETHKH U 1Tpobiem mMaTtepuanoseneHus PAH, r. Yepnoronoska, 142432, *
N.F.Shkodich@mail.ru

B nmnocnennee BpeMsi MpeIMeTOM HMHTEHCHBHBIX MCCJIEIOBAaHMM CTalo COYETaHHE METOJI0B
caMopacrnpoCTPaHsIOIIErocsi BbICOKOTEMIIEPATYPHOTO CHHTE3a U MeXaHW4ecKod aktupauuu (MA)
pEeaKUMOHHBIX cMeced. SIBissAch OJHMM W3 Haubojiee MPOCThIX MeToJoB BozaeiictBua Ha CBC,
MeXaHWYecKas aKTUBAIUsl MOXET CIYXHUTh J(PQPEKTUBHBIM  CPEACTBOM,  TO3BOJSIOUINM
CYLIECTBEHHO YBEJIMYMBATh BO3MOXHOCTH TNPOTEKAHHs XWMHUYECKHX pEaKIHil, B YaCTHOCTH,
pacIIMpUTh KOHUEHTpAlMOHHBIE NpeJelibl TOPeHHs, MEHATb TEePMHUYECKHE MapameTpbl (poHTa
ropeHus (Temrmepatrypy M CKOPOCTb TOpPEHMs, TeMIepaTypy BOCIUIAMEHEHUS W Ap.), IPUBOAS K
W3MEHEHHIO CTPYKTYPBI M CBOMCTB MPOYKTOB CUHTE3A.

B cBs13u ¢ 3TUM NMOHMMaHKWE CIIOKHEUIIEro MexaHu3Ma BIUsHUsA MA Ha CTPYKTYpHbIE U3MEHEHHUS U
napameTpsl roperust B CBC-cuctemax npescraBisieT OOJIbIION HAYYHbIN U IPaKTUYECKUI HHTEpEC.
B kagectBe oObekTa mccienoBanus Oblia BeiOpaHa cucteMa Ni-Al, KoTopas 10CTaTOYHO XOPOIIO
M3y4eHa, HO MEXaHW3M aKTHBHUPOBaHUs J0 KOHIA He packpbIT. LIluxToBas cMech MpUTOTaBIMBajIach
CYXUM CMEIICHHWEM HCXOJHBIX KOMIOHEHTOB B (papopoBBIX CTYINKax B U3 pacuera oOpa3oBaHUs
AIIOMUHH/IA HUKEJs.

[IpenBapuTeIbHYIO MEXAaHUYECKYI0 AKTUBALMIO PEAKLIMOHHBIX CMECel MPOBOJIWIM B IUIaHETapHOM
MenbHule AI'O-2 ¢ BOASHBIM OXJIAXKIEHUEM B cpele aproHa (LEHTPOCTPEMHUTENBHOE YCKOpPEHHUE
mapoB 90g). JlaHHBIE cOCTaBbl B 3aJaHHBIX MACCOBBIX COOTHOIICHHSAX 3arpy’kajiuch B OapabaHbI
MENbHUIIBI BMecTe C u3Menpyaromumu Tenamu. llluxTta mnoxaBeprasach o00paboTke mpu
cootHomeHusx Macc mapoB (L) m marepumana (M) LI:M=20:1. ITpoao/KUTENBHOCTH MOMOJIA
cocTaBiisiyia OT 15cekyHa 10 7 MUHYT MUHYT.

Ha HayaibHOM »Tame MexaHuWdeckoil o00paGoTku uacTtuibl Al (IJJaCTUYHBIA  KOMIIOHEHT)
nepOPMUPYIOTCS U TIOJIBEPTAlOTCS MHOTOKPATHOMY PACIUTIONIMBAHUIO B Pe3yJIbTaTe COyIapeHuit
MEXIy IapaMd M CTEHKOW, B TO BpeMs Kak 4YacTUIbl Ni (XpynKUH KOMIIOHEHT) IpOOSITCS.

VBenuuenune BpEMCHM AaKTHUBALlUU TIPUBOAUT K TIHIATCIbHOMY TMEPEMCIIMBAHHUIO HCXOAHBIX
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KOMITIOHEHTOB MeXay co00il U (hOpMUPOBAHUIO KOMIIO3UTOB, COCTOSIIIMX U3 YEPEAYIOIINXCS CIOEB
UCXOAHBIX KOMMoHeHTOB Al wu Ni, TOJIMHA KOTOPHIX YMEHBINAETCS C YBEIHMYECHUEM
NPOJIOJKUTENIEHOCTH MEXaHUUECKONH 00paboTKH.

[IpoBeneHO KOMIUIEKCHOE HCCIIEZIOBAHME HBOJIOLMU MHUKPOCTPYKTYPbl M KPUCTAJUIMUYECKOM
(aTOMHOM) CTPYKTYpbl aKTUBUPOBAHHBIX PEaKIIMOHHBIX cMecei Nit+Al B 3aBUCMMOCTH OT BpeMEHHU
AKTUBUPOBAHUS U Pa3IMYHBIX (PpaKLUN YacTULL.

[TokazaHo, 4TO B Mpoliecce MEXaHUYECKOW aKTUBALIMU 10 7 MUHYT YyAeIbHas IUIONIa/lb TOBEPXHOCTH
KOHTAKTa peareHTOB Bo3pacTtaia Juis KaKIou ¢ppakiuu npuMepHo B 15-20 pa3[1].

HccnenoBanne MUKpOCTPYKTYPbl aKTUBUPOBAHHBIX COCTABOB € OOJIBIINUM YBEIMYEHUEM MO3BOJIMIIO
BBISIBUTh HaHOpa3MEpHbIE CTPYKTYPHBIE COCTABIIAIOLINE, KOTOpble HE HAOIIOAAIOTCS B MCXOAHOM
pEakIMOHHOW cMecH W He OTHocATcs HM K ¢asze Ni, Hu k daze Al. Ilo mopdonorun onu
HAIMOMMHAIOT KITYyOBbI JIbIMa, a IPOMEKYTOUYHAsl IPKOCTh B PEXKUME OTPAKEHHBIX AJIEKTPOHOB FOBOPUT
0 TOM, YTO UX CpEeIHHUI aTOMHBIH BeC SBISETCS MPOMEKYTOYHbIM Mexay Ni (6emas ¢aza) u Al

(TemHO-cepast aza) (puc.1).

a) (x200000) B) (x100000)

Puc. 1. Mukpoctpyktypa cmecu Nit+ Al: a) 1 muH; B) 7 MUH.

AHanu3 akTUBUPOBaHHOTO cocTaBa Ni+ Al METOI0M MPOCBEUMBAIOIIEH IEKTPOHHOW MUKPOCKOITUHI
(JEOL 2100) noka3zain, 4ro o0cykaaemMble CTPYKTYpHBIE COCTABIISIONINE COJIEPIKAT KaK HUKEIb, TaK
u amroMuHUH. [TpeanonoxkuTenbHO OHU MPEICTABIISIIOT CO00 00JIACTH TBEPAOTO PAcCTBOPA HUKEJS B
QIIIOMUHUH, 00pa30BaBIIMECs B pe3ylbTaTe TPEHHUS IMOTOKA AIIOMUHHSA O TMOBEPXHOCTh HHUKEINS,
YHOCA HUKEJIEBBIX aTOMOB U KJIACTEPOB C MOBEPXHOCTU W OBICTPOI 3aKayku [2].

OpnHako peHTreHo(a3oBbId aHAIW3 HE IMOKa3al HaJlWuyue HOBBIX (a3. ITO TOBOPUT O TOM, YTO
oOHapyKeHHbIE HAHOPa3MEPHBIE CTPYKTYPHBIE COCTABIISIONINE PEHTTEHOAMOP(HBI.

Jlns onpeneneHus TeMIepaTrypbl caMOBOCITIAMEHEHHs] aKTUBUPOBAHHBIX cMeceil Oblia pazpaboTaHa

METOAWKa C HCIIOJb30BAHUEM MAJIbIX KOJMYCCTB MCCICAYEMOro BEIICCTBA. TeMnepaTypa
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BOCIINIAMCHCHHA PCAKIIMOHHBIX cMeceit Nit+Al B mnmpounecce MEXaHUYECKOMN AKTHBAllUHU CHHWXKXACTCA Ha

300-400 rpamycoB u 3aBUCUT OT (hpaKIMK CMECH JIUIIb TIPU MaJOM BPEMEHU aKTHBALIMH.
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Puc. 2. 3aBucuMocTh TEMIICPATYPbl BOCIINIAMCHCHHS OT BpEMCHU MEXaHUYECKOM aKTUBALUU JIJIS

pa3nuuHbIX Qpakiuii cmecu Nit+Al.

Ha ocHoBe nonmy4eHHBIX pe3yabTaTOB CIEIAHO MPEANONI0KEHHE O TOM, YTO OCHOBHOE BIMSHHE Ha
pEaKIMOHHBIE CBOMCTBa T'ETEPOTEHHBIX CHCTEM OKa3biBaeT (OPMUPOBAHUE TMOJ JIEHCTBHEM
MHTEHCHBHOTO MEXaHMYECKOTO BO3ACUCTBUSI HAHOpa3MepHBIX obnactell peHTreHoaMopdHbIX a3 u

TBEPBIX PaCTBOPOB.
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T'EMA3EPHI: 50 JET UCCJEJOBAHUN BHYTPEHHEI'O CTPOEHUS U
MEXAHHW3MA U3BEPKXEHUI

A.C. UlTeitnGepr

Wucturyt xummnueckoit pusnku nM. H.H. Cemenosa, yi. Kocsiruna 4, Mocksa, Poccust 117977
ALOFT, 61 Fairlawn Dr., Berkeley, CA, USA 94708

shteinberg@aol.com

50 net Ha3aj aBTOP, MEPUOJUUECKH TOMOTABILIMI CBOeMY OpaTy ByJkaHojory ['eHpuxy, npuriacui
Aunekcanapa MepxanoBa Ha KamuaTky. BepTonet Beicanun Hac ABoux B pailone [{onuuel ['elizepoB
U 4epe3 CyTKU JOJDKEeH OblI 3a HaMM BepHyTbcsa. Ho mo He3aBHCSIIMM OT HaC MPUYMHAM BMECTO
onHOro naHs Mbl npoBenu B Jlonune ['elizepoB Lienyro Heaento. DTa MO CYIIECTBY ciayyaiiHas
3aJlep)kKKa OKaszajdach HE TOJIBKO HeJerkoi (eapl OBLIO OYeHb Majo), HO POKOBOM M Jaxe
cyacTiMBOM. Tak HayajauCh HAIIM MHOTOJIETHUE OSKCIEPUMEHTAJbHbIE M TEOPETUYECKUE
MCClIeIOBaHUs Tel3epoB, B pe3ybTaTe KOTOPHIX YJaJ0Ch YCTAHOBUTh HEKOTOPHIE OYE€Hb BaXKHBIE,
paHee COBEpLIEHHO HEU3BECTHbIE OCOOCHHOCTH BHYTPEHHETO CTPOEHHUS! Tei3epoB M MeXaHU3Ma
MOJTOTOBKY W MPOTEKaHUSI KPACUBEUILErO MPUPOTHOTO SIBJIEHUS - U3BEP)KEeHUA rersepa. B nokmane
OyIlyT MpeACTaBlIEHbl OCHOBHBIE PE3YyJIbTaThl 3TUX HCCIENOBAHUA U OTPAKEHO YYacTHE B HX
MOJIyYeHUH HECKOJIBKMX YUEHBIX - COABTOPOB JOKJIaI4MKA.

