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PACYET MAKCHMAJIBHbIX KOHIIEHTPAII[/IIZI PEATHUPYIOINUX
KOMIIOHEHTOB B HIMXTE, ITOABEPITAEMOU PEAKIIMOHHOMY
MEXAHHYECKOMY JIETHPOBAHHIO

Ha ocHOBe COBpPeMEHHBIX NpPEACTaBIeHHH O MEXaHM3ME CaMopaclipOCTPaHSIOMErocs BHICOKOTeMIIEpa-
TYPHOTO CHHTE3a H ¢ HCIOb30BAHMEM METOJa TEPMOTHHEAMHIECKOTO MOJeIAPOBaHMS PelileHd 3aaua oIpe/e-
JIEHHS MaKCHMAlbHOIO COAEPKaHWI pealrdpylomHuX BellecTB B HojaBepraeMoll ofpaborke B MexaHOpeaxrope
muxTe, 06ecHedHBarOINerc 6e30NacHOCTh PeaTH3alMH IPOIIECca PEAKIMOHHOTO MEXaHMYECKOrO JIeTHPOBAHY.

Beeoenue HHE B PACTBOPAX, XHMHUYECKOE OCAMXKIECHHE
U3 PacTBOPOB, BHYTPEHHEE OKHCIIEHHE, Me-
XaHMueckoe Jieruposanue [2, 3] — apnisrorcs
JAOPOrOCTOSAIIMMH H HE MO3BOJIOT Peaan-
30BaTh BCE NPEHUMYLIECTBA AHCIIEPCHOrO
YIPOUYHEHMSI, 3 XMMHUYECKHE METOMbI, KPO-
M€ 3TOro, 3KoJorm4decku HebeszonacHel. B
CBA3M C 3THM OO/BLIOH HHTEPEC Ipen-
CTaBJIIET COCO0, OCHOBAHHBIN HA PEAKIU-
OHHOM MEXaHWYECKOM JIErMPOBAHUY, IIPH
KOTOPOM Ha cTanmuu 06paboTKi mOpomKo-
BOM CMEeCH B MEXaHOPEAKTOpe W MpH IOo-
CIENyIOIEeM OTKHI€ B PEaKIMOHHO-CIO-
COOHBIX CHCTEMax MONydYalOT pa3BUTHE
MEXaHWYECKH W TEPMHUECKH aKTHBUPYye-
Mble (a3oBble H CTPYKTYPHBIE NpeBpalie-
HHSA, BKJIIOYash B3aMMOJCHCTBHE MEXIy
KOMIIOHEHTaMd H O00Opa3OBaHHE yNpPOY-
HomUX (a3, BhI3bIBAOIIME (POPMHPOBA-
HHE HAHOCTPYKTYPHOH AHCIIEPCHO-YIIPOY-
HEHHOH TIpaHyJHPOBAHHOM KOMIO3ZMIUH
2].

MexaHH4YeCKH JIETUPOBAHHBIE KOM-
HO3ULHOHHbIE ITOPOLIKH MOTYT IPUMEHST-
Csl KaK Ul IOJYyYeHUs] KOMNAKTHBIX MaTe-
PHAJIOB  PA3IMYHOrO (PYHKUIHOHAILHOIrO
Ha3HAYEHUs, TaK U I HOKpuITUi. B pane

PazButHe COBpeMEHHBIX OTpaciel
[OPOMBILIIEHHOCTH, BKJIIOYas MOTOPO-,
TypOuHO-, aBHa-, pakeTo-, mpubopocTpoe-
HHE, SOEPHYIO JHEpPreTHKy, TpeOyeT co3-
JIAHUS HOBBIX MAaTepHaNIOB, OOJamaroliuXx,
Hapsiay C OCOOBIMHM CBOMCTBaMH, BBICOKOM
JKAPOIIPOYHOCTBIO M CIIOCODOHBIX paboraTth
B JKECTKUX TEMIIEPATYPHO-CHJIOBBIX YCIOBH-
ax. ONTUMAaTBHBIA KOMIUIEKC YacTO B3aH-
MOMCKJIFOUAIOLIAX CBOMCTBE MOXKeT ObITh
JOCTUTHYT B KOMIIO3WIIHOHHBIX MaTepHa-
yiax, Haubojiee TEPCIEKTUBHBIMKM U3 KOTO-
pbIX SIBJAIOTCS JUCIIEPCHO-YIIPOYHEHHEIE,
CrpykTypa WX npeacrasnser coOoi MaTpu-
1y U3 MeTajjla WM CIUIaBa C PaBHOMEPHO
pactipefefieHHEIMM B Heil AUCIEPCHBIMK
YACTULIAMH TEPMOIMHAMHYECKH CTa0HIILHOM
ynpoussifolnei (asbl, UMEKLEi BBICOKOE
3HaYeHNe MOIYJiA CaBura. MakcumaibHOE
YIPOYHEHHE HOCTUTAETCA Y MAaTEepHasiOB C
OCHOBO# Cy0-/MUKPOKPHCTAILUTHYECKOTO TH-
na, obiamarouieil BBICOKOPA3BUTOH HO-
BEPXHOCTBIO T'PaHULl 3€pPeH H CyO3epeH,
3aKPEIVIEHHBIX M CTAOMJIH3HPOBAHHBIX Ha-
HOpPa3MEPHBIMH YACTHHAMH yIIPOYHSIOLIEH
daser [1]. Marepuansl OPOM3BOAMT, Kak

NPaBHIO, MOPOMIKOBAS  METALTYPrHS. CJIy4yaes, IIpexae BCero mpu MpPOH3BONCTBE
HauBonee CIOKHAS OMEPAUA — MONyUe- MOPOWIKOB, IS ra3OIIAMEHHBIX MOKPEI-
HHE AUCIIEPCHO-YHNPOYHEHHBIX MMOPOLUKO- THH KOHICHTPaUM3 pearupyiomhx KOMIo-
BbIX (FPaHYJUPOBAHHBIX) KOMIIO3ULIHIA. HEHTOB B LIMXTeE, nmoABepraemoi oGpabor-
W3sectuble CIOCOOBI HMX H3TOTOBJICHHS, K¢ B MCXaHOPCAKTOPE, AOCTATOYHO BHICO-
HalmeqIiue APOMBILLIEHHOE HpPUMEHEHHE! Ka, a MCXaHHYECKH AKTHUBHPYEMbIC SK30-
XUMHAYECKOEe CMellliBaHue, pa3ioKeHue TCPMUYCCKHE  PEAKIHMKM  NIPOTEKAIOT C
CMeCH coJjiell, BOAOPOAHOE BOCCTAHOBJIE- GonbumM TertoBbiAeneHnem. [pu conep-
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JKAHUH PEArupyromux KOMIIOHEHTOB BhILIIE
NIpPeneNbHOTO B3aUMOAEHCTBHE B PeakTope
MOJKET HPOUCXOIUTh B PEKHME TEIIOBOr0
B3pbiBa WM roperus no tuny CBC — ca-
MOPACIPOCTPAHAIOLIErocsl BbLICOKOTEMITE-
paTypHOro cunTesa [4-7).

