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MEPCIIEKTUBBI PA3BBUTHUS BBICOKOTEMIIEPATYPHOU
MACC-CIIEKTPOMETPUUA JUIA U3YUYEHUA
HEOPITAHUYECKHUX MATEPHUAJIOB

PaccMOTpeHBl OCHOBHBIE ATallbl BHEAPEHUs, NMPHUMEHEHHs M Pa3BUTUS BBICOKOTEMIIEPATYPHOTO MacC-CIIEKTPO-
MeTpudeckoro 3G dy3noHHoro Metosa Kayacena 1yist uccieoBaHus POLECCOB UCTIAPEHHS U TEPMOJANHAMUYECKHX
CBOMCTB HEOPraHUYECKUX CHUCTEM M MaTepuanoB. [IpuBeneHBI HEKOTOPBIE Pe3yNIbTaThl, NOIYUEHHBIE Ha CIeHaln-
3MPOBAHHBIX NPHOOPAaX W HA MOIU(HUIMPOBAHHBIX MAacC-CIIEKTPOMETpPaX, OCHAIICHHBIX BBICOKOTEMIIEPATYPHBIMHU
ncnaputensiMu. OOCyXIaroTcss pe3ynbTaThl IEPBOTO dTama JIA0OpaTOpHOH MOJU(HKAIMKM Macc-CIEKTPOMETpa
MTU-350 T quis naeHTHUKAIAA cOCTaBa ra30Boii (a3el U ONMpeeNeHHs TePMOANHAMHYECKUX CBOMCTB HEOPTaHU-
YECKMX CHCTEM M MaTE€PUaJIOB, BKIFOUasl BBICOKOIHTPOIMIHYIO KEPaMUKY, TIPH BEICOKHX Temneparypax. [Ipowmtio-
CTPUPOBAHBl AKTYyaJbHOCTh M MOTEHIMAJbHBIE BO3MOXHOCTH CO3[aHHS COBPEMEHHOIO OTEUECTBEHHOIO Macc-
CHEKTPOMETpa JUIsl U3yUeHHs IPOLIECCOB HCIApEHUs U TePMOAMHAMHYECKHX CBONCTB HEOPraHMYECKHX CUCTEM U
MaTepHaJIOB TP BBICOKUX TEMIIEpaTypax Ha OCHOBE CO3/IaHHOTO B Halllel CTpaHe MarHUTHOTO Macc-CIIEKTpoOMeTpa

MTU-350T.

Kniouegvie cnosa: BeIcOKOTEMIIEpaTypHas Macc-cieKTpomeTpust, 3¢ dysnonnsii meron Knyncena, ncnapenue,
TEPMOJMHAMUKA, HEOPTaHUYECKHE CHCTEMBI 1 MaTepUaIbl

EDN: TBXGDW

BBEJEHUE

OrteuecTBeHHAs! BBICOKOTEMITEpaTypHasi Macc-CIIeK-
TPOMETpUSI HEOPraHMYECKHX CHUCTEM M MaTepHasoB
o 1MmpaBy 3aHUMACT OAHO M3 JIMAUPYIOUIUX MCECT
B MUPOBOI BBICOKOTEMIIEPATYPHON XUMHUU C MOMEHTA
€e CO3JaHus KaK HalpaBiIeHHs OJarofaps OpUrHHaIIb-
HOMY MetoaudeckoMmy pemennto H.M. Monosa — oc-
HOBOIIOJIO)KHAKA 3TOTO0 HAy4YyHOro HampasieHus [1].
JanpHeillliee 3KCNEPUMEHTAIBHOE Pa3BUTHE METOJIA
BBICOKOTEMIIEPATypHON MacC-CIIEKTPOMETPUH C pas-
paboTKOl ¥ MOCHEeNyOIMM CO3JaHHEeM B Hallel
CTpaHe Macc-CIIEKTPOMETPOB JJIsi BBICOKOTEMIIEpA-
TYPHBIX TEPMOAMHAMHUYECKHX HCCIEIOBAHUN TPYIHO-
JICTYy4YHMX  BCIIECTB ACTAJIBHO npoaHaAJIM3UPOBAHO
u paccmotpero JL.H. INamnp ¢ komnmeramu [2]. [punn-
Masd BO BHHUMAaHHUC NNOTCHIUAJIBHBIC BO3MOXHOCTHU
U YCIIEXH POCCUICKHX HAay4YHBIX LIKOJI NPH pa3paboT-
K€ OTEYEeCTBEHHOTO MacC-CIIEKTPOMETPHUYECKOT0 000-
pynoBarus [3], B 0030pe [2] oTmedeHa menecoobpas-
HOCTb M TIE€PCIIEKTUBHOCTH IPOBEAEHUS MOAH(DUKa-
UM BBITYCKAaEMOTO B HACTOSIIEE BpeMsI OTeUeCTBEH-
Horo macc-criekrpomerpa MTU-350 T' [4, 5]. Ocua-
HICHWE TaKUM MPHOOPOM JTa0OpaTOpHid, CIIEIHAIN3H-
PYIOLIMXCS B 00JIACTH BBICOKOTEMIIEPATYPHON XUMUHU
IIpA MOJNYYEHHH M OJKCINIyaTallid HEOPraHMYECKUX
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MaTepHajoB, MMO3BOJIHUT 3HAYUTENHHO PACIIUPUTH TO-
TEHIMAJbHbIE BO3MOXXHOCTH H3YYEHHUS TPOLECCOB
UCTIapeHHs U TEPMOAMHAMHYECKHX CBOICTB Heopra-
HUYCCKUX CUCTEM M MATCpUaJiOB, aKTyaJIbHbIX B Ha-
CTOsIILIEE BpeMs ISl BBICOKOTEMIIEPATYPHBIX TEXHO-
JIOTHH.

Hekoropele UTOTH M NEPCIIEKTUBBI PAa3BUTHS Me-
TOJIa BBICOKOTEMIIEPATYpHOUW Macc-CIIEKTPOMETPUN
IUIs1 U3y4ECHUS! HEOPTraHWYECKHUX CUCTEM U MaTepHalloB
paccMOTpeHbl ToApOOHO B OITyOJIMKOBAHHBIX B IIO-
ciexHue Tojbl 0030pax [6—9]. Heo6xoaumMo moryepk-
HYTb, YTO B 3HAYUTEJIbHOM CTENEHNU yCIIEIIHAs peau-
3aiuAa U MPOBCACHUC BBICOKOTEMIICPATYPHBIX TEPMO-
JUHAMHYECKUX HCCIEI0BaHUM HEOPraHMYECKHX CHC-
TEM M MaTepHalloB B HallIeH CTpaHe cTaja BO3MOXKHOH
Omaromaps pa3paboTke, CO3AaHu0 U BBITYCKYy B 1970 T.
necstu Macc-ciektpomerpos MC-1301 B UnaCcTHTYyTE
aHanmutraeckoro npudopoctpoenuss AH CCCP [10].
HckmrountenbHas HaJeKHOCTb KOHCTPYKLMHM C BO3-
MOXHOCTBIO IMOJYUCHHA OJOCTOBCPHBIX TEPpMOANHA-
MUYecKnX MaHHbIX 10 Temmeparyp 3000 K Owira He-
OJHOKPAaTHO TMPOWJUTFOCTPUPOBAHA B MHOTOYHCIICH-
HBIX MyONMKausIX U HAyYHO-HCCIIENOBATENIbCKUX pa-
oorax [6-11]. OcobOeHHO cieayeT OTMETHTh, 4YTO
B  HacTosllee BpeMs TpPH  MAaccC-CIIEKTPOMETpa
MC-1301 mo-mpekHEMY YCIENIHO IKCILTyaTHPYIOTCS
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B Cankr-IleTepOyprckoM rocyiapcTBEHHOM YHHBEp-
cutere U B MlHCTHUTYTE 00IIIEH M HEOPTaHMYECKON XH-
muu M. H.C. Kypnakosa PAH.