Ho cnegyer 0co60 moa4epkHyTh NMPUHIMITMATLHOE W Ba)KHEHIIee 3HAYCHHE TOW MEPBOM PabOTHI,
KOTOpas Oblla HalmucaHa B TEUYEHHE OJIHOM HENEIW BO BPEMs YKAa3aHHOI'O BBILIE MEPBOrO BU3UTA B
Honuny I'eiizepoB. Anekcannp Mep:kaHOB M aBTOp BHMMATeJIbHO HAOIIOAAIN pa3HOOOpa3Hene
reiseppl, ropsude M KUISIIKME KIIOYM, a Takxke mnapoBble cTpyd ((pymaposasl). Mbl mbITaauch
MOCTPOUTH O BO3MOXKHOCTH TPOCTYIO (PU3UYECKYI0 MOJEeNIb BHYTPEHHEro YCTpOICTBa Teiizepa,
KOTOpas Morjia Obl HEMPOTUBOPEUYMBO OOBSCHUTH TJABHYI0 OCOOEHHOCTh I'ei3epHOro mpoiiecca -
€ro MepUOJMYHOCTb. VHTEHCUBHBIE, OTHOCUTEIBHO KPAaTKOBPEMEHHBIE W3BEPIKEHUs TI'eH3epoB
YepeayloTcss C MPOJODKUTENbHBIMU  CTalusMU MOKosi. B wurore OypHBIX AHMCKyccHil Oblia
chopmynupoBaHa (Qu3MUEcKas MOJENb Trei3epa, BKIIOYABINAs KaMepy, BBIXOJHOW KaHal W JIBE
KaueCTBEHHO PAa3JIMYHBIX CHUCTEMBbI MOJBOAA BOJbI B Kamepy. [lo mepBoi cucteme ropsiyas Boja
MOCTYyIaeT Moj BbICOKMM JaBiieHHeM ('c ropbl") W ee pacxoid MpPaKTHUYECKH TMOCTOSHEH Ha BCEX
CTaIusAX T€M3EPHOTO LKA,

[To BTOpO# cucTeme B Kamepy mocTymnaer xojoaHast Boja ('c pexu", T.e. C YpPOBHS TPYHTOBBIX BOJ),
M €€ pacxo]i MaKCHMaJieH Mocje OKOHYaHUsSI U3BEP KEeHUsI, KOrJa BBIXOJIHOM KaHai onmycrouieH. [1o

Mepe 3aroJHEHUs] KaHajla 1Mo 3aKOHY COOOIIAIOIIMXCS COCYJIOB MOJBOJ XOJOIHOM BOJIBI B CUCTEMY
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3ameuisgercs. KpurnueckuM yciioBMEM MOJIArajgoch JOCTHKEHUE TEMIIEpaTyphbl KUIIEHUS B KaMmepe.
Jlnsa Takoil ¢u3nmueckod cxembl AnekcaHap MepkaHOB pa3paboTan MaTeMaTUYECKYl0 MOJIENb
mpoliecca MOATOTOBKM H3BEP)KEHUsA. Tak BIEpBbIE B MCTOPUU TEH3EPHBIX HCCIENOBAaHUN Oblia
co3/laHa Teopusl NepuoAa UHAYKLUU TreizepHoro usBep:keHus. CyliecTBEHHO, YTO B 3TOM TeopuH
ObLIO MOKa3aHO, YTO red3epbl 3aHUMAOT KOHKPETHOE MECTO B PsAJly OCTaJbHBIX FMIPOTEPMAIbHBIX
MCTOYHHMKOB. Ha 0fHOM Kpao 3TOro psiia HaXoJsATCS TOpsyde W KUISIIME KIIYH, a Ha JAPYyrom
Kpato — mapoBble cTpyu — ¢ymaposuibl. CrtaThs, cogepxkamias (U3NYECKYI0 TOCTaHOBKY H
YKa3aHHYI0 MaTeMaTH4ecKylo Teopuro, Obuta omyOsimkoBaHa B [loxmagmax AH CCCP no
npeacTasiieHuto aupekropa Mucrtutyra @usnku 3emnu akagemuka Muxanna CaioBCKOTO.

C uenpl0 MPOBEPKU MPEAJOKEHHOW MOJETM W BBIBOJOB MaTeMaTHYECKOW TEOPUU aBTOPOM,
paboraBmum Ttorma B Jlemmnrpame (I'ocymapcrBensbiii  Mucturyt [lpuknamHoit Xumuun
Munxummnpoma CCCP), 6buta coznana neictyromas [IEPBAS crexnisnnas nabopaTtopHas MoJienb
reiizepa. Okaszanoch OJIHAKO, YTO TpU HEOOJbIIOW BbicOTe KaHajda (3 MeTpa MaKCUMyM),
OTPaHUYEHHOM TMOTOJKOM J1a0OpaTOPHOW KOMHATHI MEPErpeB BOJABI IEPEU3BEPIKEHUEM ObLI
ciuimkoM Man. Bapuanmu nasnenust ot 1.3 at™ (kaHai 3alOJHEHHBIN BO/OH Nepes U3BEPKEHUEM)
no 1 atm (kaHam 3amojIHEH TOJIBKO MapoM Iocjie BbIOpoca BOJASHOW NPOOKM IpH Hadaie
W3BEP>KEHHUs1) COOTBETCTBYET HUUTOXKHO MaJICHbKUI Mepenajl TeMIepaTrypbl KUlleHus — 6 TpaiycoB.
EcTtecTBeHHO akKymyJssiliMs TeIUla MpH 3TOM CIMIIKOM Majla W JABM)KEHHE JBYX(a3sHOW cpeasl B
KaHaJle OCYIIECTBIIETCS TOJbKO B CPAaBHUTEIBHO MEJIEHHOM "UMCTO ITy3bIpbKOBOM' PEXHME, PE3KO
OTJIMYHOM OT B3PHIBHOTO T€W3epHOr0 H3BEP)KEHHMS C XapaKTepHOW T.H. "cHapsaHoH" Qopmoii
NapoBbIX 00BEMOB. DTOT HEAOCTATOK MOJENU ObUI OJIHAKO JIETKO MPEOJI0JIEH IMyTeM MOMELIEHUs
BBIXOJIHOTO Cpe3a KaHaja B BaKyyMHpPOBaHHbI o0beM. B 3THX ycioBuSIX Aake NMpU COBCEM
HeryOokoM BakyyMupoBaHuu P = 0.1 atM, obGecrnedrBaeMOM NPOCTBIM BOJOCTPYHHBIM HAaCOCOM,
YKa3aHHBIA BbIIIE IEpenaj TeMIEpaTypbl KUIEHUA Ul TOM K€ CTEKJISIHHOM MOJENIN C KaHAaJIoM
JuinHOM 3 M coctaBisn 31 rpanyc. T.e. akKyMyJiLys TeIUIa MPU MOJATOTOBKE U3BEPIKEHUS B MOJIENH
COOTBETCTBOBaJIAa paboTe MPUPOAHOTO reli3epa ¢ KaHAIOM JUTMHOW 28 MeTpoB. HeymmBuTensHo, 4TO
Oosblias BeIMYMHA TEMJIOBOM aKKyMYJISILMH, MPHUCYyILas BOJE B TaKUX YCIOBHAX, oOecredyuBaia
ype3BbIYaifHO OypHOE NpOTEeKaHWE W3BEpPKEHUs B JabopaTopHOM Mozenu. Ilpu yuactum aBTOpa
JIOKJIa/la aHajor 3TOM ee OblT coOpaH B pykoBoauMoM AujiekcanapoMm MepikaHoBbiM OTaene
MakpoknuHeTukn @Oummana HMuacturyta Xumuueckot ®Pusuku AH CCCP B YepHorosoBke.
Acnupantka Diuta Pa3uHa Hayana oCylIecTBIIATh B HEH JeTalbHble SKCIEPUMEHTHI ¢ (PUKcaluei
OCHOBHBIX [apaMeTpOB IpoLiecca — TEMIIEPAaTyPhbl U JaBJIE€HUSI B CUCTEME.

Jlnst Toro 4ToOBI MMETh BO3MOKHOCTBH KPYTJIOCYTOYHO (HE TOJIBKO B JlabopaTopuu, HO U jomal)

HaOnoaTh 3a paboOTOM MCKYCCTBEHHOrO reizepa ¢ BBIOpOCOM (M3BEp)KEHHMEM) JBYX(a3HOTO
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¢oHTaHa B 30HY HU3KOro naamjieHus s cienan apyryio (BTOPYIO) monens, He HyXaaBlnyrocs
OJIHAKO B BakyyMHOM Hacoce. OHa mpeAcTBisIa COOOM TepMETHUYECKYH0 CHUCTEMY U3 JIByX
CTEKJISIHHBIX COCYJ/IOB, COEAMHEHHBIX MEXIYy cOO0O0i IByMs OTIENbHBIMM TpyOkamu. B HmkHem
cocyze (Kamepe) MOMCXOIWJI HarpeB W BCKHUIIAHWE >KMIKOCTH, KOTOpas B MPOIECCE HU3BEPKEHUS
JIBUTajach Mo nepBod TpyOke (KaHady rei3epa) M mnomajaja Ha BHYTPEHHUE CTEHKH BEPXHEro
cocyna. Ctekasi Mo HHUM, >KMJIKOCTb OXJaXKJIaldach U MO BTOpOil TpyOke Bo3Bpalajiach oOpaTHO B
KaMepy remsepa.

[Tocie M3roToBIEeHUsI ITOM MOJIENIN €€ HIKHSS KaMepa 3aroJIHsUIach JETKOKUISIIEH KUIKOCThIO
(ppeonom ¢ temmneparypoit kunenus 48°C). Jlanee ocyIIecTBISIIOCh BAKyyMHUPOBaHUE U OTIalKa
repMeTHuHOM Mozenu. Takum 0Opa3oM B anbHEUIIEM BCE CTAIMH TeiH3epHOro LUKIA MOYKHO OBLIO
u3yyaTh 0€3 UCIOJIb30BaHUS BaKyyMHOIO Hacoca M IpPHU CPaBHUTENIBHO CIabOM HarpeBe HIKHEH
KamMeppl. JTa Mojenb paboTaia HOpMalbHO, HO TIOCTOSHHBIM MEpPHOA IMOYEMY-TO HE
JIEMOHCTpUpOBaJia — OHa "Kanmpu3Huyana'.

D10 ObUI0O 00MIHO M HenmoHATHO. OJHAXIBI, KOTJa HECMOTPsS HA CTAaHOBUBLIMICA OMACHBIM
WHTCHCHUBHBIM HAarpeB 3amoJHEHHON KHUIIKOCThIO 3aMKHYTOW CTEKJISTHHOW MOJENW BCKUIIAHUE He
HAUMHAJIOCh, S HE BBIAEpXKAl M B cepAllax yAapuwil KyjlakoM mo ctoiy. K moemy u3ymieHHro
U3BEpP)KEHWE MTHOBEHHO IMpousonuio. Jlerkuit yaap kapaHmamom MO MOJENW BbI3BaT B He
MOBTOPHOE U3BEPIKEHHE.

Tak ObLTO BHEpBBIE YCTAHOBJIEHO, YTO JKMIKOCTh B rei3epax MOKET ObITh METacTaOWIIBHOM, T.e.
NEeperpeToil BbILIE CTAHJAPTHOM TEPMAMHAMUYECKM pPAaBHOBECHOW TeMIepaTypbl KUIEHMUS,
COOTBETCTBYIOIIIEH JaHHOMY JHaBieHHI0. [I0CKOJIbKY B CHHYCOMJIE aKyCTHUECKOW (CercMHUYeCKOM)
BOJIHBI, HaOerarwlell Ha MeperpeTyr KUAKOCTh B Tei3zepe (MPUPOTHOM WIM HCKYCCTBEHHOM),
HapsAIy C TMOJIOKUTEIBHBIMM Y4YaCTKaMH TMOJbeMa JaBICHUS €CTh W OTpPULIATENIbHBIE YYacCTKH,
NPOUCXOJIUT KPaTKOBpPEMEHHOE MaJieHWe JaBiieHus. B pe3yibpTaTe OCYIIECTBISETCS BCKUIIAHUE -
HAJIMYMS K€ J1ayke HeOOJIbUIMX My3bIPbKOB B 00beMe NeperpeTon KHUJIKOCTH JOCTaTOYHO Ui TOTO
9TOOBI MpOIIecC pa3BUBAICs 0€3 MOCTOPOHHETO BMEIIATEIbCTBA.

DTOT pe3ysbpTaT M0Ka3ajl, 4YTo reisep sBIsSETCs NPUPOAHOHN "My3sIppKoBON kKaMmepoi'". Ilocnennss,
KaK W3BECTHO, SBJSETCS WHCTPYMEHTOM C aHOMAJbHO BBICOKOH YYBCTBHTEIBHOCTHIO K BeChbMa
MajbIM BapuanusaM ¢Guznueckux mnojied. s Toro, 4ToObl M3yuuTh 3PhEKT MeTacTabMILHOCTH
NPUMEHUTENIPHO K M3BEP)KEHUSIM Tel3epoB s NPOBEN CEPUI0 CIELHUATbHBIX 3KCIIEPUMEHTOB C
yKa3aHHOH MojieNblo, MOoJBepras e€e OueHb cIadblM aKyCTHYECKUM BO3JEHCTBUSM — aHalloram
celcMOBOJIH. [[71s1 ATOr0 MOJENb KEeCTKO CKpeIvisjach ¢ MalleHbKOW OpOH30BOM HakoBalbHEH, IO
KOTOpPOW ¢ 4YacTOTOM mopsiaka | T HAaHOCWIWCH YJapbl MasTHHKA — CTaJbHOTO INApHKa,

IMMOABCIICHHOI'O0 K IOTOJIKY Ha TOHKOM HUTKE. MCCJ’IGI[OBaJ'IaCI) 3aBUCUMOCTD IIE€pHUoaa H3B€p)K€HHI>'I
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reiizepa OT aMIUIUTY/bl BO3HHMKAIOIIMX B KOBAJbHE CTOSYMX BOJH, MPONOPLUUOHAIBLHONW >HEPTUU
yaapa. OnbITbl IPOBOJWINCH HOUYBIO, KOTJIa TOPOJ 3aTHXal U Ha YJUILE MPEeKpallanoch JABHKEHUE
aBTomoOuseil. B mpotuBHOM ciyudae (0COOCHHO MpHU MPOE3Jie TSKEIOro TPYy30BHUKA) U3BEPIKEHUE B
MOJIEIH MPOUCXOAUIIO TIPEXKAEBPEMEHHO U 0€3 y/IapoB MasTHUKA. B ombITax momorana Mosi Touka
Jlena, ObIBLIAs B TO BpeMsI IIKOJIbHULIEH.