Ilenab0 paboTsl SBISUIOCH pELICHUE
aKTyanbHOHW 3a7laud ONpeHesieHus Ipe-
OENbHOTO COAEP)KAHUS DPEarupyroniuXx Be-
mectB, obecrednBaoero 6e30MacHOCTL
peanm3anuy MpoLecca PEeaKHUOHHOIO Me-
XaHMYECKOTO JIETHPOBAHHSI.

Memoouka uccieoosanusn

Meroauueckoil OCHOBOH mjis pelie-
HUsl TOCTaBJICHHON 3a/ladM CITY>KHUIH CO-
BPEMEHHbIE MPEJCTABJICHUS O MEXAHH3ME
CBC-npoueccoB, BBIpaOOTaHHBIE B pe-
3yJIbTATE MHOTOYHMCJIEHHBIX OKCIIEPHMEH-
TabHBIX [8—17] u Teopernueckux [18-22]
HUCCIEAOBAHUM, 4 TAIOKe YHHBEPCAJILHBIN
METOA TEePMOAMHAMHYECKOTO MOJAENHPO-
BaHus. B psne sKkciepuMEHTAIBHBIX padoT
Ha npumepe cuctembl «Ti—C» u HexkoTo-
peix apyrux [23, 24] npsmbim Habmozne-
HHEM B MaJIOpa3MEpHBIX NPO3PauHBIX pe-
aKTOpax MOKA3aHO, YTO MEXaHMYECKOE Jie-
rupoBaHue B pexkume BC HocuT mepkoss-
OUOHHBIH XapakTep, T. €. Ha OmpeneyeH-
HOM CTaguyu mpoLecca MPOUCXOAUT BOC-
[UIAMEHEHHE B MAJIOH JIOKAJIBHONH obnactu
(4acTHia WM IPyINa YacTHil), U IK30Tep-
MHYECKas peaxkius  pacCHpOCTpaHAETCs
[OYTH N0 BCeMYy OOBEMY, OCTaBIAs IOC/E
cebsi KOHEUHBIH HPOAYKT, IIPH 3TOM B HE-
KOTOPbIX 00yiacTsx (Kyaa BOJHA TOPEHHSA
HE NPOHHUKAET) MOXXET OCTaBaThCs HEIpo-
pearnpoBaBuias uXxTa. IIpUMEHUTENBHO K

CBC nono0OHblit EPKOJIALMOHHBIN PEKHM -

ropeHust ObUI MCCIENOBaH TEOPETHYECKU
[18] B mopoIIKOBOH CHCTEME NPH HATHYHHT
NOp W/HJIM MHEPTHBIX yacTuu. MaremaTu-
H4EeCKMM MOJIEIIMPOBAHHEM YCTAHOBJIEHO,
4yr0 HEOOXOMMMBIM YCIOBHEM TaKOro pe-
JKMMa TOPEHUs, JaXKe MpH AOCTATOYHO WH-
TEHCHBHBIX TEMJIONOTEPIX B OKpYyXKaio-
YK Cpeny, ABISIETCS HAJMYHe LEeNOoueK
pPeakHOHHOCHOCOOHBIX uacTuy (TaK Ha-
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3bIBAEMBIX MEPKONSILHUOHHBIX KJIACTEPOB),
MEXAYy KOTOPbIMH HMEETCsS TeILIOBas
CB53b, T. €. KOI'Z]a TEeIJIOTa, BbIAESIOIasiCs
[IPpA TOPEHHH ONHOM YACTHLBI (Jaxke mpHu
TEIIO0TBOAE K COCEAHHM HHEPTHBIM 4Yac-
THLAM H B OKPYKAIOLIYIO Cpedy), crnocod-
Ha 00eCrnevnTh MOAOrPEeB APYrok YacTHLIbI
ao temnepatyphl 3axuranus Tig (Tig < Tag,
roe T.a — ajmalarTmueckas TeMmepatypa
CBC B manso¥ cucreme) [18]. IIpumenn-
TEJIBHO K PEAKIHOHHOMY MEXAHHYECKOMY
JErHPOBAaHUIO K3 BBIIIEHIIOKEHHOTO Clie-
AyeT, YTO 3K3OTEPMHUECKast PEAKLUs HAXKE
B OOHOM 4acTHIE, BBI3BAHHAS €€ paszorpe-
BOM JI0 BeJIM4YMHBI Tig 33 Ccuer MexaHHdUe-
CKOTO COYJapeHHsl C MEJIOLIMMH TeJaMH
(mrapamun), criocoOHa BBI3BATh BOCIUIAMEHE-
HHE BCell pPEaKIIMOHHOCIIOCOOHON ITUXTHI B
00beMe MEXaHOXMMHYECKOrO PeaKkTopa.
MHoOro4HCHEHHbIE SKCIEPUMEHTAIb-
Hble HcciaenoBaHus mis cucreM «Ti-C»
[12], «Ti-C-Ni-Mo» [13, 14], «Mo-Si»
[15], «Ti-C-M» (M = Ni, Co, Cr) [11],
«Ni-Al» [16, 17] u np. nokasanu, uro CBC-
OpoLeCcC HauMHAeTCs, KOrAa HCXOAHas
IIMXTa HArpeBaercs OO TeMIEpaTypsl
IUIaBJIeHHsT OoJiee JIErKOIUIABKOIO KOMIIO-
HEHTa JUIH TEMIIEPATypPhl BTEKTHKH CHCTE-
Mbl Te, [8-15], T. e. ipu Ti; = Tew. D10 00Y-
CJIOBJICHO TE€M, YTO OCHOBHBIM MEXAHH3MOM
¢a3o- u crpykrypoobpazosanus npu CBC
asnsercs He tBepaodasnas muddysus, a
pacTBOpeHHe 0oJiee TYroIJIaBKOTO peareH-
Ta B JIOKAJILHOM PAacCILIaBE€ U KPUCTAJLUIH3A-
1Sl U3 HErO 3epPeH TYrOMJIABKOro MPOAYKTA
[18-23]. TIpuyem mpoiiecc 4acTo UMeeT He-
PaBHOBECHBIN XapaKTep. pacTBOPEHHE Of-
HOTO peareHTa B paciulaBe ApYyroro (Ha-
npumep, C(18.) B Ti(x.) wim Ni(tB.) B pac-
IUTaBE€ ATIOMUHHS) MPOTEKaeT 0e3 TOHKOM
MPOMEXKYTOUHON IIPOCIHONKH pPaBHOBECHOH
tBepmoit dasel (TiC wm NiAl coorsercr-
BeHHO) [19-22]. D10 cBsI3aHO ¢ Maoii CKO-
poctbio anddy3un B Tyromaekux ¢aszax —
npoxykrax cuaresa. Hanpumep, pacuer mis
CBC B cucreme «Ti-C» mokasas, 4to g
SKCMEPHMEHTAIBHO U3BECTHBIX KOd(hduLin-
eHToB muddy3un B ¢aze TiC Tommmba
PaBHOBECHOH MPOCIIONKH KapOuaa Mexmy
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TBEpHOH 4acTuiell yriepoma M paciuiaBOM
TUTAHA HAODKHA ObITh MeEHbILE NepHoia
pewnetku [19, 22].