HckmounTenbHas 3HAYMMOCTh BBICOKOTEMIIEpa-
TYPHBIX TEPMOJMHAMHUYECKUX HCCIIEOBaHUI Heopra-
HUYECKUX CHUCTEM M MaTepualioB JAWKTOBaja HE00Xo-
JUMOCTb PACIIMPEHHS SKCHEPUMEHTAIBHBIX BO3MOMXK-
HOCTEH s uX usydeHus. IMEHHO 110 3TOM NpUYnHE
YCHWIMSIMM  YYEHBIX CEPUUHBIA MacC-CIEKTPOMETP
MMH 1201 g1 W30TOMHBIX UCCIAEIOBAHUNA OBLI MOIU-
¢unupoBaH M JOOCHAIIEH BBICOKOTEMIIEPATYPHBIM
UCIIApUTENIEM, A B PsJE CIy4yaeB U JIONOJHUTEIBHOU
CHCTEMOH BBICOKOBAaKYYMHOH OTKauku. Takue paboThl
ObUIM BBIOIHEHB B MOCKOBCKOM TOCYJapCTBEHHOM
yHUBepcuTeTe, B WHCTUTYyTe MeTaulypruM U MaTe-
puanoBenenus: uM. A.A. baiikoBa (AH CCCP) PAH,
B LleHTpasbHOM Hay4yHO-HCCIIEA0BAaTEIbCKOM HHCTH-
TyTe 4epHbIX MeTaiuioB uM. M.II. bapnuna, B IBaHOB-
CKOM TOCYJapCTBEHHOM XHMHKO-TEXHOJIOTHYECKOM
UHCTUTYTEe W B VIHCTHUTyTe XHMHUHM CHIJIMKATOB
um. U.B. I'pebenmuxoBa (AH CCCP) PAH. Hekoto-
pple  OCOOEGHHOCTH BBITIOJIHEHHBIX MOIUPHUKAINN
Macc-cnektpomerpa MU-1201 ana BeicokoTemmepa-
TYpHBIX TEPMOJAMHAMUYECKHX HCCIEJOBaHUN pac-
cmotpensl B MoHorpadusx [10-13]. [dns 3HaunTeNb-
HOI'O TIOBBILIIEHHS YYBCTBUTEIBHOCTH CEPUIHOrO
macc-criekrpomerpa MC 1301 Oputa Taxke mposenie-
Ha MoAMQUKAIWs MyTeM BBeJeHHs 3G ¢dy3HOHHON Ka-
Mepbl KHynceHa ¢ HarpeBaTelieM HENOCPEICTBEHHO
B MOHHBIA NCTOYHHUK [14, 15].

Takum 00pa3oM, HauMHAs C CEMUICCATBIX TOJIOB
IPOLUIOT0 BEKa HaJM4YUe NPAKTUYECKH TOJBKO ABYX
TUIIOB  OTEYECTBEHHBIX MAarHUTHBIX MAacC-CIIEKTPO-
metpoB MC-1301 u MU-1201 obecnieunsnio peanusa-
LU0 HaYYHO-TEXHOJOI'MYECKOI'0 NMPHUOPHUTETa Hallel
CTpaHbl B OOJIACTH BBICOKOTEMIICPATYPHOU XUMHH
HEOPraHU4YeCKHX CUCTeM M MaTepuanoB. OCHOBHBIE
HAY4YHO-MCCIIeIOBATENbCKUE paboThl B 3TOW 00JIACTH
ObUIM HaYaThl U MPOAOJDKAIOTCS B HACTOSAIIEE BPEMS
B  MOCKOBCKOM TOCYAapCTBEHHOM YHHBEPCHUTETE
(MI'Y), B UHCcTHTYTE OOIIEH M HEOpraHMYECKOH XH-
muu Poccuiickoit Axagemnn Hayk (MOHX PAH),
B VBaHOBCKOM rocyaapCTBEHHOM XHMMHKO-TE€XHOJO-
rudeckoM yHuBepcurete, CaHkt-IleTepOyprckom ro-
cynapctsenHoM yHuBepcutete (CII6IY), B MHCcTHTY-
T€ XMMHW CHINKATOB Poccuiickoil AxkameMun Hayk
(UXC PAH), MucTuTyTE METAUTypru U MaTepHajo-
Begenuss uMm. A.A. baiikoBa (AH CCCP) PAH
u B lleHTpanbHOM Hay4HO-HCCIIEIOBATEILCKOM HH-
cruryte 4yepHbix MetaiuioB uM. W.II. bapauna. Iu-
POKHH CIeKTp (pyHIaMEHTANbHBIX U NPUKIATHBIX 3a-
Jad B 00JaCTH BBICOKOTEMIIEPATYPHOH XUMHUH TpY/I-
HOJIETyYHX BELIECTB, KOTOpPbIE YCIELUIHO pELICHBI
U peanu3yloTcsl B YKa3aHHBIX BBIIIE JIAOOPATOPHSX,
WIUIIOCTPUPYETCST  MHOroo0OpasneM  TeMaTH4eCKUX
MIPUOPUTETOB U HAIIPABJIICHUI HCCIIEAOBaHUIA.

HAYYHOE [NPUBOPOCTPOEHME, 2025, Tom 35, Ne 1

O6o0menne u 0OCYXIeHHE OSTHUX pe3yJIbTaTOB
MOKHO HaiTh B MoHorpagusx [10-13, 16-18]. Ha-
npumep, HayuHas mkona JL.LH. CumopoBa B obmactu
BBICOKOTEMIIEPATYPHON Macc-criekTpomerpun MI'Y
IIMPOKO W3BECTHA pe3yJbTaTaMH H3YYCHHS HOHHO-
MOJICKYJIIpHBIX paBHOBecwit [19, 20] nmpu paccMoTpe-
HHUW TaJIOTeHUIIOB [21] Kak 3Tama ucciienoBaHus HOH-
HBIX XKUAKOCTEH [22] B cOUETaHUM ¢ KBAHTOBO-XHUMHU-
yeckuMmu pacueramu [23]. B UOHXe, B wactHOCTH,
WHTEHCUBHO M3y4aeTCsl UCIIAPEHUE U TEPMOJMHAMUKA
MUBaNAaTHEIX [24] u P-AuKeTOHATHBIX [25] KOMILTEK-
COB, a TaKXe OKCUAHBIX cucTeM [26, 27]. B liBaHoB-
CKOM TOCYJapCTBEHHOM XHMHKO-TEXHOJOTHIECKOM
YHHUBEpPCUTETE, T1e B €IUHCTBEHHON B Mmpe jabopa-
TOPUHM TIPOBOJUTCA H3yYEHHE HWOH-MOJIEKYIISPHBIX
paBHOBECHI B BRICOKOTEMIIEPATYpHOM Tape C y9acTH-
€M HeUTpalbHBIX (POpM mapa, MOJOKHUTEIBHBIX U OT-
pHUIIATETFHBIX NOHOB, OOBEKTAMH H3YUCHHS SIBISIOTCS
TaJOTeHUIB JTAHTAHOUJOB [28], MOHHBIC >XKHUIKOCTHU
[29] m orHeynopHas okcugHas kepamuka [30].
B CIIOI'Y ycnemHo npojomkaeTcs: u3yudeHne TepMo-
JTUHAMHYECKUX CBOWCTB Ta3000pa3HBIX acCOIMaTOB
B HEOPraHWYECKOM Iape, HayaToe ellle B KOHIIE IIec-
TUJECATHIX TOJA0B mponuioro Beka ['.A. CeMeHOBBIM
[6, 10], a TakKe OKCHIIHBIX CHCTEM U MaTepUaIoB CO-
BMmectHO ¢ UXC PAH [6-9, 11, 31], coritacHO MeToO-
JUYECKUM  TOAXOAaM, NPEJIOKCHHBIM  BIIEPBEIC
M.M. llyneiiem ¢ corpyaaukamu [32—-34].

CrnenoBaTtenbHO, 3HAYHTENLHBIA SKCIIEPUMEHTAIb-
HBII MaTepuall, HAKOIJICHHBIA O BBICOKOTEMIIEPATYP-
HOM COCTOSIHUM HEOPraHWYeCKHX BEIIeCTB W MaTe-
puasioB HauuHas ¢ 1948 roma u cucreMaTHU3UpPOBaH-
HBI B OoNbIIOM Ymcie MOHOrpaduit u 0030poB [6—
13, 16—18], ogHO3HAYHO CBUIETEIHCTBYET O HEMpe-
PBIBHBIX M BO3PACTAIOMIMX IOTPEOHOCTSX COBPEMEH-
HOT0 MAaTepUaJIOBEICHUS M TEXHOJOTHM B JlalibHEU-
IIeM Pa3BUTHH PACCMaTPUBAEMOTO HAYYHOTO HaIpaB-
JIeHUs ¥ pa3paboTke 000pyOBaHUs ISl 3TUX LeJeH.