OnpIThl MOKa3alM, YTO Jake OMMCaHHas BbIIIE, HECOMHEHHO OYeHb rpybas Moneib reisepa
oOnanana OrpOMHOM YYBCTBUTEIBHOCTHIO OCOOCHHO K Bapuallid OYEHb CIa0BIX aMIUIUTY]
"ceiicMuueckoro" myma. Mx yBenauueHMe TMPHUBOAMIO K PE3KOMY YMEHBUICHUIO Iepuoja
u3BepkeHud. [IpaBna B oOnacTv OOJBIIMX aMIUIUTYA 3TOT 3((EeKT 3aMeTHO yMeHbLIajcs -
BapHallys Nepuosia CTAaHOBWJIACh COM3MEPUMON C pazdpocoM HKCHEPUMEHTAIbHBIX BEJIMYMH.
Pe3ynbTaThl ATHX AKCIIEPUMEHTOB OBLIN OIMyOJWKOBAaHbI B XKypHaje "['eoxumus" U JeTrii B OCHOBY
n3o0perenus "Crnocob peructpanuu ynpyrux BoJIH B CIUIOMIHBIX cpeAax”. Ha aTo uzbpereHue ObL1
nostydeH [Tarent CCCP, koTopblii Ha3bIBajICs B T€ TOJIbI "aBTOPCKUM CBUIETEILCTBOM" .
Cyl11ecTBEHHO, YTO A3TH 3KCHEPUMEHTHI TO3BOJWIM HAWUTH MPOCTOE OOBCHEHHE YPE3BBIYAWHO
MHTEPECHBIM M BaXKHBIM JAHHBIM TJIABHOTO Teojora Memmoycronckoro HammonaneHoro ITapka
(wrat Baiiomunr, CIIIA) Ixona Peitnexapra. Ha ocHOBaHMM CBOMX MHOTOJIETHUX HaOJIOIEHUH 32
reiisepamu Mennoycrona PeifHexapT 0GHapy Wi, 4To MHOTHE Teif3epbl MEHSIOT CBOH TEPHOL,
OTCJIKMBAsi CE30HHYIO BapHalMio aTMOC(HEpPHOTO JaBlIEHUS, a TaKKe W3MEHEHHUE YPOBHS
rpaBUTaLluK, 00yCIIOBIEHHOE Bapuanueil nosioxenust JIyHsl (T.H. npuiuBHble cuibl). Ho cambivu
WHTEpPECHBIMU B dMIUpHKe PelinexapTa ObUIM NaHHBIC, TOKA3bIBABIINE, YTO HEKOTOPHIEC Tel3ephl (B
TOM YHMCIIe caMblil 3HAMEHHUTEIH refizep Memnoycrona "Crapblii ciiyskaka") COKpAIAIOT CBO# MEPHOI
32 HECKOJIbKO JIET J10 KPYIHBIX 3eMJIETpsICeHHI B pervoHe. T.e. HEKOTOpbIe MPUPOAHBIE I'ei3epsl
OCYUIECTBIISIOT TO, YTO HA3bIBETCA Y CEHCMOJIOroB '"INAJIbHUM IPOTHO30M 3€MIIETPSICEHUM".
PeiinexapT He a1 00bSCHEHHS CBOMM 3aMedaTeIbHbIM YKCIIEPUMEHTATIbHBIM Pe3yIbTaTaM.

Ha ocHOBaHuM e HalIMX SKCIEPUMEHTOB Mbl CJII€Nadd BBIBOJ O TOM, UYTO Tel3ep sBIsSETCS
MPUPOAHBIM ceiicmorpadom, paboTaromuM B "KAyIIeM pexume" W pearupyromyM Ha HHUYTOXKHO
MaJlblif pOCT aMIUIUTYbI TOCTOSIHHO TPUCYTCTBYIOIEro B 3emiie ceiicMuyeckoro mryma. CoriacHo
COBPEMEHHBIM  MpPEJCTAaBICHUSAM O (U3MKE TPOLIECCOB, COMPOBOXKIAIOIIUX  MOATOTOBKY
3eMJIETPSICEHHsI, MOYKHO TOJlaraTh, 4YTO MPEALIECTBYIOIIUI 3eMJIETPSCEHUI0 POCT aMILTUTYbI
ceiicMOIIyMOB OOYCIIOBJIEH YBEIMUEHUEM HAMPSIKEHHOTO COCTOSHUS KOpbl. OOpa3HO BBIpaXasch,
MOXHO CKa3aTb, 4TO 374€Ch paboTaeT MpocTas aHAJOTMs: CUJIbHOE 3aTyXaHMe CeHCMOBOJIH
(ceiicMOIITyMOB), MPOXOJAIIMX uepe3 ciaadoCcKaThli MECOK CTaHOBUTCA ropasno Oosee crnabbiM,
€ClId TECOK CXaT M mnpubimkaercs K TBepaoMmy Teny. T.e. aMIUIUTyAa perucTpuUpyeMbIX

CEHCMOBOJIH JOJIKHA HapacTaThb.
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WMHpIMu  coBaMM Tepell 3€MIIETPSACEHUEM IIEpUOJl Tei3epa COKpalaeTcs M0 Mepe pocTa
HaMpsOKEHUsI B NIOPOJaX, OKPYKAIOUIMX TeH3epHYI0 CUCTEMY. DTOT pe3yJbTaT ObL1 MOATBEPKICH
BBITIOJIHEHHOW HaMHU KOJWYeCTBEHHOW o0paboTkoi naHHbIX Peiinexapra. [Togo6HO TOoMy, Kak 3TO
OBUIO C ONHUCAHHBIM BBINIE HCCIEIOBAHMEM MEXaHM3Ma W3BEPIKEHUs, IMocie OOCYKICHHS
¢usnueckux 0coOeHHOCTEH reif3epa, SBISIOMIETOCS BBICOKOYYBCTBUTEIBHBIM  MPUPOJHBIM
ceiicmorpadom, Anekcanap MepxkaHOB pa3paboTan CTPOryH0 MaTeMaTHYeCKyl0 MOJedb 3TOTro
sBnenus. Utorom crana ctarbs "O BO3MOXKHOCTH CO3JIaHHA T'eii3epHOT0 cericmorpada”, HarnucaHHas
B TIEpUOJI HAIIeTO ¢ HUM MpeObiBanus mox MockBoii B Jlome TBopuecTBa Coro3a KOMITIO3UTOPOB
CCCP (r. MBaHOBO).

Kak 1 B omnbITax, BINOJHEHHBIX MOUM JUIUIOMHMKOM BukTopoM UepBsSiKOBBIM, HCIOJIb30BAaBLUIMM
TepMETHYHYI0 BaKyyMHPOBAHHYIO MOJIEJIb, 3allOJHEHHYI0 (pEeoHOM, B OmbITax Uikl PazuHoil Ha
MOJIENIM C BOJIOM OBLIM YETKO 3aperucTpUpOBaHbl TEMIIEpaTyphl Hauajia KUreHus B kamepe. B obenx
MOJIENISIX OHM YCTOMUYMBO MpeBbILIATM HAa HECKOJIBKO I'pajyCcoB TE€PMOAMHAMUYECKHE 3HAYCHHS.
WNupiMu cioBaMu mepesi HAYalIOM M3BEPIKEHHs XOTs Obl HEOONbIIAS YacTh JKUIKOCTU B Tei3epHOI
CUCTEME SBJISIETCS METaCTaOMIIbHOM.

[locne oOCyKIaeHUs OMMCAHHBIX BBINIE PE3YyJbTAaTOB C AJieKCaHAPOM MepKaHOBBIM U MOUM
O6paToM-ByJikaHosnorom I'enpuxom LlltelinOeprom, HayaBIIMM ¢ HAMHU COTPYAHUYATH 10 HEKOTOPHIM
BOMNpOCaM, NPEJCTABISABIIUM OOOIIHBIA HMHTEpEC, S PeUIMSl TMOCTaBUTh ONBITHI HAa HATypHOM
reisepe, B BBIXOJIHOM Cpe3 KOTOPOTo JIOJKHA Obli1a ObITh T€PMETUYHO BCTaBJIEHA TpyOa 3aJaHHOMN
JUIMHBL h. Vines 3akirodanach B U3MEPEHHM pacxojia U TeMIepaTyphbl BOIbI, W3JIMBAEMOUN mepes
M3BEP)KEHHUEM U B MPOLIECCE CaMOT0 U3BEP)KEHUS JUISl ABYX ClIy4yaeB. JTH JJaHHBIE MPEAINoaraioch
NOJYYUTh JUIsl OIHOTO M TOTO e rei3epa, MMEIOILIEro OHAKO KaHallbl BBIOpOCca pa3HOW JJIUHBL. Y
nepBoro (MCXOIHOTO) reif3epa JAMuMHA KaHana Hew3BecTHa (00o3HaumMm ee L). Y BTOporo reiizepa
JUlMHa KaHajma paBHa L + h. IlockoibKy 3aBeOMO SICHO, YTO KaHal MPUPOJHOTO reiszepa
JIOCTaTOYHO JUIMHEH, T.e. L >> h, comocTaBisisi pe3yJbTaTbl YKa3aHHbBIX HKCIEPUMEHTOB, MOYKHO
OBLTO HAZIeAThCA Ha JIMHEApU3alMI0 HEJTMHEWHBIX YpaBHEHUH MaTeMaTudeckor Teopuu MeprkaHoBa
Y C UCTIOJIb30BAaHUEM M3BECTHOTO MaciiTalda # pacyuTaTh BeTMUUHY TITyOWHBI KaHamia L.

Bwmecrte ¢ MouMm nomoiHrkom Biagumupom @yHaameHTCKUM s noJieten B Jlonuny ['elizepoB, B3sB
¢ co0o0il TepMOMETpHI, KJIEEHKY, Belpa, CEKyHIOMEphl U JBYXMETPOBYIO acOOLEMEHTHYIO TpyOy,
KOTOpOH coOMpascs HapaCTUTh KaHall MOIXOJAIIEro reiszepa. Xo3suH JloJuHBI 3aMedaTesbHbIN
YeJoBeK, erepb, coTpyaHuk Kponoukoro 3amoBennuka, Butanmii HukonaeHko, roctenpHUHUMHO
MOMOTaBIIMK HaM ¢ AJieKkcaHApoM MepKaHOBBIM (M KOPMHUBILIWK HAC) €Ille B MEPBOM IKCIIEIUIINH,

nojo0Opai JUIs Moei paboTsI XOpOUINHA O€3bIMSHHBIN reisep. JtoT
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reoTepMajbHbIi MCTOYHMK MOJyuws Broocineactsuu ums Koreredl (cokpalieHue OT CJOB
"KOnwuecteennas TEopus TEM3epos").

Msl ¢ B. @yHnaMeHTCKUM COUIM JIOTOK, MMPUTOTOBUIIM CUCTEMY CIIMBA AJISl U3MEPEHHS pacxoja U ¢
yTpa Hauyanu paboty. [Toka TpyOa He Oblia BcTaBieHa B BEPXHIOIO YacTh KaHasa (rpuQoH), Bee 110
N0 HaMeuyeHHOMY IulaHy. bbul HM3MepeH TemnepaTypsl Bojbl, ee pacxon G=G(t) u mnepuoa
u3BepxeHus. BocnpousBoauMocTs u3MepeHuit Obla oueHb BbICOKONH. OJHaKO BCE HALIM MOIBITKU
TrepMETUYHO BCTaBUTh TPYyOy B BBIXOJHOE OTBEpCTHE KaHaua, MMeBIIee (HOpMy HEMpPaBUIBHOTO
IIIMIICA, OKa3aInuch Oe3ycnemmHbpiMu. Vcnosabp3oBaHue LieMeHTa B paboTe ¢ rei3epoM — NaMsITHUKOM
OpUpOJBl MBI HE MOINIM ce0e MO3BOJIMTh, a JI0Oble Apyrue YIUIOTHEHHs (TpSIMKH, TpaBa) He
paboTanu: miean ObLTM OFPOMHBIMHU M M3 HUX XJIeCTall KUIIATOK. Mbl ObUTM B OTYassHUH, CTEMHENO U
nopa ObUIO yXOAWUTh B Jarepb. OKOHYMB MOHUTOPUHT TMOCJIETHETO W3BEPXKEHHUS, U He 3Has, UTO
Jienath C BeIpamu, 3aloJHEHbIMA COOpaHHOW BOJIOM, S BBUIMJII 3TH Beapa B TpudoH reisepa u
MalllMHAJbHO BKIIOYMI ceKyHaomep. Oka3anoch, UYTO W3BEp)KEHME, MOCIEOBaBLIEE 3a 3TUM
JIEMCTBMEM MPOM3O0ILIO O4YeHb OBbICTPO — mepuoj] cokpatwica! Ha crienyromee yTpo Mbl HalulM
6oabinyto (200 1) mokapHyr 604Ky, KOTOPYIO 3arOJHSIM CMEChIO XOJIOAHOW W Topsiuei Boa. Mbl
CTaJM JeNaTh OIBITHI, BapbuUpys TeMmIepaTrypy M 0O0beM BOAbI, BIMBAeMOW BHYTpb Treiizepa u3
yKa3zaHHOM Oouku. JIns MpPUTOTOBJIEHMS MOPLMH BOJABI BeIpa C XOJOJHON BOJOW MOJHUMAIH
BPYUHYIO C peku ['elizepHOH, a ropsuyr (IOYTH KUIIATOK) Opaiu mpsMo c u3Bep:keHuUi. Paborta
OblIa BO BCEX OTHOLIEHUSX TAXKENION, HO Ha HAC pajoBalla Ype3BblYaiiHO.