TaxuMm 0Gpa3oM, B KauecTBe KpHTe-
pHs UTS Hadajia B3aUMONEHCTBHA B pexu-
Me CBC B o0OnemMe MeXaHOXWMMYECKOrO
peakTopa NpW PEaKUHOHHOM MeXaHuue-
CKOM JIETHPOBAHHWYU ClEOyeT HPHHATL Ta-
KO COCTaB PEeakiHOHHOCHOCOOHOM 1IuX-
ThI, U1 KOTOPOro apuabaThueckas Temie-
patypa peakuuyd oOpasOBaHMSA MPOAYKTA
Ta¢ HOCTHrAET BEJUYUHBL JIEIKOIMJIABKOM
IBTEKTUKH T, HA OCHORE OJHOIrO W3 pea-
rertoB. CnenoBaTensHO, IUIs ONpeAesieHus
0e30MacHBIX PEKHUMOB PEAKIUOHHOIO Me-
XAHUYECKOrO JIETUPORAHUS HeoOXoaumo
OLEHUTh, aAUabaTHUYECKYI0 TeMIeparypy
B3aUMOOEHCTBUASL B MHOTOKOMIOHEHTHOM
IHMXTE TPH TPOTEKAHUM B Hell XuMHUe-
CKHMX peakuuii u BeIOpaTh 00nacTL cocra-
BOB, N KOTOPBHIX Tyq < Ty s takux
pacueToB Uenecoo0pasHO HCMOIbL30BATH
METOHN TEPMOAHHAMUUYECKOrO MOIEIHUPO-
Banus [25, 26].

TepmoguHamMuueckuil pacuet angua-

Oatuueckoit temmeparypst CBC mns on-
HOH peakiy OCHOBaH HAa MPOCTOM AOMY-
meHun [27]. peaxkumss mpoTeKaer MOJNHO-
CTBIO (CO CTeneHbIo npespamenus 100 %)
B anuabaT4ecKkux yCIOBHAX, T. €. TEJIOTa
peaKkiuu IIpH HAYaabHOH Temmeparype Ty
(To = 298 K) pacxonyercsa Ha pa3orpes 1o
T,a 1 Ha BO3MOXKHOE IJIABJIEHHE MPOIYKTOB.
Pacuer cBOmUTCA K ONpeAeneHiio BeTHIHHbI
Ted W3 HelmHeilHOro ypaBHeHus Oanamca
SHTAJLNUU. B JAHHOM ciiyuae, Xak H B Bbl-
INENPUBENEHHBIX pacyeTax paBHOBECHOI'O
COCTOSIHMSI CHCTEM KOHCTPYKIIMOHHBIX Ma-
TE€PUAJIOB, HCIIONIb30BAHA YHUBEPCAIbHASL
nporpamma ACTPA-4 [28, 29].

CucreMbl Iuisi pacyera, NpUBEIEH-
Heie B Tabi 1, ABAAIOTCA OCHOBOH A
co3nanust OONBIIOH TPYNOBI MMOPOLIKOB
JVCIIEPCHO-YIPOUYHEHHBIX  JKEIE3HBIX MU
HUKEJIEBBIX CILIABOB, ynpouHeHHbix Al,0;
wm T1iC, psan coCTABOB KOTOPBIX BHIXOAUT
32 PAMKH KOMIIO3MLMHA, HCC/IEAYEMBIX B
JAaHHOH pabore.

Ta6i. 1. HexoHBle COCTaBBI cMeced JUBl PeakIMOHHOTO MEXaHNYECKOTO JeTHPOBAHMS! U KavdecTBeHHBIN
paBHOBECHBIH (as3oBHI cocTaB HpH afHabarHueckod TeMIleparype B3auMoaecTBIs T4

Woxoauwiit coctas, % Mace.

T PapHoBecHH#H cocTaB MpH Tag

Cucmemul Ha 0CHO8E JHcenesd

(1 - X)Fe +x(74,745 % Fe,0; + 25,255 % Al = 52,28 % Fe +
+47,72 % ALOy)

Fe, Al,O; (ympoussiomas dasa)

(1 =x)Fe +x(79,95 % Ti + 20,05 % C — 100 % TiC)

Fe, TiC (ynpoursomas (asza)

(1 -0[(72-52,28¢/ (1= x)) % Fe + 10% Ni + 18 % Cr] +
+x(74,745 % Fe,05 + 25,255 % Al — 52,28 % Fe +
+47.72 % ALOy)

Fe—Ni—Cr (TBepasiii pactsop),
Al,O; (ynpousstromas gasa)

(1 - x%)(72 % Fe + 10 % Ni + 18 % Cr) + x(79.95 % Ti +
+20,05 % C = 100 % TiC)

Fe-Ni-Cr (tBep it pacTeop),
TiC (ynpoussiomas daza)