ITOCTAHOBKA 3AJJAYN

Lenp nHacrosmiedt paboThl OOpaTUTh BHUMAaHHE
Ha AaKTyaJIbHOCTb W TMOTCHUHUAJIBHBIC BO3MOXHOCTHU
CO3[IaHHsl COBPEMEHHOI'0 OTE€YECTBEHHOTO MAacC-CIIEK-
TpoMeTpa Ml U3y4YeHHs IPOLECCOB HCIAPEHUs
U TCPMOJNHAMUYCCKUX CBOICTB HECOPraHN4eCKux CucC-
TeM U MaTepUaloB Ha OCHOBE CO3[aHHOI'O B Hallen
CTpaHe MarHuTHOro Mmacc-ciektpomerpa MTU-350 T’
[4, 5], mpuHIMast BO BHUMaHHE HEKOTOPHIN OMBIT MO-
TU(UKAIU MarHUTHBIX MacC-CIIEKTPOMETPOB
MC-1301, MHU-1201 u KBagpymHOIHHOTO MacC-CITEK-
TpomeTpa QMS 420 my1si BEICOKOTEMIIEpaTypPHBIX HC-
CJIEIOBAaHUN, UMEIOLUICS Y aBTOPOB.
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[IPUMEPbI HEKOTOPBIX MOJUDUKALII
MACC-CIIEKTPOMETPOB
JJI1 BBICOKOTEMIIEPATYPHBIX .
TEPMOAMHAMMYECKUX UCCJIEJJOBAHUI

Hapsiny ¢ momudukanueit mys BeICOKOTEMITEpa-
TYpHBIX TEPMOJMHAMUYECKUX HCCICIOBaHUI Mar-
HUTHBIX Macc-criektpomerpoB MU-1201 u MC-1301
aBTOPbI HAcTOSILIEH pabOTbl BBHIMOJHHIN TAaKKe MO-
TuUKaIuK  KBaAPYIMOIbHBIX MAacC-CIIEKTPOMETPOB
QMG 420 (dupma bamsuepc, Jluxrenmreiin) [35].
OcTaHOBUMCS Ha 3TUX pe3ylibTaTax nojpobHee. bec-
CIIOPHO KBaJPYIIOJIbHBIE MAacc-CIIEKTPOMETPBI YCTY-
MaloT MO CBOEMY pa3pelleHUI0 CEKTOPHBIM MarHHT-
HBIM MAacC-CIIEKTPOMETpaM, HO M HMEIOT psl Ipe-
HUMYILIECTB Iepe]l HUMHU.

KBagpymoneHble Macc-CIIEKTPOMETPBl  CPaBHU-
TEJBHO JCUIEBbI, KOMIIAKTHBl M UMEIOT 3HAYUTEIHHO
Oosbliee OBICTPOJEHCTBHE MO CPABHEHUIO C MarHUT-
HBIMU.

Kax B Koponesckom nucturyTe Texnonornn KTH
(IIBermst), Tak 1 B TexHOIOTMYECKOM YHHUBEPCHUTETE
HUT (Xenscunku, OUHASHANASA) MPOBOAUIACH MOIH-
¢uKanus OAHOTO M TOTO XK€ THIMA KBaJIPYIOJBHOTO
Macc-criekrpomerpa QMG 420 mosTammHo, HCTONb3YS
pa3NuYHblE METOAWYECKHE TOAXOABI COIIACHO BBI-
OpaHHBIM IENSM W 3aJadaM HccliemoBaHMi. Macc-
cnekrpomerp QMG 420, obopyaoBaHHBII paanoyac-

TOTHBIM TEHEpaTopoM, o0ecreynBal H3MEPEHUs
B auamazoHe Macc (m/z') 1-1024 u Gbln OCHAIIEH
KOMITBIOTEPHBIM | 6-KaHasHBIM HHTEp(deiicom, odec-
MEYMBAIOIINM WHIMBHUIYaJbHYIO HACTPOMKY BCEX Ma-
pameTpoB.

OcHOBHasi 3ajilaya BBIMOJIHEHHBIX MOJIUGUKAIINH
mpubopa cocTosiia B pa3paboTKe U CO3/TaHUU BaKyyM-
HOTO OJIOKa MUCTIapUTElIs, B KOTOPBI MOMeIanach Jiu-
60 omHa xamepa Kuyncena, mubo G0k ¢ KamepaMu
Knyncena, HarpeBaeMbIMH /10 BBICOKHX TeMIIEpatyp,
KOTOPBIi OBUT COEAMHEH C MACC-CIIEKTPOMETPOM.

B KTH 06suto pa3zpaboTaHo u BBEIEHO B 3KCILTya-
TaIUIO JIBE MOAU(UKAIIMK UCITAPUTEIICH: ¢ OJHOH (-
¢y3uonHoi kamepoit Kayzacena (puc. 1) u 4eTeIppMs
s dy3nonHbIMU KaMepamu KHyzceHa (puc. 2).

[Ipu ucriapernn n3 6110Ka ¢ oHOM Kamepon Kay-
ceHa (puc. 1) u3 siueeK, U3rOTOBJICHHBIX W3 TUIATHUHBI,
TaHTaJla ¥ MOJIMOJIEHa C OTHOILICHUEM TuToIau dpdy-
3MOHHOrO0 OTBEpCTHs K Iutomaau ucnapenus 1 : 100,
ObUIa MPOWJIIFOCTPUPOBAHA JAOCTOBEPHOCTH JKCIIEPH-
MEHTAJbHBIX JAaHHBIX IIPU CPAaBHEHUH MAacC-CIEKTPOB
napa Haj NaCl u B,0;, a Takke napiuuaibHbIX JIaBje-
HUN MOJEKYISpHBIX (hOpM Tapa W SHTANBIHAN HCTa-
penus NaCl, CsCl, B,Os; u Ag ¢ pe3yibraTamu, moJy-
YEHHBIMH paHee C HCIHOJIb30BAaHHMEM MAarHUTHOTO
Macc-criekrpomerpa MC-1301 [36].

Puc. 1. biiok ucnapurens apdysuonnoii sueiiku Knyncena B pazpese [36].
1 — s¢ddy3nonnas kamepa Kuyacena, 2 — tpy6ka u3 Al,O;, 3 — rpaduToBbIi Harpesarelb,
4 — W-Re TepMonapa, 5 — TeIUJIOBBIE dKpaHbl, 6 — BOJASIHOE OXJaXKJeHHe, 7, § — Kepamuye-

CKHE TPYOKH

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 1
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Connector Drive motor

Micrometer drive

Puc. 2. Vcnaputens ¢ ueTsIppMs kamMmepamu Kayncena [37].
a — BHJ CBepXy, 0 — BUJ COOKY

Ha puc. 3 nokazaHo OKHO TaHHBIX KOMITBIOTEPHOM
MIPOrpaMMBbI QuadstarTM JUIS U3MEpPEHHST Tapluaib-
HBIX JaBJICHUH HEOPraHMYECKHX BEIIECTB C OTPE3KOM
KPHUBLIX 3aBUCUMOCTU MHTCHCUBHOCTH MOHHBIX TOKOB

Ag'(109) u Ag'(107) oT BpeMeHHU TIpH HOJHOM HCIIa-
perun cepebpa u3 MonubaeHoBoW 3(dy3uoHHON
staeiiky nipu Temmeparype 1113 K [38].

26-MAY-1994 SHUED CwClLE DAaTa 19:53:55
TCATAa FILE ACMO= . v <
DATE : 11-MAR-1994 TIME : 12:12
| ooos . INT. RANGE: [ 1E-27 3
=~ 1@7
2.9000 - /
199

©.2000 - |

2.7000 -

0.6000 - ]

2.5000 - =

@. 4000 -

©.3000 -

©.2000 -

@. 1000 -

0. o000 ¢ ; ; ! : : ;

i@ 20 30 a0 50 60 7@ [Cuclesl
TOTAL TIME : 2i6min Lis START CYCLE : 1 END CYCLE @ 7@

A F= = Fa s e =7 = F= Flio

=] [INZLog [C TvrE] [CURGOR] FRCNIFY] (X SCALE] [¥_SCALE] [ ToTaL | [FRT _oCR [BRE_SCRH

Puc. 3. M3zorepma ucnapenus cepedpa u3 MonnO1eHOBO# 3¢ P y3noHHON KaMephl Py TeMIIe-

patype 1113 K.