OTOT 3NM3074 TMOJIOKWI HAyalo OYEHb OOJbLIOMY LMKIY HAIIMX OKCHEPUMEHTAIBHBIX MU
TEOPETUUYECKUX HCCIIEOBAHUN, NOTYYMBIIMX O0Illee Ha3BaHUE ''30HAMpoBaHMEe relsepoB". Ha
NEepBOM JTare 3TO OBIIM IMOJIXOMAbI, B KOTOPHIX K Tei3epHON cucTeMe Mbl OTHOCHIIUCH KakK K
"yepHoMy AMMKY". B nanbHeliIeM ONBITBI CTaBUJIMCH LIEJICHANPAaBIEHHO C IPOBEPKOM
TEOPETUUECKUX MOJENEH, MOCTOSHHBIMU pacueTaMu M KOJIMYECTBEHHBIM M3MEPEHUEM NapaMeTpOB
CHCTEMBI, 3JEMEHThl KOTOpPOH HaxonsaTcsd IIyOoko moa 3emiei. BaxHo mnoauyepkHyTh [aBe
0COOEHHOCTH 3TUX 3KCIIEPUMEHTOB, OTIMYAIOIIME UX OT pabOThl C UCKYCCTBEHHBIMHM CKBAa)KHHAMMU:
TMIpPOTEMAIIbHBIMY, Ta30BBIMU U HEPTAHBIMU. B oTinyue OT MpAMBIX, LMIMHIPUYECKUX CKBAXKUH
KaHall reisepa uMeeT MNPUXOTIUBYIO ¢opMmy. HHKakuMX JaTYMKOB B HEro Ha CKOJb-HUOYNb
3aMEeTHYI0 [IyOHWHY MOMECTHTh MPakTHUYECKH HEeBO3MOXHO. ITpoBeneHHe OMBITOB JOKHO OBITH
9KOJIOTHUECKH Oe3yNnpeyHbIM: TOCe JI0O0BIX 3KCIIEPUMEHTOB MO 30HIMPOBAHUIO PEXHUM Telsepa
JOJKeH OBICTPO BO3BpAIlaThCsl K NpeXHeMY. MHOIOUMCIIEHHBIE OIBITHI IMOKa3ald, YTO IOCIE
Ar000ro H3KClepUMEHTa M0 30HIMPOBAHUIO Teif3ep Yepe3 OAMH JBa IMKJIA BO3BpalLIaeTcs K

OOBIYHOMY PEXKUMY.
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Hawmu ObuTH mpoBeieHbl aKTUBHBIE SKCIIEPUMEHTHI TI0 TPEM BUJIaM 30HIUPOBAHMS.

1) I'uapozonaupoBanue (I'3) — MOHUTOPUHT pexuMMa reisepa, pean3yrolierocs mnocie ObICTPOro
BJMBa B IIyCTOM KaHall 3aJlaHHBIX KOJIMYECTB BOJbI C 3aJlaHHOW TemmepaTypoil. OcuiecTBiaseTcs
M3MEpeHHe MapaMeTpoB U3IMBAEMOH (710 Havaa U3BEP)KEHUs ) U u3Bepraemoii Boasl: G = G(H) u T =
T(2);

2) Xumudeckoe 30HAMpoBaHre (X3) — METO/I BO MHOTOM aHaJOTUYHBIA THIPO30HIUPOBAHUIO, HO C
NpeIBapUTEIbHBIM PACTBOPEHHUEM BO BIIMBAEMOM BOJIE XMMHUYECKOW METKH — XJIOPUCTOTO HATPHS
(NaCl). Hapsny ¢ G = G(f) u T = T(f) ocyuiecTBisieTcs NEepHOAMUYECKas peructpaius (oT
W3BEP)KEHHUS K U3BEP)KEHUI0) YMEHbIeHUs: KoHieHTparuy NaCl B u3nmuBaeMoii U U3BeraeMoi Bojie.
Nnero, X3 npennoxuna W.I1. BopoBrHckasi, a TEOpHIO 3TOTO METO/Ia pa3paboTall aBTOp.

3) Tennooe 3ounupoBanue (T3) — UHTEHCH(UKAIMS BHEITHUX TEIUIONOTEPh M3 rpudoHa reizepa
MyTeM TIOCTPOCHMS HEOONBIIUX 3alpyJ, MPAKTHUECKH HE BIMSIONMIUX HA TUAPOCTATUKY, HO
3HAYMTEIBHO yBEIMYMBAIONIMX IIomanab ("3epkano") Boabl B rpudone. Maero meTona mpenaoxu
Ienpux IlTeitnGepr. OH ke OCYIIECTBUJI €ro MPaKTHUECKYI0 pealn3aliio, B XOAe KOTOpOii
MOKa3aJl, YTO YBETUYEHHUE IO rprudoHa MPUBOIUIO K TPOSKPATHOMY POCTY Tiepuojia reisepa
Benukan.

B noknane OyayT mpeacTaBiieHbl OCHOBHBIE TEOPETHMUYECKHE M IKCIIEPUMEHTANIbHBIE PE3yJIbTaThl
pabot, nHauathix Hamu S50 gner Hazan Ha Ha Kamuyatke, B Jlemmnrpame m YepHorosioBke u
nponomkeHHsIX nociennne 20 et B CIIA (Bepxn, Kamucrora, Memnoycronckuit HanponansHeri
[Tapk).

K Haubonee BaXKHBIM U3 3TUX PE3YyJIbTAaTOB CIIEYET OTHECTH:

1. KonnyecTBeHHOE yCTaHOBJICHHE BAKHOW POJIM METAaCTAOMIBHOTO COCTOSIHUS BOJIbI B T€M3epHOM
CUCTEME TIepe]] H3BEPIKEHUEM.

2. OOHapyxeHHE TMPUHIMIHAATBHON POJM JTOMHUHHUPYIOIIETO BHYTPU CHUCTEMBI CBOOOIHO-
KOHBEKTUBHOI'O TEIIO0OMEHa, 00YCIaBIMBAIOLIEr0 paHee HEU3yUYEHHbIE OCOOEHHOCTH CTPOEHHUs
TEeU3EpOB U peAIN3alMU TEU3EPHBIX MPOIECCOB, BKIIOYAs HEJIWHEUHYIO 3aBUCHUMOCTH TEU3EPHOTO
nepuo/ia OT BapHalluy MapaMeTPOB CEHCMUYECKOH 0OCTaHOBKH.

3. YcraHoBleHHE JBYX Ka4eCTBEHHBIX pa3MYMi B NMPOTEKAaHWW OCHOBHBIX CTaJIUH TeH3epHOTO
nukina.  M3BepkeHune  mpoTekaeTr. Kak  Ciy4yalWHbIM  (croXacThueckuid) —mpouecc.  Ero
MPOJOJKUTENIBHOCTh HE CBSI3aHA C XapaKTepUCTHKAMH TMPEAIICCTBOBABIIEH €My CTaJud TOKOs
(akkymMyJIsiUM Teria B cucTeme). HampoTwB cTagusi MOKOs SIBJISIETCS MPHUHIMITHAIBHO CTPOTO
JIETEPMEHUPOBAHHOM U €€ MPOI0JKUTENLHOCTD ONPEeNAeTCs JTUTENbHOCTBIO MPEAIECTBOBALIETO
€l U3BEPIKEHHUS.

4, HYTCM OCYHICCTBJICHHUA AaBTOMATUYCCKOI'0 MOAJACPKAHUA 3aTaHHOTIO HM3BHE YPOBHSA BOIbI B
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rpudoHe relzepa OBUIO KOJIMYECTBEHHO YCTAHOBJIEHO, YTO IMPAKTHUYECKHU BCS BOJIA TMOCTYTAeT B
reii3epHyo CUCTEMY C YPOBHs, OJIM3KOrO K YPOBHIO TPYHTOBBIX BOJ B IIPOCTPAHCTBE, OKPYIKAIOLIEM
reizepHyto cuctemy. B uactHoctu B JlonunHe ['eiizepoB Bce Treiizepbl MNHUTAIOTCS BOJIOM
NOCTyNAIIEH ¢ peku ['eizepHoi.

5. MccnenoBaHa npupojia siBiieHUs "relzep — NpUpOHbIi ceiicMorpad". Tloka3aHo, 4To B OTIHMYHE
OT TPaJIUIIMOHHBIX cericMoTrpadoB (JIEKTPO-TUHAMUYECKUX U Jp.) Tei3ep pearupyeT Ha KoJieOaHus
CEHCMMYECKOTO JaBIIEHUS B YPE3BBIYAHHO IIUPOKOM JAHMANa3oHe YacTOT, BKJIIOYas TIyOOKHiA
UH(]pa3BYK.

6. PazpaboTana Teopus reiizepHoro ceiicMorpada.

[Toka3zaHa nepecneKTUBHOCTh BBIBOJOB TEOPETUUECKHUX M SKCIEPUMEHTATIbHBIX MCCIEIOBaHUM JIs
pelleHus 3a1a4 MporHo3a 3eMieTpsiceHud. MOHUTOPUHT peXUMa MPHUPOJIHBIX T'e3epoB MO3BOJIUT
peuaTth NporHo3Hbie 3aAaun isi KaMuaTku U IpyTrux MecT, rae ecTh reizepsl. Co3aaHre HOBOTO
npubopa, B KOTOpoM OyayT peaqu3oBaHbl Hjeu, OOOCHOBaHHBIE B Mpollecce 1ab0paTOpPHBIX
WccleioBaHui "Tel3epHoro cericMorpada, mo3BOJUT MPEATI0KUTh MPUHITUITHAIBHO HOBBIM MMPUOOP
JUIsL pelIeHusl 3aJlad MPOTHO3a 3€MIIETPSICEHUH B T€X MECTax, IJ€ HET MPUPOJHBIX IeH3epoB, HO
CIIy4aroTCs 3eMJIETPSICEHMS.

[IpencraBneHHble B 10K1a1e pabOThl MOTYYHIM O0NbIIOE MPU3HAHUE OTYECTBEHHBIX U 3apyOeKHBIX
TerI0(pU3MKOB, T€OTEPMUCTOB U BYJIKAHOJIOTOB, BKIItouas Asekcanjapa JleontbeBa, Mnbto [Taneesa,
Bnagumupa HakopsikoBa, Ceprest @enoroBa, Banepus [po3zuuna, Cycanny Kudep, Teppu Kelit u
Maiikna MaHra.

Jlokaguuky OCOOEHHO JI0pOro BCIIOMHMHATH O OONBLIOW NOJAEpKKE, OKa3aHHOW HallUM
UCIIEJIOBAaHUSAM CO CTOPOHBI BbIJAIOLIErocst coBeTckoro reojiora lBana HekpacoBa, naBasuiero
JIEHbTM MOEMY OTpsIy B TocienHue rojsl padbotsl Ha KamuaTtke. Mbl riyOoko OiarogapHel ¥ He
3a0y/leM OTHOLIEHHMs K HaumMM pabdoTaM €O CTOpoHBl 3aBedyromero OtaenoMm ['eorepmun
Kamudopnwuiickoro VYmnpasiaenus ['eonormueckoit Cmyx0bs1 CIIA noktopa Jonanpna Baiita.
NmenHo oH Hamucan nepBbie BOCTOPKEHHBIC PELIEH3MH Ha Teoputo AJiekcaHapa MepkaHoBa U Ha
CTaThIO IO THAPO30HIMPOBAHMIO, A YK€ COBCEM B HEJaBHUE T0Jlbl OpPraHW30BaJl MOW OOJIBILOH
JIOKJ1aJl B OCHOBHOM YYpeXIeHUH, 3aHuMaroiemMcs npodaemamu 3emnerpsicenuid B CILIIA (USGS,
Menlo Park, California).
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COMBUSTION OF POLYDISPERSED FUEL-OXIDANT MIXTURES

. 12
N.N. Smirnov*"

' Lomonosov State University, Moscow 119991, Russia

? Scientific Research Institute for System Analysis of the Russian Academy of Sciences, Nakhimov pr. 36-1, Moscow
117218, Russia

* ebifsun1@mech.math.msu.su

Most of rocket and aviation engines have pulverized in air fuels combustion serving the base of their
working cycle. Computer aided design of new engines needs adequate simulation of components
pulverization, evaporation and combustion. Thus combustible mixtures formation and deflagration
or detonation initiation in poly-dispersed fuel-air mixtures are the key aspects providing different
limitations for operation of those engines. Computer simulation of these processes belongs to
strategic information technologies in aerospace industry.
Onset of detonation being very dangerous for conventional engines could, however, serve the basis
for creating new generation of engines, pulse detonating engines (PDE). Dispersed mixtures having
been formed by different pulverizers could not be spatially uniform. To achieve uniform droplet
distribution and to avoid gravitational separation of the mixture having been formed investigations
under microgravity conditions are performed [1]. Investigations of acute problems of heat and mass
exchange accompanied by phase transitions need adequate modeling of evaporation, which is
extremely important for small droplets and sprays [2, 3]. Combustion of hydrocarbon fuels takes
place mostly in a gas-phase regime. Thus, evaporation of fuel from the surface of droplets turns to
be one of the limiting factors of the process non-equilibrium effects playing the key role for small
droplets especially [3]. The mathematical models for simulating turbulent chemically reacting flows
in heterogeneous mixtures were described in details in [2].
The system of equations for the gas phase in a multiphase flow has the form:
0, (ap)+V-(apu) =M F,(apY)+V - -(apYu)=-V- -1, + M} + o,
&,(apii) +V - (apii ®ii) = apg —aVp +V -7+ K
O\ apE)+V - (apEil) = apii-§—V- pii=V- I +V-(r-ii)+ £
The equations include mass balance in the gas phase, mass balance of k-th component, momentum
balance and energy balance, respectively.
Figs. 1a, b illustrate temperature field for gas and model droplet location and temperature in a

cylindrical chamber, into which fuel spray of liquid n-decane is injected along the axis from the
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bottom wall in the form of cylindrical jet and ignited in the heated atmosphere of the chamber. The
droplet versus diameter distribution function has a triangular shape: minimal diameter 0.0001 m,

medium diameter 0.001 m, maximal diameter 0.002 m. Injection velocity 100 m/s.