Cucmemsl Ha 0CHOBe HUKE/A

(1 — 0Ni +x(75,4 % Ni;O, + 24,6 % Al = 53,52 % Ni +
+46 48 % ALO,)

N1, Al,O; (ynpounsiomas dasa)

(1 —x)Ni + x(79,95 % Ti + 20,05 % C — 100 % TiC)

Ni, TiC (ynpounsiomas dasa)

(1- %) [(B0—53,52x/ (1 - %) % Ni +20 % Cr] +2(75.4 % NiO, +
+24.6 % Al = 53,52 % Ni + 46_48 % ALO)

Ni—Cr (tBepnsiii pacTBop),
AlL,O; (ynpounsiomas ¢asa)

(1—x) (80 % Ni + 20 % Cr) + x(79,95 % Ti + 20,05 % C —
- 100 % TiC)

Ni—-Cr (rBepapiit pacTBOD),
TiC (ynpoursionas hasa)

Tpumeuanue — [ToAueprHyT METATT-OCHOBA TBEPAOI'O PAcTBOPa
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ITockOnBKY LIENBIO TEPMOOUHAMHUYE-
CKOTO MOIEIHPOBaHHMsI ObLIO ONpenesieHne
HCXOAHOTO COCTaBa IIUXTHI (MapaMerp X B
tabn. 1), mpu KOTOPOM CTAHOBUTCS BO3-
MOXHBIM  B3aMMOZEHCTBHE B pEXHME
CBC, nns aHanu3a MCIONb30Bagd OuHap-
HBI€ U TPOMHbIE PABHOBECHBIE JHATPAMMEI
COCTOSIHHS IJIS JAHHBIX cuctem [30-34],
IlomyuyenHsie B pe3y/ibTaTe TEPMOIMHAMH-
YEeCKOr0 MOAENUpOBaHMsA 3HaueHus Ty
CpaBHMBa M C BemuuunHOl T, Ha 1wa-
rpaMmax.

Jns GUHAPHOrO TBEPAOTO PAcTBOpPA
Xpoma B HuKejie (cocTasbl 7 1 8) yunThIBa-
JId M30BITOYHYIO SHEPTUIO CMeEIIeHus. Bei-
paskeHHs, ANMPOKCHMHPYIOUIHE H3OBITOU-
HbI€ MaplUMaibHble JHTAJILIHM CMEIUEHHS
i-ro xomnonenta Ah“®, npuBomwIH K BH-
Ny, COOTBETCTBYIOIEMY MOZENH KBa3u-

cyOperyiasipHoro pacrsopa (C yderom 3a-
sucuMmocty Ah™ oT TemmepaTyphl 1 KoH-
LEHTPALHH):

Ah{ = (1 -xi)*[a + bT + (c + dT)x; ],

re X; — JOJIA 1-I0 DJIEMEHTa B PACTBOpE
(nns SusapHoro pacrsopa i =1, 2).
3HauyeHus x03(pGUIHEHTOB a, b, ¢, 1
d ans y-TBEpOOTrO pacTBOpa Ha OCHOBE HM-
Kens onpenensuiy no gaHueM [35]. 3naue-
HHSl TapaMeTPOB, MCIOJB30BAHHBIX MPH
TEPMOANHAMHYECKOM MOZIETIPOBAHHH,
npuBeneHs! B Tabn. 2. Pacuerst mokasanm,
4TO yder o0pa3oBaHus TBEPAOTO PacTBopa
BHOCUT HeOOUBIIYIO MTONMPABKY B BENMYUHY
Ta,qa MO CpaBHEHMIO C CHTyauuel, korma
310T GaKTOp HEe MPUHHUMAaNH BO BHUMAHHE.

Tabn. 2. FI30pTouHas SHTANIBIIS CMEIICHAsT OHHAPHOIO TBEPAOrO PAacTBOpa Ha OCHOBE HHUKEJIS, HCIOIb-

30BaHHas B pacyeTax [35]

Hurepsan

Qaza
TemmepaTyphl, K

CHerema OneMeHT

Beipakenue mia Ah™, Jix/(r-atom)

Ni

Ni-Cr 1000...1728

(1 = xn)” [36349,96 — 35,648T — (123085,46 — 76,157 Txyg]

K
yAI'HK) d

(1 —xc)? [-25192,74 +2,429T + (12308546 — 76,157T)xc]

HpnMel{aHne — Xj — aToMHas JO.14 i-F0 KOMITOHEHTa TBEPJAOTO pacTBOpa

B cocraBax 3 u 4 npu peakKuHOHHOM
MEXaHHIEeCKOM JIerupoBaHuu GopMupyer-
Csl TBEpABI PACTBOP XpPOMa U HHUKENS B
y-Fe. Ilockonbky mporpamma ACTPA-4 ue
NpenyCMaTpUBaeT y4eT TPEXKOMIIOHEHT-
HOro pacTBopa, IpH TEePMOAHHAMHYECKOM
MOIEJIHPOBAaHUM  3aJaBAJIH  UIOEAILHBIN
PacTBOP Ha OCHOBE >Kesesa, T. e. Ah™ =0,

Pezyasmamot pacuemos
U ux obcyncoenue

CocTaBbl HA OCHOBE XKeJe3a

Cocmae 1. Pe3ynbTtaThl pacyerta
anuabaTHYeCKON TeMmepaTypsl B3aMMO-
nericTBUs nokasaHel HAa puc. 1. HemaHei-
HBII X0 3aBUCUMOCTH To4(X) 00yCiiOBIEH
CJIOKHBIM XapakTepOoM 3aBHCHMOCTH Tem-
JOEMKOCTU JKeje3a (OCHOBBI KOMITO3H-
IH¥) OT TemmepaTtypsl. B3aumoneiicTteue
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B JaHHON cucreme B pexume CBC,
T. € TpPOTEKaHHEe TEPMHUTHOH peaKiuu
Fe>O; + Al — Fe + Al,O; nauusaercd no-
cie oOpa3oBaHHA JIErKOILIABKOM DBTEKTH-
ki Al-FeAl;, rtemnepatypa koTopoit
T = 928 K Onu3ka k TOUke IIABIAEHUSA
amoMuHusA. B KOMIO3MLIMOHHBIX (Ci1OM-
CTBIX) YaCTHLAX HCXOOHOrO COCTaBa BCe-
roa Oyner NPUCYTCTBOBATb  KOHTAKT
Fe—Al ITpu noxansHOM HarpeBe B MOMEHT
CKONb3AUIero ynaapa Ha rpanuue Fe/Al
BO3MOXKHO  JIOCTHXKEHHE  TeMIIepaTypsl
Teu(Al-FeAl;) = 928 K u obpazoBanne 98-
TEeKTUYECKOro pacijasa cucremsl «Fe-Al»
10 MEXaHH3MYy KOHTAKTHOTO ILIaBjicHus. B
KOHTAaKTE C BO3HMKIICH IPOCIONKOH pac-
IJIJaBa MOXKET OKA3aTbCS YacCTHLA MJIH MIPO-
cioika teepmoro Fe,Os;; xak H3BecTHO,
KOMIIO3ULUOHHBIE YacTHUEBI, chopmupo-
BaBLIMECS BCJIEACTBHE Pa3pyLIEHUS H XO-
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JIOOHOM CBAPKH HA HAYAJBHBIX CTafUsaX
MEXaHMYECKOTO JIESTUPOBAHHS, COCTOST M3
neperieralolMxcss (1 HeoOS3aTENBHO
IJIOCKMX) MPOCIOEK BCEX HCXOHHBIX Be-
LECTB. DTO NpHBEAET K Pa3sBUTHIO OBICT-