Hudpst 1 1 2 cOOTBETCTBYIOT MOJIOKEHUSAM "OTKPBHITO" M "3aKPHITO" 3aCIOHKH MOJIEKYJISIP-

HOTO IyYKa B IIporiecce usmepenuii [38]

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 1
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Taon. 1. [MapuuansHeie JaBieHus mapa okcuaa oopa ( szog) Hajx cuctemod B,0;—Al,0;, moay4YeHHBIE METOIOM

MOJHOTO M30TEPMMUYECKOr0 HCHapeHus B uHTepBase Temmepatyp 1248-1850 K ¢ ucnons3oBaHHEM KBaIpyHOJIHHOTO
Mmacc-cnekrpomerpa QMG 420 (I) u MarHuTHOTO Macc-cnekrpomerpa MHM-1201 (II) [40]

CocTaB KOHIEHCUPOBAaHHOI Tun Temneparypa, K Do, » 4TM

(ba3zbl, M0.% MacC-CIIEKTpOMeETpa o

B.O I 1422 (4.0£0.6)x 10°

23 il 1518 (2.1£0.9)x 10"

I 1248 (3.1+0.4)x 10"

. e I 1298 (14+03)x 10"

B,05: Al,05 =50 50 il 1623 (1.7£03)x 107

il 1680 (4.1+£03)x10"

. o I 1298 (5.0£0.5)x 10"

B,05: ALO; =33 : 67 1 1680 (3.9+03)x 10"

JloCTOMHCTBA STOH MPOTrpaMMbl AJISi BBICOKOTEM-
HEepaTypPHBIX Macc-CIIEKTPOMETPUUYECKUX HCCIIEN0Ba-
HUI, 0COOEHHO MPH UCTIONB30BAHUU METO/Ia TOJTHOTO
n3oTepMudeckoro ucnapenus [11, 39], Opu1H BiepBbIe
MPOaHaIM3UPOBaHbl U yOEAUTENHHO MPOUILTIOCTPHUPO-
BaHbl Ha IIPUMEpPE H3YyYEHHUS TEPMOANHAMHYECKHX
cBoiicTB cuctembl B,0;—Al,03; [40]. WckmrounTeib-
Has TMEPCIEKTUBHOCTH HCIIOJIb30BaHUS KOMITBIOTEP-
Hol mporpammsl Quadstar™ B momduIMpoBaHHO#
Bepcun QMG 420 Oblia NPOWILIIOCTPHPOBAHA IPH
pacmdpoBKe Macc-CIeKTpa Iapa Haj CHCTEMOM
DyFs—Dy,0; mpu Ttemneparype 1357 K [41-43].
B wmacc-criektpe mapa Ham 3TOH cucTeMOW ObuH
unentuduimposansl Housl Dy, DyF', DyF,", DyF;’,
DyOF", DyO", Dy,Fs’, Dy,OF,", Dy,OF; u F". Ilpu-
HMMasi BO BHUMaHHUE, YTO AUCIIPO3UN UMEET HECKOJIBKO
W30TONOB, pacmM(ppoBKa Macc-CIIeKTpa HaJ CHCTe-
moit DyF;-Dy,0; ¢ ucmonp3oBaHreM KOMIBIOTEPHON
nporpamMmbl Quadstar' " Gblla 3HAYHTENLHO O6IErde-
Ha, 4TO NPUBENO K HIACHTH(QHUKALUU B Iape HOBBIX
Monekysipasix  ¢dopm DyOF u  Dy,OF, napsny
¢ m3BecTHOM panee DyF; [41-43].

JIOCTOBEpHOCTh  OIIpENeNeHNuss TepMOIUHAMUYE-
CKMX CBOHCTB C WCIOJIb30BaHWEM OJIHOKAMEPHOTO
ucrnapurens Obla TakXke MPOJEeMOHCTPUPOBAHA IPH
COTOCTABJICHUH PE3yJbTATOB, MONYUYSHHBIX MPH U3Y-
yeHuu cucteMbl B,O3—Al,O; ¢ JaHHBIMH, HalI€HHBI-
MU paHee Ha Macc-criektpomerpe MU-1201 [40]. O6
3TOM CBHJETEIbCTBYIOT BEIMYHMHBI MapLUAIBHBIX
nasineHnii B,O; B mape Hanm cucremoii B,O3—AlLOs,
MOJlyYeHHBbIE B TEMIIEpaTypHOM HHTepBajie 1248—
1850 K Ha Macc-CIeKTpoMETpax ABYX YKa3aHHBIX
THTIOB, IPUBEICHHBIE B Ta0I. 1.

Bropoit BapuaHT ucmaputenst ¢ 4eThIpeMs dPPy-
3MOHHBIMU Kamepamu Kuyzcena (puc. 2) Obut paspa-
6oran w wmsrortoBieH ¢upmoit Oxford Applied
Research ansi peanmzanuu OCHOBHOTO JOCTOMHCTBA
MeToaa auddepeHInanTbHON BBICOKOTEMITEPATYPHOM

MacC-CIIEKTPOMETPHUH: BBICOKOW JOCTOBEPHOCTH OIl-
penencHYs 3HAYEHWH AKTUBHOCTEH KOMIIOHEHTOB
B ucciexyemoit cucreme [11, c. 57-64; 37]. OcHoB-
HBIMH KOMIIOHEHTaMHU HCIIApUTENs SIBISETCS MOJHO-
JICHOBBIN OJIOK C ueThIpe 3P Py3MOHHBIMU STYCHKaMHU,
CIMpallb HarpeBaTess U cCUcTeMa MO3UIMOHUPOBAHUS,
o0ecrieunBaronias MonepeMeHHoe H3MePEHNE HOHHBIX
TOKOB Macc-CIIeKTpa mnapa Haja oOpaslaMu BO Bcex
3¢ (y3UOHHBIX KaMmepax B XOJZI€ OJHOTO 3KCIEPUMEH-
ta. [Ipu TecTupoBaHMM ammapaTypa MPOJEMOHCTPHU-
poBaia ycToiunByro padoty B TedeHue 60 4 pu Tem-
nepatype 1900 K. Ha BHOBb MOIMGHUIMPOBAHHOM
o0opynoBaHUH OBUIH €Ie pa3 MPOBEIEHBI TEPMOJIH-
HAMHUYECKHE HCCIedoBaHus cucTeMbl B,0;—Al,0;
[37] nnig cpaBHEHUS C MOJyYEHHBIMU paHee JaHHbIMU
[40], mpuBenenHsiMu B Tabn. 1. [lpm wmcmapenun
W3 YeTblpex BONb(PAMOBBIX Kamep OBbUTM H3yYEHBI
MPOLECChl MCHApeHuss U TEePMOJMHAMHUYECKUE CBOM-
ctBa cucteM ZnO-P,05; u CaO-B,0O; B Temmneparyp-
HbIX uHTepBanax 1127-1380 K u 1415-1450 K coot-
BeTcTBeHHO. ClelyeT OTMETHTh, YTO BIEpBbIC Haii-
JIEHHBIE MAacC-CIEKTPOMETPHYECKUM METOA0M 3Haue-
HUS TEPMOJMHAMUYECKHX CBOWCTB cuctembl CaO—
B,0; Haxoaunuck B YJOBJIETBOPUTEIHHOM COOTBET-
CTBUM C JaHHBIMH, IOJyYE€HHBIMH pPaHEE METOIOM
0OMEHHBIX paBHOBECHH B IILIaKax [44].

B HUT 6510 mpoBeneHo Takxke nBe Moaupuka-
uuu Macc-ciektpometpa QMG 420 [45]. Ipu nepBoit
Monndukanmmy mprbopa ObIIa M3TOTOBIIEHA Kamepa
UCTAPUTENSL C BOISHBIM OXJAXKAECHUEM, B KOTOPYIO
Ha aJyHJI0OBOM JIepKaTelie momenanack 3¢ ¢y3uoHHas
syelika, MO3MLUOHUpYyEeMas TpeMsi MHKpOMETpuye-
CKUMH BHHTaMH, NPUCOEINHEHHBIMU 4epe3 CUiIb(o-
Hbl. ISl TUTaHUs HarpeBaTesst v Ul TepMorap ObLIHN
MPeIyCMOTPEHBl JJIEKTPHUYECKHe BBOJBI. BakyymHas
MeYb COCTOSUIa W3 ABYX KOHLEHTPUYECKHX TpPYOOK,
BBITTOJIHEHHBIX U3 TAHTAaJOBOW (OJBTH, OKPYKEHHBIX
MOJINOICHOBBIMH TEIJIOBBIMH dKpaHamu (puc. 4).