Results for gas temperature (K) Results for Particles’ temperature distribution (K)

HMapping colors Mapping colors

as © casguos 2.677e+063 4.3006+002
2z 1.908c+603 3.980e +062
1.360e+003 3.6618+002

9.698e+002 3.341e+002

6.914e+062 3.622e+002

| 4.929e+002 2 7626 +002

(+) (+)

Hor : full
Uert: full

Hor : full
Uert: full
File:

g-029.zdt

File:
g-029.zdt

Time =

Time =
6.4929e-004 6.4929e-004

The scenario of fuel spray injection and self-ignition in a heated air inside combustion chamber has
three characteristic stages. At first stage of jet injection droplets evaporate very rapidly thus cooling
the gas at injection point, the liquid jet is very short and changes for a vapor jet. At second stage
liquid jet is becoming longer, because evaporation rate decreases due to decrease of temperature.
But combustion of fuel vapor begins which brings to increase of heat flux to droplets and accelerates
evaporation. The length of the liquid jet decreases again and remains constant slightly oscillating.
Financial support of RFBR (project 11-03-00213) is gratefully acknowledged. Author is thankful for
creative inputs of his co-workers: V. Dushin, V.Nikitin, Yu.Phylippov, V.Nerchenko, V.Tyutenkova,
L.Stamov, E.Egorova, B.Rybakin.
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IMPACT INITIATED ANAEROBIC REACTIONS IN POWDER MIXTURES

Paul Specht, Brady Aydelotte, Jennifer Breidenich, Manny Gonzales, and Naresh Thadhani

Georgia Institute of Technology, 771 Ferst Drive NW, Atlanta, GA 30332, USA
* naresh.thadhani@mse.gatech.edu

Impact initiation of reactions in various aluminum-based intermetallic-forming and thermite powder
mixture compacts are being investigated using instrumented gas-gun impact experiments under
conditions of uniaxial-stress loading. Time-resolved stress and particle velocity measurements as
well as high-speed imaging are used for monitoring the deformation and reaction states to obtain
evidence of reaction based on changes in compressibility and shock-velocity [1], as well as via
direct light emission and spectrography [2].

Meso-scale numerical simulations with CTH multimaterial hydrocode are also performed on actual
(imported) micrographs[3]. The simulations allow qualitative and quantitative probing of the local
configurational changes and their effects on impact-initiated reaction mechanisms, following
validation of macroscopic properties by correlations with experiments. The heterogeneous nature of
wave-propagation through reactants of dissimilar elastic and plastic properties and morphological
characteristics, produce effects that give rise to turbulent flow, vortex formation, and dispersion of
reactants across large distances. This presentation will provide an overview of our experimental and
modeling activities in understanding the mechanistic aspects of impact-initiation of reactions in
various aluminum-based powder mixture compacts, relevant to the design of anaerobic reactive

materials systems.

(b) I(c) I(d) I(C) i )

*Funding provided by ONR MURI Grant No. N00014-07-1-0740 and DTRA Grant No. HDTRA1-10-1-0038

1:3 vol Ni-Al
(1Ni+1Al)
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MECHANICALLY ACTIVATED SELF-PROPAGATING
HIGH-TEMPERATURE SYNTHESIS IN SiO, - Mg SYSTEM

AL Letsko', T.L. Talako*', T.F. Grigoreva®, P.A. Vitiaz', N. Z. Lyakhov’

"Powder Metallurgy Institute, Minsk, Platonov str., 41, 220005, Belarus
2Institute of Solid State Chemistry and Mechanochemistry, Novosibirsk, Kutateladze str., 18, 630128, Russia

* talako@tut.by

The possibility of non-carbon preparation of silicon for solar industry by the method of
mechanically activated self-propagating high-temperature synthesis (MASHS) using reaction of
magnesiothermic reduction of silica has been investigated.

The chemical interaction processes in mechanically activated reactive mixtures SiO, - Mg are found
to proceed significantly faster as compared with the non-activated ones.

Two-fold decrease in ignition delay time (from 82.6 s down to 40.9 s) is observed with increasing
mechanical activation (MA) duration in the high-energy planetary ball mill AGO-2 from 20 s to 1
min. Fast single-stage reaction with self-heating rate of about 45000-60000 deg/s is observed for all
the investigated precursors. Combustion temperature is practically constant for all tested mechanical
activation conditions and makes up ~1288 °C, i.e. the combustion processes can be classified as
SHS with an intermediate melt layer.

Combustion velocity essentially depends on the charge mixture composition, input energy and MA
duration, and varies from 0.36 up to 1.03 mm/s.

An effect of Mg : SiO, molar ratio and magnesia (MgO) addition on the structure and phase
composition of the MASHS product is investigated.

Elemental mapping of the typical cross-section of the MASHS product formed in the stoichiometric
Si0>—-Mg mixture is shown in Figure 1. Rounded silicon particles of 1-10 um size can be clearly
distinguished in the magnesia matrix.

The possibility of chemical extraction of the as-produced silicon using acid leaching of by-products
and perspectives of usage of the method of mechanically activated self-propagating high-

temperature synthesis for non-carbon preparation of silicon for solar industry are discussed.
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a b c
Fig. 1. Elemental mapping of the cross-section of the MASHS product formed

in the stoichiometric SiO,—Mg mixture: (a) silicon, (b) magnesium, (c) oxygen.

This work was supported by the integration project No. 5 of SB RAS and X10CO-014 of BRFFR

“Non-carbon preparation of silicon by mechanically activated thermal synthesis .
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SYSTEMS FOR SHOCK-ASSISTED AND DETONATION-DRIVEN
SYNTHESIS: REACTIVITY OF Ti-C POWDER MIXTURES

V.A. Veretennikov

Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences
e-mail: veret@ism.ac.ru

As is known [1], a prerequisite for gasless detonation in media with positive coefficient of thermal
expansion is either a non-zero isobaric-isochoric thermal effect of reaction (Qp > 0) or physically
equivalent positive volume change at constant pressure P and enthalpy H (AVpy > 0). However
when we deal with charges of finite dimensions, reaction rate may also become a necessary
condition for detonation. This work aimed at elaborating a method for reliable estimation of
reactivity (reaction rate) of metal-nonmetal powder mixtures as candidate systems for shock-
assisted and self-sustained detonation synthesis.

The experimental data on high-temperature reaction of Ti powder (mean particle size 65 pm) with
crystalline flake graphite were obtained by the technique of current-induced electrothermal
explosion (ETE) [2]. Upon reaction ignition at 1300 K, the evolution of sample temperature has
been recorded with a high time resolution. Within the temperature range 1500-2000 K, the reaction
rate was found to change by as much as a factor of ten.

The reaction rate (d7/df) was found to be proportional to a set of structural characteristics of flake
graphite that can be determined experimentally. The empirical expression for this set of structural

parameters K; can be written in the form:

_ CngLc(dOOZ - dgl)

' ML a(ng - dgl)

b

where C, is the extent of graphitization, M the fraction of graphite-like carbon, 7, the texturization
factor (ordering of crystallites in a flake), L, and L. the size of crystallites along the a and ¢ axes,
doo> the interlaminar separation in a crystallite, dy; and dj, the interplanar spacing in ideal graphite
and turbostratic pyrocarbon, respectively. Thus defined “structural factor” K takes into account the
contribution of physicochemical properties of flakes on a level of crystallites and species into the
reactivity of carbon materials under study with titanium. The experimental data show that the

reaction rate (proportional to d7/dt) changes in parallel with K.
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The above relationship can be used for predicting the reactivity of Ti (and other metals!) with flake
graphite (and other nonmetals!) of varied structure within a wide range of K;. The obtained data may
turn out useful for controlling the processes of shock-assisted and detonation-driven synthesis in

solid—solid systems.
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HNPEJABECTHUKU KATACTPO®

H.U. Baranosa, 2.H. Pymanos

WHCTUTYT CTPYyKTYypHOI MakpOKMHETHKH U MpobieM MaTepuanoseaeHus, YepHoronoska, 142432 Poccus

ed@ism.ac.ru

PaccmoTpens! (ha3oBble TPaeKTOPUM AMHAMMYECKOM CHUCTEMBI B IpOCTpaHCTBE cocTosHuil. Korma
napaMeTpbl MpUOMMKAIOTCA K TOUKe OMQypKaluu, Cuia, BO3Bpallaiolias CHUCTEMY K
CTAIlMOHAPHOMY PEXKHUMY IIOC/I€ OTKJIOHEHHs] OT HEro, CTaHOBUTCS Majoi. OTKJIOHEHHUs JIerKO
BO3HUKAIOT, a peJjakcauus 3amemisercs. IHadye roBOps, pacTeT BOCIHPUUMYMBOCTD —
MPEUMYIICCTBCHHO Ha HU3KHUX YaCTOTax. CnaObIit myMm, HpI/ICYHH/Iﬁ BCIKOM peaJ’[BHOﬁ CUCTEME, U3~
3a BBICOKOH BOCIIPUUMYNBOCTH YCUIIUBACTCA. HOSTOMy OKOJIO 6H(1)ypl<au1/m CTaHHOHapHBIﬁ PEIKUM
BCCTra MpeBpaInacTcsa B xaoTudeckuii. Pazmax KPUTHYCCKUX HynbcaHI/Iﬁ COIIOCTaBUM CO CPEAHUM
3HaueHWeM (DIyKTyUpyIoleld BEIWYMHBI — KakK MpU pa3BUTOH TypOyieHTHocTH. [IpuOmmkenune
OudypKalMu CTallMOHAPHOTO pexkuma (KaTacTpodbl) CI0KHONM MCKYCCTBEHHOM WM TPUPOIHOMN
CUCTEMbI MOXKHO ITPEACKA3aTh IO HAPACTAHUIO MATKUX MO B CIICKTPE €€ LHIYMOB. Takoe HapacTaHUC

O6Hapy>KCHO KaK B YHUCJICHHBIX, TdK U B HATYPHbIX OKCIICPUMCHTAX.
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IMPOTOYHBIN DK3O0TEPMUYECKHUU PEAKTOP

H.W. Baranosa, A.I'. Mep:xanos, D.H. Pymanos

WHCTUTYT CTPYKTYpHOI MaKpOKWHETHKH 1 TTpobieM MaTepruanoBeaeHus, Yeproromnoska, 142432 Poccus
ed@ism.ac.ru

Teopus npoTouHoro s3x3otrepMuueckoro peakropa (I19P) 6pina Hauara paGotamu f.b. 3enpaoBuua
u JI.A. ®@pank-Kamenenkoro. bbuio nokazaHo, 4YTo B HIMPOKOM JUana3oHe MapaMeTpOB UMEIOTCS
TPU CTAallMOHAPHBIX COCTOSIHUS — TOpsiuee, XOJOJHOE M IPOMEXYTOuHoe, HeycTohuunBoe. B
JanbHEeHIeM HMcCIeI0BaHO MOBEICHHUE TPAeKTOPUIl Ha IJIOCKOCTH KOHIEHTpalus—TeMIeparypa,
oOHapy»KeHbl peaKcallMOHHbIE KoJIeOaHMs: MOC/Ie BCIBIIIKM HACTYMAEeT May3a, BO BpeMs KOTOpOii
NPOAYKTHI PEAaKIMM 3aMEIIAI0TCsl CBEXKEH CMEChO, 3aTeM CIIeAyeT HOBas BCIbIIIKA. B mocienHue
rofibl pa3BUTHE ONUPAETCSl Ha JIOCTMOXKEHUs HenuHeiHoil ¢usuku. [losmyuena craGuinzanus

HEYCTOWYMBOTO COCTOSTHUS U JIp. YPPEKTHI.
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METHOD FOR SYNTHESIZING HIGH PERFORMANCE NITRIDE AND
OXYNITRIDE PHOSPHORS

Chang Whan Won*, Hayk H. Nersisyan and Hyung IT Won

Rapidly Solidified Materials Research Center (RASOM) Chungnam National University,
220 Kung-Dong, YUseong-gu, Daejeon, 305-764, Republic of Korea

cwwon(@cnu.ac.kr

Nitride and oxynitride phosphors are recently discovered members of the phosphor family. Most
nitride and oxynitride phosphors applicable for the excitation of blue-LED chips are Eu*'-doped
silicon-based compounds, owing to the high covalency of the Eu crystal lattices and strong crystal
fields of the silicon host lattices [1]. Four major approaches have been used to synthesize oxynitride
and nitride phosphors: a solid-state reaction [2], gas-reduction nitridation (GRN) [3], carbothermal
reduction and nitridation (CRN) [4] and ammonothermal method [5].