Fe;Oi(1B.) + Al(x.) — Fe + Al,O; u no-
KalnbHOMY DAa30rpeBy, KOTOPHLIA MOXKET
NPUBECTH K pACIpPOCTPAHEHHIO 3K30Tep-
MHYECKOH peakuuu Mo BCeMy 0ObeMy pe-

axTopa.

poro BSaHMO)IeﬁCTBHﬁ o peaKu]/II’I

T,g K
1800

1700

1600 -

1

1500

1400 ]

1300

1200 -}

1100
1000

]

800 4

00 -

]

700 <

600 — —_ —

T T
0.05 0.10 0.15

T T
0.20 0.25

X (75% FeyOy + 25% Al —»52% Fe + 48% Aly04)

Puc. 1. PesynbTaTsl TepMOARHAMMYIECKOTO MO Ie/IMPOBAHMS DK30TEPMHUIECKOr0 B3auMoaeHcTBIA B cocTaBe |
Ha ocHoBe Fe: ajmabtaTuveckas Temireparypa 1 goist ynpoyssonmeit dassl (Al,Os)

ITostoMy BenmuunHa X (COmep’KkaHHe
crexuoMeTrpuuyeckoit cMecu Fe,Os + Al B
IIMXTE) I BOZMOXKHOTO Hauaja B3anUMO-
neiictus B pexkume CBC npu peaxuuos-
HOM MEXAHWYECKOM JIETHPOBAaHHH COOT-
BETCTBYET DOCTHIKEHHIO VCIIOBUS
Taa = Tew(Al-FeAl;) = 928 K, u 310 3Haue-
Hue cocrapiger x = 10 % macce. (cm. puc. 1).
ITo naHHBIM TEPMOIHHAMHYECKOrO MOZIEH-~
pOBaHMsA, TEPMUTHAS PEAKUHS MPOTEKAET
TIOYTH NOJHOCTBIO. OCHOBHOH YHPOUHSIO-
uteli $azoil B KOHEUHOM NPOAYKTE SBISETCS
OKCHJ &IFOMUHHS, KOHLIEHTPALHs KOTOPOro
IPH YKA3aHHOM TPENENbHO HOIYCTHMOM
3HAYCHUH X cocTapysier =~ 4 % macc.

Cocmaeé 2. B naHHoMm cocrtaee Ten-
noBoit addexT peakunu oOpa3oBaHHs Kap-
6uma tiTana no peakuuu Ti + C — TiC
HIDKE, YeM OJK3orepMmudeckuii  adpdexTt
TEPMHTHOH peakuuud B cMmecu 1. Ykazau-
Hasg pEAKUHs [IPOTEKaeT [PAKTHYECKH
nosHOCThIO. B cucreme «Fe—Ti» nHanbosee
JIErKOIJIAaBKOM  3BTEKTHKOH  sIBJIAEeTCS
Ti-FeT1 ¢ TeMmneparypodl IUlaBJIEHHs
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Teu(T1—FeT1) = 1358 K. B xoMno3uuuon-
HOH YacTHIle UMEeTCs KOHTAKT JKeJie3a ¢
TUTAHOM, U [IPH HAarpeBe B MOMEHT CKOJIb-
3AI0E€r0 yAapa JIOKajbHAs TeMIeparypa
MOXET OOCTUYb BenuuuHbl Te,. ObOpazosa-
HHUE JIOKAIbHOTO SBTEKTHYECKOro pacniasa
(o MexaHU3My KOHTAKTHOrO IBTEKTHYE-
CKOrO IJIaBJIEHUs) NPHUBENET K PacTBOpE-
HHMIO B HEM JPYyrMX peareHToB (B JAHHOM
Cllyuae yrjiepofia), OKa3aBLUMXCA B KOH-
TAKTe C PaCILIABJIEHHOH OONacCTsIO, H pas-
BHUTHIO 3K30TEPMHUECKOH peaknun Gopmu-
poBaHHg KapOUAA THTAHA NO MEXAHM3MY
PacTBOpEHMS-KpUCTAUM3auuu. IlosTomy
CONEpPKAHHE CTEXMOMETPHYECKON CMECH
Ti + C B umxre, COOTBETCTBYIOLIEE YCOBHIO
Tas = Te(T1-FeTi), crenyer cumtats npene-
JIOM, IIPH JOCTHKEHHH KOTOPOrO CTAHOBHUTCS
BOSMOXKHBIM  B3aUMOIEHCTBIIE B peXXHMeE
CBC. Kak BugHO U3 puc. 2, mpefebHoe 3Ha-
YEHHE COCTABJIET X ~ 25 % macc., mpu 3T70M
nojs ynpounstower ¢assl (kapbuna TuTa-
Ha) B NOJIy4aeMOi KOMIIO3MIMH JOCTUIAeT
~ 25 % macc.
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AlLO 4, [C1], ., [Ni] wt.%

y-Fe'

y-Fe

20

T T
0.10 015

x (75 % F9203 +25% A

. T . 0
0.20
|—+52% Fe + 48% Al,03)

Puc. 2. PesynbTaTH TepMOIHHAMHYECKOTO MOJETHPOBAHMI SK30TEPMUEECKOro Bi3amMojeiicTBus B co-
crape 2 Ha ocHOBe Fe: agmabatuueckas TeMnepatypa u jons yupoussionei ¢azsr (TiC)