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1
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—2

Puc. 4. HarpeBarens kamepsl ncnaputens [45].
1 — TaHTanoOBBIE TPYOKH, 2 — MOIUOICHOBBIC
TEIJIOBBIE DKPaHbI, 3 — MOJIMOJEHOBBIE (IiaH-
b, 4 — alyH/JOBBIE HM30JIMPYIOLIME IIaHOBI,
5 — MejHbIe JepKaTen sl MOJaYy MUTaHHs

CkopocTh HarpeBa siuefiKd MOTJIA OBITh YCTaHOB-
neHa ot 0 mo 100 K/MuH u BbIle, HHTEPBAJ JOCTH-
JKUMBIX Temneparyp orpanuuuBaics 1820 K tumom
ucnonbzyemoit Tepmonapsl (Pt-PtRh, S-tuma). [ns
3aJaHMs TeMIepaTypbl ObUT YCTaHOBJIEH KOHTPOJLIED
Eurotherm 818 (Eurotherm Companies, UK) ¢ TouHo-
cTeio perynupoBku +0.2 K. Jlng pazgeneHus mones-
HOT'O CHTHajia U ()OHa MCTOJIB30BAJIACh 3aCIOHKa, Tie-
peKphIBarolIas MOJEKYJIIpHbIM nmydok. Kamepa moH-
HOTO0 MCTOYHMKA, KaMepa aHaJlIu3aTopa U KaMmepa Hc-
napuTens OTKAYMBAIMCH OHUM TypOOMONEKYIISIPHBIM
HacocoM 10 ypous 10 —10° mGap, mpuuem mpu
CMEHE HCCIIeAyeMoro o0paslia cucTeMa 3aIoJHsIIach
OKpY’KaloIluM BO31yXoM. BakyymHas meub, CMOHTH-
poBaHHasi Ha HIDKHEM (praHIle Kamepbl WCTIApHUTENs,
IOKa3aHa TaKkke Ha puc. 5 [45].

s TecTupoBaHMS YCTAHOBKM OBUIO IPOBEIECHO
ucmapeane Ag, CsCl u Mg. IlomyueHnHsle Mmacc-
CHEKTpPHI, MapIHaIbHbIE IABICHUS Mapa U 3HTAJIbINH
HUCIIapCHUA HaAXOJWJIHMCh B XOpOIIEM COOTBCTCTBUU

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 1

Puc. 5. O6muit Bug ucnaputens [45].
BakyymHast rieuyb 1 MUKPOMETPHUYECKHE Pery-
JSITOPBI, CMOHTHPOBaHHbIE Ha (IIaHIle HCIa-
purens

C JIUTCPATYPHBIMHU JaHHBIMU U PEKOMCHAOBAHHLIMU
sHaueHusiMH. OIlleHKa TPaJIMEHTa TeMIIePaTyphl B 3¢-
($y31OHHOM Kamepe IMO3BOJIHMIA YCTAaHOBUTH, YTO He-
pPaBHOMEpPHOCTh HarpeBa cocTaBistia He Oonee 5 K
[45].

Ha nocnenyromieM 3Tale BBEICHHBIE yCOBEPIIEH-
CTBOBaHMs IO3BOJIMJIM PEAJIU30BaTh METOX IPSIMOTO
CpaBHEHHS HOHHBIX TOKOB B Macc-CIIEKTpax mapa, 4ro
OKa3aJI0Ch BOCTPEOOBAHHBIM [UI M3MEPEHUS! AKTHUB-
HOCTell KOMITOHEHTOB B cuctemMe Mg—Cu. B noHHOM
UCTOYHMKE OblIa YCTaHOBJEHA cuUcTeMa auadparm
("kommumatop'), hopMupyromas TOHKAH MOJEKYISIp-
HBIW ITy4OK OKosio 1 MM B auamerpe. MonnOaeHOBEIH
0ok ¢ Tpems 3¢ Gy3HOHHBIMH sUelkamu (pHUC. 6)
HMeJl BO3MOKHOCTb NIE€PEMEILEHHUS, I10CIIEN0BATENBHO
coBmemas (GG y3nOHHBIE OTBEPCTUS TUAMETPOM
0.4 MM ¢ ocbro KotuMaropa. B ogHy W3 siueek 3a-
rpyxancs oopasery Mg—Cu cucremsl, BO BTOpOil Ha-
xomuiics yucTeiii Mg, B Tpetbeit — CsCl wim Ag, uc-
HOJIb3yEMBIE B KaU€CTBE CTaHAaPTa JAaBJICHUA.



28

B. JI. CTOJISIPOBA, A. JI. IINJIOB

10 mm

Puc. 6. MoymbaeHoBbIl 070K ¢ TpeMs 3 (y3MOHHBIMH STYEHKaMH ISl M3MEPEHHN
MeToZoM Au(depeHIaIbHON MacC-CIIEKTPOMETPUH IPH CPAaBHEHUH HOHHBIX TOKOB
B Macc-CIEeKTpax rapa, HCHapsIOIerocs U3 Kaxaoil U3 Kamep.

Tabua. 2. Dueprus ['ub6ca AG®; n saTanbmus AH®; 00pa3oBaHHS MHTEPMETAINIMYECKUX COSAMHEHHUH B CHCTEME

Mg—Cu, xJ[x/Momb [46—49]

MgCu, Mg,Cu
T,K TAGS g AL, TAGS S AL, Ccpllika
740 373 38.7 27.5 31.9 [46]
278 26.0 335 — 28.6 [49]
620 29.8 22.5 34.4 — [48]
620 31.0 29.0 22.4 16.8 [47]
740 31.5 28.7 23.5 16.6 [47]

KoppekTHOCTh HalICHHBIX 3HAYCHHUM JHEPTUU
I'u66ca (AG®) u sHTanBINN 00pa3oBanus (AHf) wH-
TEpPMETAIUINYECKUX COeTUHEeHU B cucteme Mg—Cu
MPOWUTIOCTPUPOBaHa B Talja. 2 MpHU CONOCTABICHUHU
C JaHHBIMH, TIOTY4EeHHBIMU paHee [46—49].

Tpetbst MonuUKaIMs IKCTIEPUMEHTAIBHON ycTa-
HOBKH Ha 0aze macc-ciektpomerpa QMG 420 8 HUT
ObUIa BBIMIOJTHEHA JISl PEHICHUs] MPOOJIEMBbI, CBSI3aH-
HOW CO CHI)KEHHEM BBIOpOCA BPEIIHBIX Ta3000pa3HbBIX
BEIIECTB M3 MMOPOLIKOB U IIUIAKOB B Ipoliecce Hempe-
peiBHOHM pasnmuBku ctamu [50, 51]. A.M. 3aiineBbM
¢ xoyeramu [52] ObUIM CHOPMYITHPOBAHBI CIICAYIO-
mMe 3a7add, KOTOpble HEOOXOOUMO PpEHIUTh NpH
MAacC-CIIEKTPOMETPHUUECKOM aHAIM3€ ITOM MPOOIEMBI:

(a) cocTaB mapa JOIKEH ONpeAeISITECS TIPH TOCTO-
SIHHOM IIOABEME TeMIIepaTypbl Ul MMUTALUU IIPO-
MBILIJIEHHOTO MPOIeCcCa;

(0) K@ bl SKCIIEPUMEHT JA0JDKEH POTEKaTh B Te-
yeHue 5—15 4 mpu perucTtpanuy Kak MOHHBIX TOKOB
B Macc-CIIeKTpax Iapa M3y4yaeMOH CHCTEMBI, Tak U (o-
HOBBIX CUT'HAJIOB;

(B) BakyyM B MOHHOM HCTOYHHUKE JOJDKEH OBITH
yIIy4dllleH KaK MHHMMYM Ha INOPSAIOK, YTOObI MOJy-
YUTh BO3MOXKHOCTh H3MEpPATh Takue razoo0pasHble

MpY KOMHATHOW TeMIepaTrype KOMIIOHEHTHI, Kak SiFy,
COz, COmn H2O

VmeHHO nmist pemieHust 3TUX 3a1ad4 Macc-CIeK-
tpomeTp QMG 420 ObuT 000pPYIOBAH CUCTEMON TpEeX-
MTO3UIIMOHHOTO TiepeMeIieHns 3(hPpy3noHHOH Kamepsl
C KOMIILIOTCPHBIM YIIPABJICHUEM JJI1 aBTOMAaTH4YCCKO-
IO HENPEPBIBHOIO HM3MEPEHUs MapLUUalbHBIX [aBile-
HUU HaJ 00pa3lloM W HaJ JByMs CTaHJApTaMHU CPaB-
HeHus. Kamepsl ucrapurenss HCTOUHHKA HOHOB ObLIH
pa3zfesieHbl U OCHAILEHbl HE3aBUCHMBIMU CHCTEMaMH
OTKa4yKkH. B pe3ynbrare BakyyM B KaMmepe aHaIM3aTo-
pa TOCTOSHHO TNOJIepKHBaNcs He Xyxe 10°—
10~ MGap, 4To a0 BO3MOXKHOCTE C BHICOKOH CTere-
HBIO JIOCTOBEPHOCTH NPOBOAUTH M3MEPEHUS] MOHHBIX
TOKOB B Macc-criekTpax napa SiFy, CO, u H,O [50].