Herein, we report, the synthesis of Si-based nitride and oxynitride phosphor fine powders by a
combustion process (CS), which, to the best of our knowledge, is the first such synthesis. We
fabricated three known phosphor materials by this process: green-emitting SrSi,O,N»:Eu?’, yellow-
emitting a-SiAION:Eu®", and red-emitting Sr,SisNg:Eu®". Their fabrication involves an exothermic
combustion reaction in a powder bed of strontium inorganic salt mixed with silicon powder (Si), a
europium compound (e.g., Eu;Os, EuCl;, or EuF3), and a selective chemical promoter (SCP), in
nitrogen atmosphere. Here, the SCP is a complex inorganic compound that to give a strontium-
silicon alloy (SrSiy) and promotes the nitridation process of the strontium-silicon alloy to finally
form nitride phosphor powder; the compound also assists in increasing the intensity of light
emission.

Generally, in these phosphors, the combustion process is quite slow, and the change in wave
propagation velocity (U.,) is in the range of 0.1-0.2 cm/s. The combustion temperature is from 1300
to 2000°C depending on the system specifications. After the combustion very homogenous green,

yellow, and orange colored samples can be obtained within merely tens of seconds.
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X-ray diffraction patterns of the final phosphor powders indicated that synthesized phosphors are
pure-phase SrSi;O,N, (green), Ca-a-SiAION (yellow) and Sr;SisNg (red). Scanning electron
microscopy (SEM) images reavealed a visible flake geometry of the green phosphor; the size of the
flakes was less than 2.0 um. The yellow phosphor particles were relatively large (<10 pm) and

crystalline in shape; the red phosphor particles had an average size from 1.0 to 5 um.
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Fig. 1. Excitation and emission spectra of red- and green- emitting phosphors.

The PL characteristics of CS phosphor powders itself is studied and their luminescent properties are
compared to those of reference samples: commercial B-Sialon (GR-200, DENKA, Japan) and
commercial silicon-nitride-based red (BR102C, Mitsubishi, Japan) phosphors. PL test results for
red- and green-emitting CS phosphor powders are shown in Fig. 1. The emission spectrum in Fig. 1
indicates that relative intensity of red- and green phosphor prepared by the combustion method is
80-95 % compared to the reference sample. It is more likely that the relatively low PL intensity of
CS phosphor powders is because of their small size.

In summary, we developed a cost-effective and rapid method for synthesizing silicon-nitride-based

green-, yellow-, and red-emitting phosphors for application to LEDs.
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SHS catalysts. Mechanism of catalysts and carriers spinel formation studied in the combustion
wave, were discovered main stages of process, including: preheating, melting and splitting of liquid
phase, first structure formation with oxidizing-reducing reactions, secondary structure formation in
the process of further reaction of components, final structure formation in the process of cooling.
The conditions of quick velocities of combustion and cooling processes helps of catalytic active
spinel structures synthesis, due to formation of high concentration of defect structures of
intermediate and non-stoichiometric compounds. It was found, that the most important from
technological parameters of SHS spinel catalysts and carriers are chemical composition and initial
batch components dispersity, conditions of granulation and mixing of components, chemical
composition of additives, conditions of shaping, conditions of preheating, initiation of SHS process,
regime of cooling. It was found that the main parameters of SHS process of spinel catalysts and
carriers is maximum temperature in the synthesis wave, which depends on batch composition,
dispersity of reducer and oxidizer (less but also from dispersity of other components) and
preheating temperature. It was found that main parameters of regulated porosity formation in the
SHS regime are maximum synthesis temperature and presence in the initial batch organic and
inorganic substances easy gasified and burning out. SHS technology permits regulation of final
spinel catalyst porosity from 20 to 98% with required mechanical properties. Influences of different
factors on the surface of spinel catalysts and carriers area were studied. It can be regulated from 5 to
20 m?/g during synthesis. Further increasing of surface area up to 100-200 m*/g can be only by
additional treatment: impregnation, leaching, formation of honeycomb structure or by solution
combustion method. The catalytic activity of many of the SHS spinel catalysts is substantially better

in comparison with non- SHS catalyst systems for number of processes.

SHS Refractories and Thermal Protection Systems. A range of MgO/MgAl,O4 refractory materials
have been produced by SHS with spinel content varying from 50% to 100%. A Hybrid Thermal
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Protection System consisting of a porous, refractory ceramic spinel matrix filled with a polymeric
fibre-reinforced composite or a solid absorbing heat by the enthalpy of the solid to liquid phase
transition. In both cases the filler material acts as a heat sink. The potential advantage of such a
multi-composite structure is the ability to sustain and dissipate high thermal fluxes without losing
its mechanical integrity, owing to the synergistic inter-functionality of the intertwined sub-systems.
Developed and optimised for a particular application, it has the potential to offer significant benefits
and advantages over existing systems enabling multiple atmospheric entry use:good thermal
insulation by the use of a porous high-temperature ceramic, sufficient heat absorption by the
contained ablative or phase-transition material, significantly reduced possibility of damage or loss
of material by vibration or during flight, very high impact strength against droplets or

micrometeorites, relatively low cost and ease of production and installation.

SHS Pigments and Solution-Combustion Pigments. The SHS method has the capability of
producing almost any color and hue and the spinel based pigments are characterized by their very
good color and chemical stability at elevated temperatures, good dispersity and low production cost.
Extensive research over many years at the Institute of Combustion Problems in Kazakhstan and at
the NCSR “Demokritos” in Greece, has made possible the elucidation of the underlying regularities
of color formation by SHS. Practically all parameters of SHS spinel pigments examined have been
found to be in agreement with the specifications demanded by industry. They offer high coloring
power, good covering power in paints, good oil absorption, light stability and corrosion resistance.
SHS pigments were produced on the base of different ore materials and wastes of productions. A
number of natural were processed by SHS and a significant number of feasible pigments were
successfully produced. The ores studied contained various sulfate and sulfide minerals, a range of
mixed oxides and carbonates such as bauxites, marbles, iron pyrites, chromite as well as various
industrial wastes of the production of lead, chrome and aluminum. SHS spinel pigments were
produced and applied in plastics, cosmetic, paints, ceramic, metal and porcelain glazes, paper and
glass in the industrial scale. Systematic studies of solution combustion synthesis of pigments show

prospective of this method for synthesis nano-size pigments for different applications.
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MODELS OF STEADY STATE SHS REGIMES AND THRESHOLD BEHAVIOR
FOR SINGLE- AND MULTISTAGE REACTIONS
IN MULTILAYERED FOILS
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* zaptet@ukr.net

SHS, propagating along multilayered foils, is now actively applied to welding of metals and even
intermetallics [1, 2]. In such kind of applications one should control the propagation velocity,
reaction front width, temperature increase and the heat outflux. Complicated phase diagrams of the
used systems (AINi, TiAl) lead to hardly predicted competition of exo- and endothermic reactions
[3]. We use physical approach to such systems (instead of chemical one) treating reactions as the
phase transformations in the concentration gradient (reactive diffusion). Kinetics of SHS is
determined also by the heat out-flux across the side surface.
We suggest a chain of SHS models of increasing complexity:

1. Crude analytical model for steady-state propagation of SHS (without rigorous self-consistent
calculation of the temperature profile within the reaction front). This approximation fairly well

describes the propagation velocity of SHS-front after introducing only one fitting parameter p :

[ 2 a0 [ o
pcg(l—c(s) 41 - Ay, Q(?(Tf—ﬂ)) P kT, ,

where the premixing thin layer of product phase with thickness Ay, exists at each interface of
multilayer period 4/, c, is the average concentration, D), @, diffusivity parameters

(preexponential factor and activation energy), Ag(s(a 2) driving force of transformation per atom

Agé'(a,g) 2] — AyO
c,PQ 21

(reaction a+¢ — &), a’ thermal diffusivity, and T r=T+ maximal temperature in

front.
2. Phenomenological numerical model of SHS with formation of single compound as a reaction

product by diffusion-controlled diffusion with heat source at the moving interface boundaries gives,
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qualitatively, the same results as the previous model [4] with distributed heat sources in the diffusion
zone. Model is steady-state and based on iterative solution of reactive diffusion and heating
equations;

3. Phenomenological model of one-by-one phase formation in the SHS front. Second phase
starts growing after consumption of one of the initial reagents by the first phase to grow.

4. Input of nonequilibrium vacancies into SHS reaction is modeled for two competing non-
equilibrium effects: (a) finite rate of vacancy relaxation (in comparison with the rate of temperature
increase in the reaction front); (b) preexisting vacancies and voids in the multilayer produced by
intensive deposition process.

5. Analytical model of single phase growth for SHS along the foil between the two metallic
plates with account of side heat flux. Threshold criteria are found for reaction propagation.

6. Mesoscopic model of multistage SHS reaction taking into account automatically all possible
phase transformations but neglecting the nucleation barriers. This model seems to be most "honest"
but takes a lot of computing time.

Some of the results proposed for discussion:

1. SHS demonstrates a scaling behaviour: product of front velocity and of multilayer period
depends only on one parameter — multilayer efficiency.

2. The finite rate of vacancy relaxation leads to very substantial decrease of the flame
propagation velocity and to the broadening of the flame front.

3. Rather simple analytic fittings for the reaction threshold parameters are obtained.
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TIME OF INDUCTION OF THERMAL EXPLOSION
IN THE PRESENCE OF TEMPERATURE VARIATIONS OF MEDIUM
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Necessity of exploration of influence of oscillations of exterior temperature on parametres of
thermal spontaneous ignition is bundled to problems of security of a fire safety natural and industrial
purpose. It is known, that a self-heating of such materials completed by spontaneous ignition as
peat, a dry grass, etc. is the parent of many forest fires. Analogous processes are explicated in large
storages of grain and rice. Essentially, that in these requirements a self-heating flows past in the
presence of periodic high-frequency (diurnal) and low-frequency (seasonal) temperature variations
of air which amplitude is great enough.

The modern theory of thermal explosion has been developed only for processes occurring at a
constant or linearly increasing temperature of the ambient medium around the reactive material.

In our preceding operations the calculations characterizing qualitative singularities of process [1]
have been carried out, and quantitatively displayed as temperature variation influence a critical
requirement of thermal explosion [2]. It was established that oscillations in the temperature of the
ambient medium could substantially influence the
conditions of initiation of thermal explosion.
Calculations showed that, even at moderate
oscillations of the ambient temperature, thermograms
of self-heating near the critical limit exhibit a

peculiar behavior.

In the offered report which is prolongation of

0 1 2 3 4 o 3

indicated operations, theoretically examine how the

parameters of ambient temperature oscillations influence the critical conditions and induction period
of thermal explosion are analysed. The calculations were performed using the simplest kinetics law
of isothermal transformation, i.e., for a first—order reaction. In calculations it was used offered in [2]

set of equations in the dimensionless variables with saving of scales of the magnitudes accepted in
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the classical theory of thermal explosion [3]. So in the capacity of a time scale period of oscillations
is accepted not, and adiabatic induction period at temperature T+ about which there are oscillations.
The basic attention is given amplitude agency 0 and frequencies ® temperature oscillations of an
environment on magnitude of induction period t;. The equations were solved numerically using the
finite difference method [2].
The dependences of the induction period Ti,q on the frequency and amplitude of temperature
oscillations are displayed in Figure.
Effects of the calculations made in a wide interval of a variation of parametres of process, allow to
make two following basic leading-outs:

1. Influence of temperature oscillations on a critical requirement and induction period at enough
high frequencies and in the field of rather small amplitudes insignificantly;

2. In the field of small frequencies agency of parametres of temperature oscillations on a critical

requirement and especially — on induction period even at rather small amplitudes can be very strong.
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OT LENEA MAPKOBA U YUCEJI ®UBOHAYYHU K TEILIOBOMY
B3PbIBY
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Ctpoutcst Teopus LIEMHBIX peakluil B ra3oBod (paze Ha OCHOBE COBPEMEHHBIX MaTEMaTHYECKUX
3HaHMW. BBOAMUTCA MaTpuLia BEPOSATHOCTH NIEPEXOAA OT AKTUBHBIX YAaCTULl OJHOIO TUIA K AKTUBHBIM
YacTUI[aM JPYroro TUIa, CymMma BepOSITHOCTEH 1O 000N M3 CTPOK KOTOPOl MOKET OTIAMYATHCS OT
€MHULIBI. JTO, COOTBETCTBYET BO3MOXKHOCTHM OOpa30BaHUs HECKOJBKMX AKTUBHBIX YacTHI] W3
OJHOM aKTUBHOM 4YacTUIIbI B D3JIEMEHTApHOM aKT€ pa3BETBIEHHON IIEMHOM peakuuu, |
MPUHIMIHAIBHO OTJIWYAEeT pa3pabaThiBa€Myl0 TEOPHUIO OT M3BECTHOM Teopuu uened MapkoBa, B
KOTOPO cymMMa BepOsITHOCTEH Mo JIt000# U3 CTPOK MaTpHIlbl BEPOSATHOCTU MEPEXoia U3 COCTOSIHUS
B COCTOsIHME 00si3aHa ObITh paBHBIM enuHule. [Ipyu 3TOM coxpaHseTcss OCHOBHOE yCIOBHE LEmei
MapkoBa - 3aBUCUMOCTb pe3yJibTaTa MOCAEAYIOIIEro CIy4YalhHOTrO COOBITHS B MOCJIEI0BATEIbHOCTH
CIIly4aiHbIX COOBITUH TOJIBKO OT pe3yJIbTaTa NPeAblAYIIEero cay4yailHOro coobITusl.