Cocmae 3. B nanHOii KOMIIO3ULVH,
KaK H B COCTaBe 1, 3K30TepMHUYECKas peak-
uust Fe;0; + Al — Fe + ALO; (ropenne
JKENEe30-aTIOMUHAEBOTO TEPMUTA, WK pe-
akuus TonpauIMMTA) HAUMHAETCS [OCHE
00pa3oBaHusl JIETKOMJIABKOW O3BTEKTHKH
Al-FeAl;. TlosToMy TipemensHbIM COOEp-
JKQHHEM  CTEXHOMETPHUYECKOH  CMECH
Fe,O3 + Al B ucxomHol KOMITO3MIIMH SIB-
NfeTCs BeJIUYHHA X, TIPH KOTOpPOii aguaba-
THYECKAsi TeMIepaTypa B3aHMOAEHCTBUS

paBHa Te(Al-FeAl;) = 928 K. D10 3Haue-
HUE coctaeifeT X ~ 9 % wmacc. (puc. 3), a
coneprkanue ynpounsioweii ¢assr (Al,O3)
npu 3Tom — oxono 4,5 % mace. ITo manHeM
TEPMOIAMHAMUYECKOTO MOZIEIMPOBAHMS, B
pPaBHOBECHOM COCTOSHHH IpH anuabaTu-
YeCKOH TeMrepaType HCXOIHBIE XpOM H
HHUKeNb PAaCTBOPSIOTCS B ayCcTeHWTe, 00pa-

3ysA MaTpUIly HEpXKaBerolleHd CTajad THIla
00X18HI10.

TiC, wt. %

500 —r

S0

T T T
0.10 0.15 0.20

4 i 1
0.28 0.30 0.3%

x {(80% Ti+ 20% C-»=100% TiC}

Puc. 3. PesynsTaThl TepMOIMHAMEYECKOTO MOJEIHPOBAHMSI SK30TEPMHUYECKOIO B3aMMOJEHCTBHI B CO-
crase 3 Ha ocroBe Fe: agnabarugeckast TeMuepaTypa, Jois yupounsoreit dassl (Al203) u colepxaHue HUKe-

Jd B Y-TBEPIOM pacTBOPE Ha OCHOBE XKeJle3a
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Cocmae 4. Kak u B coctaBe 2, OCHOB-
HOE TEIUIOBHIAETIEHHE B HEM O0ecreunBaeT-
Csl 32 CUET peakuun oOpa3oBaHHUs KapOuna
tutana T1 + C — TiC, xoropas mporexaer
MO MEXaHW3MYy PpacTBOpPEHWS YIJiepoma B
pacIUiaBe Ha OCHOBE THTaHA ¥ KPHCTAILIH3A-
mun 3epen TiC. IMockonbky B UCXOOHOM
IIHXTE MMEETCss MOCTATOYHO BBICOKOE CO-
INEP/KAaHWE HUKENss U THTaHa, TO B MeCTax
koHTakTa Ni—T1 [pH JIOKAJEHOM Harpese BO
BpPEMsl COYIapeHHsi BO3MOXKHO KOHTaKTHOE
IUIABJIEHHE, €CJIH TEMIEpaTypa B 30HE TaKo-
r0 KOHTAKTa JOCTUTHET TOYKH 3BTEKTHKH
Ti-Ni,T1: Teu(T1-N1T1) = 1215 K.

O6pazoBanue paciiaBa B JIOKAIbLHOR
001acTH MPUBELET K PACTBOPEHUIO B HEM
COCEOHMX YaCTHL/CIIOEB PEareHTOB M, B
YaCTHOCTH, YIJIEPOnAa, YTO, B CBOIO Oue-
pensb, MpHUBEAET K Hauyany 3K30TepMuue-

CKOH peakuuu obOpaszoBaHus kapOuma TH-
TaHA B JIOKAJLHOH OOIACTH M 3aTEM K pac-
npocrpanennio CBC-npouecca no mmxre
BHYTpH peakTopa. CienoBaTesbHO, COCTAB
LIUXTB X (COmEpKaHUE DK30TEPMUUECKOM
nobaeku Ti1 + C), mpu xoTopom aauabaTu-
yeckass TeMIleparypa B3auMOIEHCTBHSA B
JAHHOH CHCTeM€ MHOCTHTHET BEIUUMHBI
Teu(T1-N1,Ti) = 1215 K, MOXHO cuuTaTh
kputepuem 1 Hauana CBC. Ilo pan-
HEIM pacueToB (puc. 4), 3TO 3HaUEHME
paBHo x ~ 20 % macc. Bo Bceit obnactu
COCTaBOB TEPMOIWHAMHUYECKH BLITOIHO
ofpazoBaHHe Y-TBEPIOro PacTBOPa XpOMa
U HUKENS B jKelese, T. €. COCTAB MaTpPHIIbI
Oymer COOTBETCTBOBATH HEpXKAaBErOmIeH
cranu tuna X18H10.

Tic, [C r]_He, [NL]T_FE, wt. %

T, (T=NITL) = 1215 K

500 ———

T T 40

35
30
- 25

—20

~15

015

020

0.25 0.30 035

X(B0% Ti+ 20% C—=100% TiC)

Puc. 4. Pe3yabraTsl TepMOJUHAMHYIECKOTO MOJCIUPOBAHHS 3K30TEPMHUECKOTO B3aUMOJeHCTBHI B CO-
crape 4 Ha ocHoBe Fe: aguabaTudeckas Temnepatypa, Aoig yupounmomel dasbt (TiC) u cogepxanue xpoMma