B 3axmroueHue QaHHOTO pasjena LeaecooOpasHo
0COOEHHO OTMETHTbH, YTO B HACTOSALIEEC BPEMsS Hau-
JIy4Iied OTEYECTBEHHOW MojaupuKanuend macc-Crek-
TpOMeTpa AJIsl BBICOKOTEMIIEPATyPHBIX UCCIIEI0BAHUI
sBisieTcs: mpubop, MoguduuupoBanneii M.A. Leitn-
JUIMHBIM C KOJUIEraMH Ha OCHOBE BPEMSIPOJIETHOTO
Macc-CIIEKTpPOMETpa € JIa3epHbIM ucmapeHuem [53,
54]. TloTeHnuanpHBIE BO3MOXXHOCTH 3TOTO MpHOOpa
MO3BOJISIIOT 3HAYUTEJIBHO PACLIMPHUTH TEMIIEPaTyPHbIH

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 1
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MHTEpBaJl Macc-CIEKTPaJIbHBIX TEPMOINHAMUYECKUX
HCCIIEIOBAaHUH HEOPTaHMYECKUX MaTepHalioB, KOTO-
pBI B paMKax kinaccuueckoro metona Kuyncena or-
paHHMYeH, KaK MPaBHJIO, BO3MOXXHOCTSIMU HCIOJIB30-
BaHUs BOJIb(PpaMOBBIX kKamep Ao temmeparyp 3000 K.
OpHako TpW Ja3epHOM HCIAPEHUH HArpeB 00pasloB
MIPOBOJUTCS KOPOTKMMH JIa3€pHBIMH HMMITYJIbCaMHU
C OTKpPBITOH MOBEpXHOCTH 0Opa3zma. C 3TOH TOuKH
3peHusi BHIOOP BPEMSIIPOIIETHOTO OBICTPONEHCTBYIO-
HIEr0 Macc-CMEeKTpOMeTpa Uil WACHTH(UKAUN co-
cTaBa ra3oBod (as3wl sABISETCS onTUMaIbHbIM, C HC-
[I0JIb30BAHMEM JIA3€PHOI0 HCIIAPEHUsI U Macc-CIeK-
TPOMETPHUYECKOTO aHalii3a Ha 3TOM NpHOOpe U ero
MOIM(HUIMPOBAHHBIX BapUaHTaxX ObUIM HMCCIIEAOBaHbI
UCTIapeHue ¥ TePMOJIMHAMUKA HanOosIee TYyroIIaBKuX
13 CYLIECTBYIOLINX MaTE€pPHaIoOB, TAKUX KaK YIJepof,
KapOuIbl IUPKOHUS, TaHUS ¥ TaHTANA, a TAKXKE CHUC-
tema Fe—Zr—O Bmots 10 Temmepatypsl 5000 K [55—
60]. Bo3aMoxHO, B JaTbHEHIIIEM JIJIs1 pa3padOTKK Hau-
0oiee KOPPEKTHBIX MOAXOJO0B AJISl MOJyYeHHsT OCTO-
BEPHBIX TEPMOANHAMUYECKUX BEJIMUUH NP U3yUEHUN
HEOPraHMYECKUX MAaTepUalioB TPU CTONb BBICOKUX
TeMIIepaTypax B HEPaBHOBECHBIX YCJIOBUSAX HCIape-
HUSI C OTKPBITOH MOBEPXHOCTH IIEIeco00pa3Ho HcC-
I10JIb30BAaTh METOJNYECKUE MOAXO0/Ibl, PEKOMEHIOBAH-
seie JIk. Xoctm [61].

INEPCIIEKTUBBI MOAMD®UKALINN
MACC-CIIEKTPOMETPA MTH-350 I
JJI BBICOKOTEMIIEPATYPHbBIX .
TEPMOANMHAMMYECKUX NCCJIEJOBAHNUN

Texywasn cumyayus

Hauunas ¢ 1990-x rr. HaOiromanach HEKOTOpas
may3a B pa3pabOTKe W BBIMYCKE POCCHUHCKUX Macc-
CIIEKTpOMETPOB [3], OIHAKO TEPMOIUHAMUYECCKUE
WCCIIEIOBAHUS HEOPTaHWYEeCKHX CHCTEM W MarepHa-

JIOB pOCCHﬁCKHX YUCHBIX C UCIIOJIb30BAHUEM MCTOI0B
BBICOKOTEMIIEPaTypHON Macc-CIIEKTPOMETPHUU HE Ipe-
PBIBAINCH U MIPOAOJIKAIOTCS IO HACTOSILEI0 BPEMEHHI
C HMCIOJIb30BaHUEM YK€ BO MHOTOM YCTapeBILEH dKc-
MepUMEHTaNBHOH 0a3bl. B ocHOBHOM 3TO mepeobopy-
JOBaHHBIC [JI1 BBICOKOTEMIICPATYPHBIX TEPMOAMWHA-
MHUYECKHX HCCIEAOBAHMM Macc-crekTpoMerpsl MU-
1201, mnpowussoxactBa 3aBoma COJIMU (Ykpauna)
U eIMHUYHbIE COXPAHHUBILHECH IK3EMIUIIPHI CHelna-
nmusupoBanHoro npudopa MC-1301 [62, 63]. Heobxo-
JUMO IOAYCPKHYTH, YTO B TCUCHHUEC IIOJYBCKAa Hall
OTEYECTBEHHBIII MarHUTHBIA Macc-criekTpomerp MC-
1301 nns BBICOKOTEMIEpPATYPHBIX TEPMOIMHAMUYE-
CKHX HUCCJIEIOBAaHUN JTOCTOMHO BBIIECPKUBAET KOHKY-
PEHIIMIO C aHAJOTHYHBIMH MPUOOpaMH, Ha KOTOPBIX
paboTaroT 3apyOeKHBIE CIEIUANUCTH B 001aCTH BHI-
COKOTEMIIEpPaTypHO Macc-CIIeKTPOMETPHH, BBIITYC-
kaemple coorBercTBeHHO: HT-12-90 — Nuclide
Corp.; CEC-21-110B — CEC; RM-6K — Perkin-
Elmer; 12-101A — Bendix Corp. B CIIIA; MS-702R —
AEl B BemukoOpuranmm; CH-6 — Varian MAT
B ['epmanmn; THN-208 — Thomson Huston CSF
Bo Opanmuun u JMS01-UBK — JEOL B Snonum.
CBUIETENBCTBOM 3TOIO SIBIISIETCS 3HAYUTENBHBINA 00b-
€M TyONWKalui OTEYEeCTBEHHBIX HCCIeIoBaTeNnei
0 TEPMOAMHAMHMYECKHX CBOMCTBaX M IpOLEcCax HcC-
nape€Huss HEOPraHUYCCKUX CUCTEM U MAaTCpurajioB, BbI-
MOJTHEHHBIX B IOCJIEAHUE TOJbI, 10 CPAaBHEHHUIO C 3a-
py6e)KHI)IMI/I HUCCJIICA0BATCILIMU, KaK CJICAYCT, HAIlpU-
Mep, u3 0030poB [6, 7, 9, 31].

B Hacrosimee Bpems ¢pupma Mass Spectrometry
Instruments Ltd. B BenmukoOputanun BbITycKaeT ce-
PUHHBIA MArHUTHBIA MAacC-CIIEKTPOMETP ISl BBICOKO-
TEMIIEPaTypHBIX Macc-CIEKTPOMETPUIECKUX HCCIe-
noBanmii ¢ 3(dy3nonHON Kamepoit Kuyncena [64].
Brenrnuit Bug sToro npubopa npuseeH Ha puc. 7.

Puc.

7. Buewmmnuii BuUJ MAarHUTHOTO Macc-

CIEKTPOMETpA JJIsl BBICOKOTEMIIEPATYPHBIX TEP-
MOJUHAMUYECKUX HcchenoBanuii ¢ 3ddy3uon-
HoW kamepoit Kuyncena ¢upmbr Mass Spectro-
metry Instruments Ltd., BenukoOpuranus [64].

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 1
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Moougurxayus MTH-350 I

VYCHemHsli BBIMYCK OTEUYECTBEHHOIO MAarHUTHOTO
Macc-ciektpometpa MTU-350 T [2, 4, 5, 63] u ero
BO3MOXHasl JAajbHeimas Moxuukanus Al MpoBe-
ACHUA BBICOKOTEMIICPATYPHBIX TECPMOAUMHAMUYCCKUX
WCCIIEIOBAHUN HEOPraHW4YEeCKHX CHCTEeM M MaTepua-
JIOB OTKPBIBACT HOBLIC MECPCIICKTUBLI Pa3BUTHUSA BbICO-
KOTEMIIEpaTypHON Macc-CIEKTPOMETPUM B HAILEH
CTpaHe.