Ha ocHoBe ananu3za rpaga pa3BeTBIEHHON LIEMTHOW peakUUH, UMEIOLIEro BUA JepeBa ¢ KOPHEM —
HayaJIbHOM aKTUBHOW YacTHIIEH, MOKa3aHO, YTO B OTCYTCTBMM OOpBIBA IEMH KOJWYECTBA BCEX
AKTUBHBIX YAaCTHUIl PA3HOTO THUIA HA KaKJIOM YPOBHE BETBIEHHs JepeBa o0pa3yroT psg OuboHauqH.
KonnyecTBa aKTHUBHBIX 4YacTHI] KaXKJOrO THUIIA HA KaXX[IOM YypPOBHE BETBIICHHS JepeBa TaKkKe
oOpasytor psg PuboHayuu WU psif, CBsA3aHHBIM ¢ psagom DubOonauun. Hanvuue B 1enHoi
Pa3BETBIEHHON peakIu oOpbIBa 1EMH MPUBOIUT K OTKIOHEHHIO YKa3aHHBIX KOJUYECTB aKTUBHBIX
4acTHIl OT psiia PubOHAYYM, U ATO OTIMYHE TeM OoJIbllie, YeM OOJIbIe BEPOSTHOCTH 0OphIBa IIETH.
Ha ocHoBe aepeBa 1ienmHON peakivy, ¢ UCTOIb30BAHUEM MATPHUIbl BEPOSTHOCTH MEPEeXoia MEXIY
AKTUBHBIMHA YaCTULAMHU PA3HOTO THUIIA, C MOMOIIBK) CYMMHUPOBAHHS PANOB  MOJYyYEHBI TOYHBIE
oOure BbIpaKeHHs JIi MaTeMaTUYEeCKUX OXHUJAHUU JUIMHBI LIENM B clyyae Hepa3BETBJIEHHOM,
Pa3BETBIEHHONW W TMOJIHOCTHIO PA3BETBIEHHOW LEMHOM peakiMu ¢ JOObIM KOJIUYECTBOM THIIOB
aKTUBHBIX 4YacThll. [IpoBeAeHO cpaBHEHHE TMOJYYEHHBIX TOYHBIX BBIPAKEHUH JIMHBI LENU C
W3BECTHBIMU (OPMYJIaMH, TOJYYEHHBIMH pPaHEee HAa OCHOBE MPOCTHIX (PU3WYECKUX HOIMYIIECHUI.
OOGHapyxeHa NpUHIMIHAIBHAS pa3HULA MEXAY TOYHBIMU W NPUOIMAKEHHBIMU BBIPRKEHUSIMHU
JUTMHBI UETH.

C MCHOJB30BaHUEM TOYHBIX BBIPAXKEHHMI JJIMHBI LIEMU MCCIEA0BAaHA CKOPOCTh LIETHBIX PEaKUUN U
3aBUCUMOCTb €€ OT Temneparypbl. OnpezeneHbl YCI0BHsS BO3HMKHOBEHMs B3PBIBHOI'O Pa3BUTHSA
LUEMHBIX peaKlUuid, MPUBOJAAIIEIO B Cly4yae 3K30TEPMHUUYECKHX AJIEMEHTAPHBIX AaKTOB PEAKIHMH K

TEIJIOBOMY B3pBIBY.
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TEIIJIOBAS TEOPUSA 3AXKUT'AHUA

B.E. 3apko
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TeruioBass Teopus 3aKUTaHUS MMEET JEJN0 C TEIJIOBBIM WHULMUPOBAHUEM DSK30TEPMUUYECKUX
XUMHUYECKHX  peakuuil.  Jloknmax — mocBAmeH — mpoOieMe  3aXKHMraHus. — SHEpreTHYECKUX
koHJeHcupoBaHHbIX cucTteM (DKC), crmocoOHbIX pearupoBaTh B KOHJIEHCHMPOBAHHON M Ta30BOM
¢azax. Mcropuuecku, ¢pusndeckue npeacrapiaeHus o 3axuranun DKC Oblau chopmynupoBaHbl Ha
OCHOBE aHalu3a pPe3yJIbTaTOB BO3ACHCTBUA TEIUIOBBIX MCTOYHHKOB MallOW M YMEPEHHOMU
uHTeHCUBHOCTeH. [Ipu 3TOM Hcmonb3oBaiuchk miaonoTBopHbie uaen H.H. CemeHoBa o pa3BuTuu
TEIUIOBOTO B3pblBA B pearupyrolleld cpene Ipu  BBINOJHEHUM YCIOBUSA, 4YTO CKOPOCTb
TEIUIOBBIJIEJIEHUS TIPEBBIILIAET CKOPOCTh TEIJIOOTBOJIA U3 30HBI XUMPEAKLIUH.

DaKTUUECKU 3a’KUTaHUE CIIEYET TPAKTOBaTh KaK TEIJIOBOW B3pbIB B JIOKAIbHON MPOCTPAaHCTBEHHOM
30He. 3axxuranvue DKC Ha npakTHKe OCYLIECTBIAETCS IIyTEM MHTEHCUBHOIO BO3JICICTBHS BHELTHETO
UCTOYHMKA Temja (M3TydeHUe, KOHBEKLMS, KOHIYKLHUS, Tp.) Ha IOBEPXHOCTh HCCIETYyEMOTro
BEIIECTBA, JUISIIErocsl HEOTPAaHWYEHHO BO BPEMEHH, JUOO B T€YeHHE OrpaHWYEeHHOro nepuona. B
MEPBOM CIydYae 3aJaya COCTOUT B PErUCTPallUd MOMEHTA 3aKUraHUs U OIpPENEICHUU
COOTBETCTBYIOIIMX 3TOMY MOMEHTY BEJIMYMH TEMIEPATypbl MOBEPXHOCTH M KOJMYECTBA TEILIa,
MOJyYEHHOI'0 BelIecTBOM. Bo BTOpoM ciyyae BO3HMKAaeT BOIPOC O BO30YKIEHUH BOJIHBI
CaMOIIOIJIEP/KMUBAIOIIETOCS] TOPEHUS TIOCIE MPEKPALLEHUs IEeHCTBUA UMITyJbca Tera. BuaHo, 4to
NepBbIi cilyyail uMeeT B OoublIel CTENEHM aKaJAeMUYECKUH CMBICH, a BTOPOM MMEET Ba)kKHOE
MPAKTHYECKOE 3HAYEHUE.

B cnyuae neidcTBUsL HENpephIBHOIO HMCTOYHHMKA Teria TpeOyercs chopMylMpoBaTh KpUTEpHUil
3a)KUTaHUs, TOTJIA KaK MPH JEHCTBUUA UMITYJILCHOT'O HArpeBa Takol HEOOXOAMMOCTH HE CYLIECTBYET,
a OCHOBHas 3aJaya COCTOMT B OIpPEAEIEHUM [JOCTaTOYHBIX YCIOBMM U1 1mepexona K
CaMOIIOIICPKUBAIOLIEMYCSl TOpEHHUI0 BelecTBa. Bo M30exaHne TEpMUHOJOTHYECKON ITyTaHULIBI
NpaBUJIbHEE TPOLECC BO30YKIEHUS IK30TEPMUYECKONM XMMHMUYECKOM peaklMy MpH HENPEPHIBHOM
JNEHACTBMM  MCTOYHMKA TeIUla Ha3blBaTh  BOCIUIAMEHEHHMEM, a Ipolecc Iepexona K

CaMOINOAACPKMUBAIOIIEMYCS TOPECHUIO — 3AXKUTAHUCM.
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B 1928 r. H.H. CemeHOB MaTeMaTH4eCKH OMMCal KPUTUYECKOE YCIOBHE CaMOBOCIUIAMEHEHMs B
(dopme KacaHHsI KpUBOW TEIUIONPUXO0Ja OT XMMHUYECKON peakuuu U MpsMoil Temoorsona. Jlanee
Oonpuiolt Bkaag B 3Ty Teoputo BHec J[.A. ®pank-Kameneukuid, paboThl KOTOpOro cranu
u3BeCTHbIMU Ha 3anazae ¢ 1945 r. 3atem, B 1960-x rogax Teopus TEIIOBOrO B3pbIBa MOJy4YHIIa
3HaUMTENbHOE pa3BUTHE M 0000meHue B padotax A.I'. MepxkaHoBa M ero coTpyaHukoB. B
4acTHOCTH, B pabore bapspiknHa—MepkaHoBa Oblja mojiydeHa (opmylsia KpUTHYECKOTO YCIIOBHUS
B3pbIBa IS TPOU3BOJILHOTO 3HaueHus uncna Bi. [IpenensHble 3HaUeHUs] KpUTEpHUs BOCTIIIAMEHEHUS
npu Bi = 0 u Bi = o panee 6bimu paccuutansl H.H. CemenoBbim u J[.A. ®pank-KameHenxkum.
N3yueHne BocmiaMeHEHHs UMeeT OO0JIbIIOe 3HAaU€HHE C TOUKH 3PEHUsl OIpeeNieHUss KHHETHUECKUX
napamMeTpoB 3K30TEPMUUECKUX PEAKLHUI B YCIOBUAX, IMUTHPYIOIIUX YCIOBUS B BOJIHE FOPEHUS, T.€.
Ipy KOPOTKHUX BpeMEHax MpeObIBaHUS BEIECTBAa B PEAKIIMOHHOW 30HE M KPYTHIX TeMIIEpaTypHbIX
rpaaveHTax. B cooTBeTCTBMM C MeCTOM MpPOTEKaHUS IK30TEPMUUYECKHUX peakUil pa3paboTaHsbl
MOJIEJIN BOCIUITAMEHEHHUS N0 TBepA0(pa3HOMY (4aCTHBIN cliydail — reTeporeHHOMY) U ra3oazHOMY
MexaHu3MmaM [1]. YromsiHyTele 4acTHbIE MOJIEIH Jat0T BO3MOKHOCTbH ONPEIENICHUS] KHHETHUECKUX
napamMeTpoB TJIOOATBHBIX SK30TEPMUUYECKUX PEAKIMH B KOHIACHCUPOBAHHOW WJIM Ta30BOH dase,
COOTBETCTBEHHO. B noknane naH KpaTKkuil 0030p CyLIECTBYIOUIMX IMPEICTaBIECHUH O 3a)KMTraHUU
OKC u npuBeneHbl pe3ybTaThl SKCIEPUMEHTAIBHBIX Hccea0BaHui, BbioHeHHbIX B UXKIT CO
PAH B Teuenue mnocnennux paecsatuiaetuid. Ocoboe BHHMaHHME YJENEHO BBIOOPY KpUTEpHEB
3aKUraHusg W MCCJIEJOBAaHUIO YCTOWYMBOCTM TEPEXOJHBIX IMPOIECCOB OT 3aXXUraHusd K

camornoaaepxuBatoiemycs ropeauto. ChopmMyaupoBaHbl 3a71a4n OyAyHIMX UCCIEI0BaHUIA.
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Metonom nuddepeHnuaibHOi CKaHUPYIOLEH KalopuMeTpur B AuanazoHe temmepatyp 20-135°C
n 150-180°C ¢ ucnosnb3oBaHuEM CUHXpPOHHOTO TepMmudeckoro anammsaropa NETZSCH STA 409C
Luxx u3ydyeHa Heu3oTepMHuecKas KMHeTHKa nonumopdueix npespamenuit (II) oo > Pu f — vy
Opy Pa3IUuYHBIX CKOpOCTSX HarpeBa V' B aumanasone 0.5-5.0°C/MHH, NpoayBKE aproHOM CO
ckopocThio 40 MII/MUH, Macce HaBeCOK 4.8—14.2 MT MOJIMKPUCTATMUECKUX 00pa3ioB 1,1-muaMuHoO-
2,2-nuautpostuiiena (FOX-7) (pomOuu. mnpusmel, 30-150 wmk). Ha pwuc.] npuBeneHs
nuddepenumanpuble kpuBble Temonornomenus npu I o — [ B auanasone temnepatyp 20—
135°C  mpu pa3auuHBIX CKOPOCTSX CKAaHMPOBAaHUS 1O TeMmIeparype, a Ha puc.2 -
muddepenumansupie kpusble npu [T B — y B nuanazone 150-180°C mpu Tex ke CKOpOCTSX

HarpeBsa 06p213]_IOB.
dQ/dt, mW/mg dQ/dt, mW/mg

0.1 01+
5.0%/min

3.5°/min
0.0 4 0.5°Imin 2.5"Imin
. 1.0%min

0.1

0.2

T T T o
110 115 120 T,OC 155 160 165 170 T.% 175

Puc. 1 Puc. 2

B Tabmuue mnpencraBieHbl 3HAuUEHHS TEMIIEPATyp, MPU KOTOPHIX CKOPOCTH MOJIUMOPQHBIX
npeBpalieHuit oo — B U B — y MMET MakCUMalbHblE 3HAYEHUS INPU PA3IUUHBIX CKOPOCTSIX
Harpesa o6pa3suos (T —cootBerctByeT [1I1 o0 — B, a T, — I B — ).