HHKEJS B Y-TBEP/IOM pacTBOPE Ha OCHOBE e/1e3a

CocTaBbl HA OCHOBE HHKEJIS

Cocmae 5. ]JIns JNOKaNbHOrO WHH-
LHMHPOBAHUS JK30TEPMUUECKOH peaKuuu
Ni,0; + Al — Ni + Al,Oz HeobxoaumMo 00-
pa3oBaHME JIOKAILHOIO pacIjiaBa Ha OCHO-
Be amoMunus. B cucreme «Ni—Al» umeer-
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csi gerkomnaBkas 3srekTmka Al-NiAls,
Temriepatypa koTopoit Teu(Al-NiAl) =913
K Omu3ka K TOUKe mMJaBJEHHUS UHCTOrO
amomuans T, (Al) = 933 K. Ilpu coynape-
HUU B KOHTaKTe Al-N1 BO3MOXEH KpaTKo-
BpEeMEHHBIH PAa30rpeB A0 YKa3aHHOU TeM-
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nepaTypbl H 00pa3oBaHHE yUYACTKA pacIijiaBa
0O MEXaHM3My KOHTAKTHOIO TLUIABJICHHS.
Tlockonbky wacTupbl WM HPOCIOHKH HC-
XOIHBIX peareHToB nocie Havana MJI pac-
TIOJIO’KEHbI XAOTW4HO, BCeraa Oyner npu-
CYTCTBOBaTh KOHTAaKT Hcxomuoro NiO; ¢
00pa3oBaBIIUMCS JIOKABHBIM PACILIABOM,
YTO MOYKET MPUBECTH K HAYAIY JIOKALHOH
JK30TEPMUUYECKON pPEeaKUuy K jJajiee K ee
PacHpoCTpaHEeHHUIO MO 00beMy ImxThl. Ta-
KuM 00pasoMm, 3a kputepuu Hauana CBC B
NAaHHOH CHCTeMe ClIedyeT NPHHATH TaKOM
coctaB x (comepkaHHe pPeaxIMOHHOCIOCOD-
Holt nobasku 75,4 % Ni,O; + 24,6 % Al),
Ipd KOTOPOM  BBINIOJHAETCS  YCJIOBHE
Tad = Teu(Al-NiAL) = 913 K. ITo nauueim
TEPMOOVMHAMHYECKOTO  MOMETHPOBAHUS
(puc. 5), O5TO 3HAUEHHE COCTABIIIET
X~ 6,5 % macc., a COOTBETCTBYIOMIAA AOJIst
ynpounsironieii ¢asel (Al,03) B mpoaykre
cuHTe3a — okono 3 % macc.

Cocmae 6. B nanHOW KOMMO3MLIWH
1OCJie HaYaJdbHOW CTAAMH MEXAHUYECKOro
JernposaHus Bcerga OynyT NmpHCYTCTBO-
BaThb KOHTaKThl Ni—Ti. [loaTtomy npu co-
yAapeHuu BO3MOXKHO OOpa3oBaHue SBTEK-
THYECKOTO pPAcCIjIaBa, €CJIH JIOKAJbHBI
pasorpes JOCTHTHET

BCIINYNHB]

Tew(Ti—NipTi) = 1215 K. IlosTomy (kak 1 B
cocTaBe 4 Ha OCHOBE >KeJjie3a) KOHLEHTpa-
uus 3x3orepmudeckoi nobasku Ti + C
(BenmuuuHa X), IpH KOTOPOW OyIeT HOCTHr-
HYTO YCJIOBHE Tag = Tey(T1—N1,T1), MoxHO
HNPUHSTE B KAYeCTBE KPUTEPHUA IS pa3Bu-
tuss CBC-mpouecca B 1uuxre B Ipouecce
PeaKiHOHHOTO MEXaHMUYECKOro JIErMpoBa-
Hust. Tl0 [OaHHBIM TEPMOIMHAMHYECKOIrO
Mopaenuposanus (puc. 6), 3Ta BeaHUMHA
cocrasjyisieT x =~ 17,5 % macc:, a COOTBETCT-
pytomas nons ynpounstomeii ¢assr (TiC)
B TNPOIYKTE CHHTE3a — TaKKe OKOJIO
17,5 % macc.

Cocmag 7. B nanuoit KOMOO3MIMH, KaK
U B cCHCTeMe 5, BO3HuKHOBeHue pexxuma CBC
BO3MOXKHO U COCTARA, IIPH KOTOPOM BBIION-
HsieTcst ycnoBue Tay = Tey(Al-NiAly) =913 K.
CornacHo pe3ysibTataMm  TEPMOOMHAMUAYE-
CKOFr0 MOJIETMPOBAHHS, KPHUTHYECKOE 3HA-
4yeHHe paBHO x ~ 6 % macc, a COOTBETCT-
BYIOLIAsl ZIOJS YTIPOYHSIOIMMX BKIFOUECHMI
AlLO; B mpoaykre — okosio 2,5 % macc.
(puc. 7). Becb HCXOAHBIIH XpOM MOKET yHTH
B TBEPIbIHl PACTBOP HA OCHOBE HHKEJ, T. €.
COCTaB MaTpuiupl OyaeT COOTBETCTBOBATH
Huxpomy X20HS80.

y Pl
V7 -~ T (AFNIALY = 913K

800 s | ——
0.05 0.10

0.15

T T
0.20 025

% (75% NigOq + 25% Al 54% Ni+ 46% Aly04)

Puc. 5. PesynepTaTel TepMoAMHEMIMECKOrO MONCIUPOBAHIS HK30TEPMHYECKOTO B3aMMoaelCTBHUsL B CO-
craBe 5 Ha ocHope Ni: ajuabaruieckas TeMIlepaTypa H Ao yipoursome# gasst (Al,O3)
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Puc. 6. PesynpTaThl TepMOANHAMHIECKOTO MOJEIMPOBAHHMA 3K30TEPMHUEECKOTO B3aHMOJCHCTBHS B CO-
cTaBe 6 Ha ocHOBe Ni: afnabaTiyeckas TeMIepaTypa | JoJs yipoussioniedt dasnr (TiC)

T.4. K

ad’ AI203, [Cr]Y_Ni, wt. %
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X (74.5% NipOg + 24.6% Al 53 5% Ni + 46.5% AlbO3)

Puc. 7. PesynpraThl TepMOAMHAMHUUECKOTO MOJEIHPOBAHUS 3K30TEPMHUECKOIO B3aUMOJAEHCTBHSA B CO-
craBe 7 Ha ocHoBe Ni: agualaruaeckas TemiepaTypa, Ao ypogrsomeit dase (Al203) u coxepxanue xpoma

B TBEPJOM pacTBOPE Ha OCHOBE HHUKEIL

Cocmae 8. Kax u B umnxTe 6, B Kaue-
cTBe Kputepust At BosHukHOBeHuss CBC-
mpouecca B 00beMe peakTopa IjIs peakiim-
OHHOI'O MEXaHHUYECKOr0 JIErHPOBAHUS CJie-
IyeT TIPUHATh TAKOH COCTAB ILHXTHI, MpPU
KOTOpOM Toy = Tey(T1—Ni,T1) = 1215 K. Io
JAaHHLIM TEPMOAUHAMUYECKOr0 MOJEIHPO-
Banus (puc. 8), npenensuas nous goOaBku