B Hacrosimee BpeMsi B 1a00paTopuu BBEICOKOTEM-
epaTypHOM XUMHUU TreTeporeHHbIXx mnpoueccoB Du-
muana HUIL "Kypuarockuit wunctutyt", ITHUAD-
UXC, mpoBoauTcs yacTHyHass MOIU(UKAIUAS Macc-
cunextpomerpa MTH-350 I' nnst mpoBeieHUsT BHICOKO-
TEeMIIepaTypHBIX TEPMOAMHAMMYECKHX HCCIIEIOBAHUI
HEOPraHMYEeCKHX CUCTEM W MarepuanoB. Jlist 3TOro
IJIAHUPYETCA OCHACTUTh HWMEIOLIMNUCS MAarHUTHBINA
aHanuzatop Mmacc-cnekrpomerpa MTHU-350 T Brico-
KOTEMIIEpaTypHbIM HCIIAPUTENIEM, CUCTEMOW PETHUCT-
pauuy MOHHBIX TOKOB M CUCTEMON KOHTPOJIS IIpOLeC-
ca W3MepeHuil. AHanM3aTop 3TOro npubopa obecre-
gyuBaeT 100% npornyckaHue HOHHOTO IyYKa K IpHEM-
HUKY HOHOB, a IpU ycKopsmoueM HanpspkeHun 10 kB
obecnednBaroTCs paspemaromnias crnocodHocts 960
W BEpXHASA I'PaHUIA JHANa30HA MaccC 10 pe3ybTaram
ucneiTanuil, paBaas 600 a.e.m. [2, 4, 5]. Takum oOpa-
30M, JOCTaTOYHO BBICOKOE Pa3pelIeHHEe U YyBCTBU-
TENBHOCTh 0a30BOro mpubdopa MO3BONISIOT PACCUHTHI-
BaTh Ha pacIIMpEeHHE Kpyra 3a/1ay, peliaeMblX Ha cO3-
aBaeMON YCTaHOBKE, BKJIIOYas W YIIyOJIEHHBIE HC-
CJIEZIOBAaHMS BBICOKOOHTPONUHHBIX OKCHUAOB, KapOu-
JIOB M OKCHUKapOHI0B, MHOTOKOMIIOHEHTHBIX OKCHII-
HBIX CHCTEM W MaTepUalloB Ha WX OCHOBE: CTEKOI,
KEpaMHKH, IOKPBITHM.

PaCCMOTpI/IM MOTCHIUAJIBHBIC BO3MOXXHOCTU IIPO-
BoanMO# Moaudukarmu mpudopa MTU 350 T.

CormacHo MPOBOJUMON MOAM(DUKAIIMH, HOBBIH
nprOOp MO3BOJIUT NPOBOAUTH KOJIMUECTBEHHBIE H3Me-
peHus NapUUAIBHBIX JAaBICHUN Iapa BEIIECTB, ra3o-
06pa3HI>IX Py KOMHATHLIX TEMIICPATypax, TAKUX KaK
H,0O, CO,, O,, 9acTo IpUCYTCTBYIOIINX B HCCIEIye-
MBIX O0Opa3lax B BuAe mnpumecei. llpu u3ydyeHuu
OKCHIHBIX CHCTEM M MaTe€pHaloB BO3MOXKHOCTb HKC-
NEPUMCHTAJILBHOI'0 ONPCACIICHUA NapUHUaJIbHBIX OaB-
neanii O, 1 O B 3HAYUTENILHON CTEMEHU ITO3BOJINT
00JIeryuTh pacmu(poBKy Macc-CIIeKTPOB Mapa Haj
OKCHUJHBIMU CUCTEMAMU U MaTCpUuajlaMu, a TaKXKE I10-
JydeHue HanboJjiee TOCTOBEPHBIX 3HAUEHUI TePMOAU-
HAMHYEeCKHX BelW4uH. [l peanu3anuu 3TOH BO3-
MO>KHOCTH JHaMeTp aHAIM3UPYEMOT'0 MOJIEKYJIIPHOTO
myuka (< 1 MM), MMoOmajaroniero B UCTOYHUK HOHOB
W3 KaMepbl UCIApUTEIIs, a TaKKe pa3Mep OTBEPCTHS
pa3AesSIIoOIIEro JBa STHX BaKyyMHBIX 00beMa YMEHb-
HIeHbl 10 pazyMmHoro mpenena. C 3TOH XKe LEJbIO
Ha NpuOOpe YCTAHOBJIEHBI JOCTATOYHO MOILIHBIE Ba-

KyyMHBIE HAacoCHl, obecrieunBaromue ero auddepen-
LIUAJBHYIO OTKA4Ky, U HPEAYCMOTPEHO HAJIM4YHE OX-
JKAAEMOM JKUAKAM a30TOM JIOBYIIKH MOJIEKYJISIPHO-
IO Iy4Ka.

IIo cpaBHEHMIO C HaxXOJALUIMMHCS B HACTOSAILLEE
BpeMs B JKCIUTyaTallud Macc-crekrpomerpamu MC-
1301 u MU-1201 oxmmaercs, 4TO MPOU3BOAUTEIb-
HOCTb HOBOTO TpuOopa OyJeT 3HAYUTEIHHO BEIIIIE
Onarojapsi HENPEPHIBHOW OTKauyke KaMep HOHHOTO
WCTOYHHUKA, aHAIN3aTOPa U AETEKTOPa, TPYJHO pealu-
3yeMoil paHee B YKa3aHHBIX THIIAX Macc-CIIEKTPO-
MeTpoB. B MmoaudummposanHoM npubope 3amiaHupo-
BaHO TaKX€ HAINYME Pa3JeNUTEIbHOr0 KJalaHa, I10-
3BOJIAIONIETO M30eXKaTh HAyCcKa BO3yXa B HCTOYHHK
HMOHOB IIpU cMeHe o0pa3uoB. Kommerorepuzanus us-
MEpEHHUII NOHHBIX TOKOB B Macc-CIIEKTpax Iapa, BO3-
HUKAIONUX IPpHU MOHU3AIHUU COOTBETCTBYIOIIUX Ia30-
00pa3HBIX MOJIEKYJI, & TaKKE PEryJIMPOBKH TEMIIepa-
TYypbl TIO3BOJIAT 3HAYUTCIIBHO IIOBBICUTL Ka4€CTBO
MPOBOJMMBIX 3KCIIEPUMEHTAIBHBIX HCCIIEAOBaHNH.

Ha mnepBoM »sTame B KOHCTPYKUHMIO Macc-
cunextpomerpa MTU-350 I OyayT BBeneHHI cliemyro-
ye u3MeHeHus. JIBa MarHuTOpa3psAIHbIX Hacoca
M3 TpeX MITAaTHBIX OyIyT 3aMEHEHBI Ha TypOOMOJIEeKyY-
nspable (Leybold 90i), a eme omuH TypOoMoneKysp-
HBIA Hacoc OyJIeT YCTaHOBIIEH ISl BRICOKOBAKYyMHOM
OTKa4YK{ Kamepbl ucnaputens. OpueHTanus HOHU3a-
HHOHHOﬁ KOpO6KI/I OTHOCHUTCJIIbHO HWOHHOTI'O ITy4Ka
B MOHHOM HMCTOYHHKE B JAaHHOM MOIU(HUKALUU H3Me-
HeHa Ha 90°, T.K. ONTUMaTBFHONH KOH(UTYypauuei sB-
JsieTCsl BEPTUKAIbHOE HANPABICHUE aHATU3UPYEMOI0
MOJIeKyIsipHOTO TIydka. COOTBETCTBYIOIIMM O0pa3oM
MPOBECACHO U3MCHCHHUEC U OPUCHTAMU CHUCTCMbI Mar-
HUTOB MOHHOr0 MCTOYHHMKA. CHHM3Y, HA MHUHHMMAJIbHO
BO3MOKHOM pacCCTOSIHMKU OT TOYKHM MOHMU3AIUH, yCTa-
HOBJICH OXJIaXK/TaeMbIii BOIOHM pa3feNnuTeNbHbIA (ira-
HEll, K KOTOPOMY 4epe3 BUTOHOBOE YIUIOTHEHHE TIpH-
coeaMHsETCA CheMHas Kamepa ucnaputens. Ha stom
(hnaHIle TaK)Ke MOHTHPYETCS pa3JICIUTEIbHBIN KiIalaH
C BAaKyyMHBIM BBOAOM M MCXAaHHU3M IICPCKPLIBAHUA
MOJIEKYJISIPHOT'O ITy4Ka.