C wucnons3oBanueM ypasHenus Kuccunmkepa [1] In(V /T, )=—-E/T,, +const, IPUMEHIEMOTO

max

NpU U3YYEHUH PA3IUUHBIX MPOLIECCOB, B TOM YHCIE, MOJIMMOPQHBIX nepexoaos, Meroaamu JICK u
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JATA onpenenens! 3HaueHus s3Hepruu aktupauuu [1I1 oo — B u f — v) HaliieHbl 3HaYEHUS SHEPTUU
aktuBauuu [T oo — B u f — vy, paBHble cooTBeTcTBEHHO 48.5 + 1.5 kKan/Moab (r = 0.9985) u 106.2

+ 3.5 kkan/mons (r = 0.9984).

V, rpan/muH Ty, °C 7>, °C
0.5 112.7 162.2
1.0 113.7 162.8
2.5 115.1 163.5
3.5 115.4 163.8
5.0 116.1 164.2

CaMu 5TH BEJIMYUHBI, TIO-BUIUMOMY, SBISIOTCS d()(HEKTUBHBIMU M OTPAKAIOT LIETYI0 COBOKYITHOCTD
OCYIIECTBIISIONIMXCS MPOLECCOB, B YaCTHOCTH, KOJUICKTUBHBINA XapaKTep B3aUMOJCHCTBUN B XOe
3apojpllieo0pa3oBanus. [IpuHumas Bo BHMMaHue Bblcokue ckopoctd Il o > B u B — v B
JIOBOJIBHO y3KOM TEMIIepaTypHOM M BpPEMEHHOM JHara3oHe M paccMaTpuBas pe3yJIbTaThbl
CKaHUPOBaHUS CO CKOpocThio 0.5°/MMH Kak KBa3MU30TEPMHUECKHE, MPUXOJUM K BBIBOIY, UTO

npouecc [T xapakTepusyeTcs WHIYKIMOHHBIM MEPUOJIOM C SIPKO BBIPAKEHHBIM CaMOYCKOpEHUEM

(puc. 3).

T T T T T T T 1
145 150 155 160 165 170 175 180 185
t, min

Puc. 3. nrerpanpHas kpuBas terionornomenus npu [T o—p npu ckanuposanuu 0.5°/MuH.

[IpenBapurensHbie  pe3yJbTaThl 00paOOTKM ATHX JAHHBIX I[OKA3bIBAlOT, YTO KUHETHKA
nosumopdHoro mnepexoga, B uactHoctd, [l o — [3, omnuceiBaeTcss aBTOKATAIUTUYECKUM

YPaBHEHHUEM MEPBOTO MOPSIKA.

JINTEPATYPA
[1] H. E. Kissinger, Anal. Chem., 29 (11), (1957) 1702.

148
Go to Contents



KOHBEKTHUBHBIN PEXKUM PACIIPOCTPAHEHMUSI 30HBI
PEAKIIMU - HOBBI MEXAHU3M I'OPEHUS «BE3I'A30OBBIX»
CUCTEM

b.C. Cemnspckuit

WHCTUTYT CTPYKTYpHOI MaKpOKWHETHKH U pobieM MarepuanoBenenns PAH, UepHoroioBka, MockoBckast 001acTb
sepl@ism.ac.ru

B Hacrosimiee Bpemsi Uis  OMMCaHMsl 3aKOHOMEpPHOCTEH TopeHus "0e3rasoBbiX" cCHCTEM,
UCIIOJIb3YETCSl TEOpHUsl, OCHOBAHHAsI HA MPEATNOJIOKEHUHM O KOHAYKTUBHOM MEXaHU3MeE Mepeaadn
Teruia B BoJHE TopeHus [1, 2]. Onaum u3 QyHIaMEHTaIbHBIX BBIBOJOB 3TOW TEOPUH SIBISIOTCS
BBIBOJl O HAJWYMM MPEJENIOB TOpeHHsl NMpU YMEHbIIEHUM IuaMeTpa oOpasua, a Takke O
MOHOTOHHOM XapaKTepe 3aBHCUMOCTH CKOPOCTU TOpPEHHs OT AMaMeTpa — CKOpPOCTb TOpEeHHUs
najgaeT BMECTE€ C yMEHblIeHHeM auamerpa [2, 3]. OnHaKko MpH MOMBITKE IKCHEPUMEHTAIbHO
ONpEE/INTh BEIMYMHY KPUTUYECKOro JuameTpa s oOpa3loB, CIPECCOBAHHBIX U3
MOPOILIKOBBIX CMece TUTaH — O0p U LUMPKOHUNA — OOp (TMNMYHBIX "OGe3ra3oBbIX" cucteM) [4],
OBLIM MOJIy4EeHbl AaHOMAJIbHbBIE (C TOUKU 3PEHMsI COBPEMEHHOM Teopuu "0e3razoBoro" ropeHus)
3aBUCUMOCTH CKOpPOCTH TOpeHusi oT jauamerpa. Okas3ajloch, YTO MaKCUMalbHOE 3HAYCHHE
CKOPOCTU TOpeHMsI HaOJI0Aanoch MPU MUHUMAJIBHOW TOJNIIMHE oOpaslia, a Ha 3aBUCHMMOCTHU
CKOPOCTH TOpEHUSI OT JMaMeTpa UMEETCSI MUHUMYM. Pe3ynbTarhbl, IPOTUBOpEUAINE BBIBOJAM
COBPEMEHHOI Teopuu 0€3ra3oBOro ropeHus, ObUIM TOJYUYEHbl TaKXKe MpPU HCCIEIOBAHUU
3aKOHOMEPHOCTEN TOPEHUsl €105 U3 MOPOUIKOBOM CMECH TUTaHa U O0pa, MOMEIIEHHOIO MEXTY
JIByMsl KBapLEBbIMU MiacTUHKaMu [5]. Oka3aioch, YTO CKOPOCTb TOPEHUs yBEJIUYUBAETCs B 7
pa3 npu ymeHbllleHuu TojamuHbl cinoss H ot 10 1o 2 MM, a Ha npelene pacnpoCTpaHEHUs

(H =0.15mm ) B 2 paza npeBbIlLIaeT CKOPOCTh TopeHust cMecu npu H = 10 mm .

Jnst oObsicHEHMsI 3TUX W psAa JAPYTUX OSKCHEPUMEHTANbHBIX (AKTOB aBTOPOM CTaTbH
BBIIBUHYTa TMIOTE3a O TOM, YTO MEXaHU3M TOpeHusi ObIcTporopsux "0e3ra3oBbiX" cUCTEM B
YCIIOBUSX TMOCTOSSHHOTO BHEIIHEro JaBlICHUS TaKKe KaK M MpH HaMpaBlIeHHOW (uibTpanuu
MPUMECHBIX Ta3oB [6], korja oOpaseln, MOMENIeH B Ta30HENpPOHUIAEMYI0 TpPYOKYy WU B
CHEMAIbHYIO PEaKIIMOHHYIO sIUEHKY, onpeensieTcsl Kak KOHBEKTUBHBIM, TaK U KOHAYKTHUBHBIM
nepeHocom teruia [7]. Ilpuyem, KOHBEKTHBHBIM MEPEHOC TeIJa BbI3BAH JBHXKEHHUEM CIIOS
pacruiaBa JIErKOIUIAaBKOTO peareHTa Moj JEeWCTBHEM KalWJUISIPHBIX CWJI W Tepenaja JaBJIeHU
MIPUMECHBIX Ta30B NEpPE] U 3a CII0OEM paciiiaBa. Tak Kak B paMKaxX JaHHON MOJEIU CKOPOCThb
JIBUKEHUSI paciljlaBa U €CTh BUAMMAsI CKOPOCTh PaclpOCTpaHEHHs! BOJIHBI TOPEHUs], TO B JaHHON

pa60Te 6y,Z[YT YCTaHOBJICHBI OCHOBHBIC (baKTopr, BJIMAIOIIHUE Ha CKOPOCTH ITPOHUKHOBCHUA
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pacriaBa B UCXOAHYIO UXTY. Ha 0cHOBe MOIy4eHHBIX COOTHOIICHUI OOBSICHEHBI MMEIOIIUECS
SKCIEPUMEHTAIbHbIE JIaHHbIE 0 3aBUCUMOCTSIM CKOPOCTH TOpPEHMsI OT JuameTpa (TOJILIUMHBI
MJIACTHH) U 110 BIMUSHUIO Jiera3anuiu 8] Ha mpoliecc ropeHusl.

B pabote [9] skcnepMMeHTaNnbHO M3y4yaloch BIMSHUE BUAA YIIIEPOJAA, €ro CTPYKTYphl U
pa3MepoB YacTHIl Ha 3aKOHOMEpHOCTH TopeHusi cmecu Ti+C W cBoiicTBa TMOJIy4aeMoro
npoaykra. CambIM yAUBUTEIbHBIM pe3yJbTaTOM 3TOW paboThl OKazaics TOT (akT, 4TO
yBEJIMUYEHUE YJIENbHONH TMOBEPXHOCTH CaKM HE MPUBOAMUIO K POCTY CKOPOCTH TOpPEHUS, Kak
CJIEZIOBAJIO M3 TEOPETHUYECKUX Mojeneld. B Toxxe BpeMs u3MEHeHHe CKOPOCTH TOPEHHsI XOPOLIO
KOPpEIMpPOBAJIO C HM3MEHEHUEM CTPYKTYPHOCTHU Cax (CIIOCOOHOCTBIO caxk ajacopOuMpoBaTh
Maciio), KOTOpoe XapakTepusyeTcsi MacisiHbIM uucioMm A . [lpemioxeHHbI B gaHHOW pabore
KOHBEKTUBHO-KOH/IYKTUBHBIM MeXaHU3M ropeHusi "0e3ra3zoBbix" cHCTeM MO3BOJISET OOBICHUTH
noJjiy4eHHble B [9] 3aBUCHMOCTH CKOPOCTU FOpeHHs OT MacisHoro unucia A . dakt yBenuyeHus
CKOPOCTH TOPEHUS MIPU YMEHBIIIEHUH TOJIILIMHBI 00pa3loB [4] B paMKax HOBOW MOJENIU TOPEHUs
TOKE€ HAXOAUT CcBOe OObsiCHeHUEe. JleWCTBUTENBbHO, C YMEHbIIEHHWEM TOJIIMHBI 00pa3lioB
YBEJIMUYMBAETCS CKOPOCTh OTBOJIa MPUMECHBIX Ta30B M3 30HBI MPOTrpeBa, YTO MPUBOAUT K

YMEHBIICHUIO HAaBJICHUA IIPUMECHOIO Iada Mnepea CJIOEM paciljiaBa Pf " YBCJIMYCHHUIO CKOPOCTU

MIPOHMKHOBEHHUsI paciljlaBa MeTajula B XOJIOJHBIE CJIOU BEIECTBa, WU, CIEAOBATEIbHO, K POCTY
ckopocTH ropeHusi. Ocobo Xouercs, BBIIEIUTH CIEIYIOLIMA pe3ybTaT: sl TMIPOCKOIMMYHBIX
CUCTEM, MPEJIOKEHO €AUHOE OOBSCHEHUE CWIIBHOTO BIMSHUS BJIQXKHOCTH Ha 3aKOHOMEPHOCTHU
TOpPEHUS.

[IpyuMEHUMOCTh OCHOBHBIX TOJIO)KEHUI KOHBEKTUBHO-KOHAYKTUBHOM TEOPUH TOPEHUs
reTEPOreHHBbIX KOHJEHCUPOBAHHBIX CUCTEM Il ONMCAaHUSA 3aKOHOMEPHOCTEN TIOpeHus
TUIIUYHBIX «0€3ra3oBbIX» CHCTEM pa3HbIX KJIACCOB, a UMEHHO, CUCTEM «MeETasllI-HEMETAIL»
Ti+C, Ti+S1, «meramn-metamny Al+Ni, Zr+Al, okcunaeix cuctem Cr,Os+Al, Fe,Os+Al Obuia
MOJIBEpKEHa B CEpUU DKCIEPUMEHTAJbHBIX pabOT BBINOJHEHHBIX HenaBHO B WHctutyTe
CrpykrypHoii Makpokunetuku u IIpobnem MarepuanoBenenuss PAH, ¢ ydactuem aBTOpa
noknaga [10-14]. Tlpu nomomm pazpadotanHeix B MCMAH wmeTonuk ObLIM TMOJyYEHBI
JKCIIEPUMEHTAIIBHBIE J0Ka3aTeJbCTBA KOHJYKTHUBHO-KOHBEKTHBHOIO MEXaHM3Ma T'OpPEHHUs BO

BCCX 3THUX CUCTCMAX.
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