Mawmnocmpoenue. Memannypaua

Ti+C cocrasnger x ~ 17,5 % Mmacc. 4 cooT-
BETCTBYIOLIasi KOHUEHTPAUHUs YIPOUHSHO-
meit daser (3epen TiC) Tawke 0kono
17,5 % macc. TepmonuHaMHUECKH BIrO-
HO 00pa30BaHAE TBEPHOrO PACTBOPA XpOMa
B HMKEJIE, T. €. PABHOBECHBIH COCTaB MAT-
punel OyHeT COOTBETCTBOBATH HUXPOMY
X20H80.
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Puc. 8. PeaynbTaThl TepMOIHHAMMYECKOTO MOAEIUPOBAHMS SK30TePMHUECKOro B3anMojelcTBHI B co-
craBe 8 Ha ocHoBe Ni: aguabaTrueckas TeMuepaTypa, Kojs yupoarsomeit ¢asst (TiC) m conepkanme XpoMa B

TBepJOM PAacTBOPE HA OCHOBE HUKEIs

Kak mokasaHO BbIlLI€, IPH HATHYUH
NIOp W/WJIM MHEPTHBIX YacTHL B 00pabaThbi-
BaEeMOM IIMXTEe HEOOXOOMMBIM YCIIOBHEM
peau3alii MEXAHHYECKOTO JIETHPOBAHUS
B pexxume CBC sBisiercs Hamudue uerno-
YeK PeaKUHOHHOCIOCOOHBIX YaCTHL, MEX-
Oy KOTOPBIMH HMMEETCs TEIJIOBas CBs3b,
T. €. KOrfa TeIUIOTa, BBIAEISIOLIASCS NPH
TOpeHHH OAHOH 4acTHllbl, CrIocobHa obec-
MEYHUTh MONOTPEB APYroM uaCTHIbl MO0
Temnepatypst 3axuranus Ti, (Tig < Tag, roe
Taa — annabatuueckas Temneparypa CBC B
nauHoii cucreme) [18]. C yuerom Toro, uro
PEaKLIMOHHOE MEXAHMYECKOE JIESTHPOBaHHE
B METAUTMYECKHX CHCTEMax I[IOdy4YaeT
pa3BUTHE NP CTETIEHH 3allOJIHEHUS Kame-
pet 70...80 % W OOBEMHOM OTHOLUEHHU
pabowiX Ten M IOMXTH HE MeHee 6, MpH-
yeM OOJIbLUAA 9YaCTh LOMXTHI MOMKET CuM-
TATbCA «MHEPTHOW» NOOABKOM, BBITOJIHE-
HHE O3TOr0 YCJIOBHA IpPH MPOU3BOACTBE
KOHCTPYKI[MOHHBIX MAaTEPHAJIOB MaJIOBe-
posiTHO. MHOTOKpaTHBIE SKCIIEPUMEHTATb-
HBI€ UCCNENOBAHUS aBTOPOB OIHO3HAYHO
IOKa3aM, YTO KOHUEHTpAlMs Pearupyro-
IIUX JJEMEHTOB B CHCTeMax ¢ o0pa3oBa-
HueMm Al,O; u TiC 6Ge3 pucka BO3SHHKHOBE-
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Hus CBC-nponecca Moxer ObITh yBeHUe-
Ha 10 OTHOLUIEHHUIO K PACUETHOH MHHHMYM
B 5 u 3 pasa cootBercTBeHHO [1]. Bruue-
IpUBENEHHbIE PEe3YJbTAThl pacuera crpa-
BEIUTHBBI U1 C(OPMHPOBABLIEHCS KOMITO-
3UUMOHHONW YaCTHIBI WM TPYIIIbI YACTHII,
HAXOSILIMXCSA B KOHTAKTE B MOMEHT yOap-
HOTO BO3AEHCTBUS Ha HUX pabOuMX TeL

Jaxirouenue

IIpoBeneHHblE pacyeTsl IOKA3ajH,
YTO B MHOTOKOMIIOHEHTHBIX JKEJIE3HBIX U
HHKEJIEBBIX CHCTEMAxX MEXaHWYECKH aKTH-
BHPYEMO€ B3aUMONEHCTBHE II0 MEXAHHU3MY
CBC Tteoperuueckd BO3MOXKHO HOpPH CO-
JIep>)KaHUM pPearupyloLInX BEUECTB — Me-
TAJUIOB, MMEIOIIMX BBICOKOE CPOICTBO K
kuciopoay (Al) umu yrnepony (Ti), ¢ oa-
HOH CTOPOHBI, H KHCJIOPOAOCOISPIKAILNX
coemunenuit (Fe,0s, Ni,03) unu yriepona,
c Apyro#, obecneunBamoiieM odpa3oBaHHE
AL, O; B xenesubix crasax Oonee 4 Yomace.,
B HHKeJeBhiXx — Oonee 3 % macc., TiC —
25 n 17,5 % macc. cooTBercTBeHHO. Pe-
3yJABTATBl pacueTa COPABEUIMBLI IS
chopmupoBasLIeiics KOMIIO3ULHOHHOH
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YACTULBI WM TPYNOBl YACTHL, HAXOIs-
[IUXCA B KOHTAaKTe€ B MOMEHT YIApHOro
BO3IEHCTBHS HA HUX pabounx Ten.

CorjlacHO IKCIEPHMEHTANIBLHBIM UC-
CIIeNOBaHUsIM, KOHUEHTpPALHs pearupyo-
X KOMIIOHEHTOB B cHCTeMax ¢ o0Opa3o-
panueM ALQO; u TiC Ge3 pucka BOSHMKHO-
eHusi CBC-nporiecca MoxkeT ObITh yBeH-
YeHa MO OTHOLIEHHUIO K PacyeTHOM MHHU-
MYM B 5 u 3 pa3a COOTBETCTBEHHO.
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B. B. Khina, A. S. Fedosenko

Calculation of the maximum concentration
of reacting components in the charge under
reactionary mechanical alloying

On the basis of modern knowledge about the mechanism of self-extending high-temperature synthesis and
with the use of the thermodynamic modelling method the problem of detection of maximum reacting substance
content in the charge under processing in the mechanoreactor, providing safety of the reactionary mechanical
alloying process has been solved.
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