[Tpu manHOW Momudpukamuu npudopa MTHU-350 T
HCTIApUTENb COCTOMT M3 BaKyyMHOW KaMephbl C BOJIS-
HBIM  OXJa&XAEGHHEM, B  KOTOPYIO  TIOMEIIeH
pazualMoOHHBIM HarpeBaTelb B BHIEC TPyOKH M3 TaH-
TanoBoi Qonbru ToamuHoi 50 wnu 100 MM, aHao-
TUYHBIA TIOKa3aHHOMY Ha puc. 4, u 3Q(y3uoHHOH Ka-
MEpBbl, YCTAHOBJICHHOW Ha aJyHJOBOM WJIM MOIHOze-
HOBOM JiepKaTesie, KOTOPBIH MOXET IepeMelaThCs
B JIByX HalpaBJICHUSX Ul PETYIMPOBKH OCH MOJIEKY-
ngapHoro nyuka. [Ipu ucnonszoBanun W—Re tepmornapbt
Temriepatypa HarpeBa cocrtaeisier He Mernee 2000°C.
OTMeTuM, YTO MPOCTPAHCTBO BHYTPH HarpeBaTeis
JNOCTaTOYHO HE TOJIBKO JUIS OIMHOYHOM, HO M IS
nBoitHON 3¢ dy3nonHON Kamepsl KHymcena ¢ BO3-
MOKHOCTBIO €€ NEPEMCHICHUA MCKAY IOJIOXKCHUAMU

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1
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"cranmapt'—"o0pas3el]’, 4YTO MO3BOJIIET pealin30BaTh
OCHOBHBIE TPEHMYINEcTBa MeToAa audhepeHInatb-
HOHM Macc-CIeKTPOMETPHUH, MpeaioKeHHoro A. brox-
nepom u Jx.JI. Illtaydpepom [65]. DToT MeTOq B Ha-
CTOsIIEE BpeMs Halllesl LIMPOKOE INPUMEHEHHE JUIs
U3MEPCHUA COOTHOLICHUSA MOHHBLIX TOKOB B MaccC-
CIEKTpax Iapa IpHU OINpelesieHUH TepMOAMHAMHUYe-
ckuX (DYHKIMH CMelIeHUs] B OMHAPHBIX U MHOTOKOM-
MMOHEHTHBIX HEOPraHMYECKUX cucremax [6, 7, 9, 31].

Cucrema perucTpaliu UOHHBIX TOKOB MOAM(UIIH-
poBanHOrO pubdopa cocrout u3 BOY u anekrpomer-
puueckoro ycunurens. s paciiupeHUsl NpenesnoB
u3MepeHust OyleT TaKkKe HCIONb30BaThCs KOJUIEKTOP
®dapanest, BBOAUMBIN IIPU NEPEKIIOUEHUH HA NPAMOU
peXUM H3MEpeHUs B HOHHBIM mydok mnepex BOY
C TIOMOINBIO CIEIHAIFHOTO MaHUWMyJsTopa. OO0mui
BUJ| MOJAU(DHUIIMPOBAHHOTO MOHHOTO MCTOYHUKA TOKa-
3aH Ha puUC. 8, a UICapuTenh B pa3pese Ha puc. 9.

B ciyvae ycnemHoO# peanmzanmu 3a1ad MOAH(H-
Kaluy npubopa Ha MepBOM 3Talle, fanee npeanoara-
€TCsl BBECTH €ILE PsIJl €r0 BaXKHBIX YCOBEPIIEHCTBOBA-
HUW. [[7s NOBBIMIEHUS TEMIIEPATYpHOrO JUAINA30HA
HCCIIEI0BAaHUN 11e71eco00pa3HO JONOJIHUTH HCIHapu-
TeJIb CUCTEMOW HarpeBa dJIEKTPOHHOH OoMOapaupoB-
KOH M, COOTBETCTBEHHO, 00OpYyIOBaTh €ro BBICOKO-
TeMIepaTypHsiM nUpoMeTpoM. CyIIEeCTBEHHO IOBBI-
CAT TEXHUYECKHE XapaKTepHUCTUKH NpHOOpa Takxke
OCHAIllEHNE HOHHOTO MCTOYHHKA KPHOTE€HHOH JIOBYII-
KOH, yCOBEPILIEHCTBOBAHUE METO/a 3aMeHbl 3P dy3u-
OHHOM SYEWKW TpU CMeHe oOpasIoB, Mo00aBJIECHHE
CUCTCMbI TEPMOCTATUPOBAHUA 6J'IOKa peructpanuun
WOHHBIX TOKOB W pa3paboTka OJOKa OTAENBHOW I0-
MOJHUTEJIBHOM BBICOKOTEMIIEPATYPHOU BaKyyMHOM
neuu I npoKanuBanus 3QpQy3noHHBIX KaMep.

Puc. 8. MoHHBI NCTOYHUK MOTU(PHUIMPOBAHHOTO Macc-
crektpomerpa MTHU-350 ' ¢ cuctemoil OTKauku, Baky-
YMMETPOM U CMOTPOBBIM OKHOM.
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Puc. 9. VoHHBIN UCTOYHUK U HCTIAPUTENh MOAUDUIN-
poBanHoro Macc-cnekrpomerpa MTU-350 I' B pa3zpese.
1 — >ddy3nonnas xamepa, 2 — HarpeBaTeJIbHBIH die-
MEHT, 3 — BBOJIbl NUTaHUSl Harpeparess, 4 — Mexa-
HU3M MepeMerieHus 3QpQGy3uoHHON KaMepbl, 5 — py-
0alKy BOASIHOTO OXJIKAEHHs, 6 — pa3aenuTeIbHbINA
BEHTUJIb, / — 3aCJIOHKa MOJEKYJSPHOro Iydka, § —
HMOHHU3AIMOHHAs KOpOOKa, 9 — 3NEeKTpOIbl HOHHOH Oml-
TUKH, /() — CMOTpPOBOE OKHO, /] — KOCOH BEHTUIIb,
12 — pa3peM MUTAaHUS UCTOYHWKA HOHOB, /3 — TypOO-
MOJIEKYJISIPHBII HacoC

Ilepcnexmusnvie 3a0auu uccie008aHuil

Takum oOpa3om, peanu3anusi OCHOBHBIX ITyHKTOB
HAMEUYEHHOW TporpaMmbl  MoOAW(QUKAIMH  Macc-
cnektpomeTpa MTH-350 I oGeciednT BO3MOKHOCTH
WHTEHCUBHOT'O MPOBEJEHUS TEPMOJUHAMHUYECKUX HC-
CJIEJOBAaHUH HEOPraHWMYECKHX CHUCTEM M MaTepualioB
Ha COBPEMEHHOM BBICOKOM Hay4YHO-METOJINYECKOM
ypoBHe. CneryeT OTMETUTh, YTO U3YUYEeHHE U IIPOTHO-
3UpOBaHMUE IOBEACHMS MNEPCHEKTHBHBIX MAaTEpUaIOB
MIpU BBICOKUX TEMIIepaTypax OTBEUYaeT, B YACTHOCTH,
MPUOPUTETHBIM HANIPABJICHUSIM Pa3BUTUS HAYKH, TEX-
HoJorul u TexHuku Poccuiickont denepaiuu, TaKum
kak "PammonanmsHOE mpupomonons3oBanue”, "JHep-
rod()HEeKTUBHOCTh,  DHEProCOCpPEIKEHUE,  sJepHas
sHepreTuka" U "TpaHCIOPTHBIE U KOCMUYECKHE CHC-
TeMBI".
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Puc. 10. 3aBucuMoCTH TapIUaIbHBIX TaBICHUI MOJCKYISIpHBIX (opM mapa Haja obpasuamu cuctembl SrO—ZrO,,
cogepskamMu: (a) 90% momn. SrO u (6) 50% mon. SrO, oT BpeMeHH uciapeHns 1 TeMneparypst [71].

B nocnennue roasl, HarpuMmep, COrJIaCHO yKa3aH-
HBIM HalpaBJICHUSM, 3HAUUTEIIbHOE BHUMAaHUE yIels-
€TCcs BBICOKODHTPONHMMHBIM OKCHAAaM Kak MaTepua-
J1aM, OCTPO BOCTPEOOBAHHBIM AJISI CO3/IaHUS CBEPXBBI-
COKOTEMIIEpaTyPHOI KepaMHKH I BBICOKOTEMIIepa-
TYpPHBIX 3alIUTHBIX HOKPBITUH HOBOTO ITOKOJIEHUS
[66], s xpanenust kuciopoaa [67], BeIIEICHUS KH-
cIopoAa W3 Ta30BBIX cMecell [68], i mepeHoca Ku-
cJIopoJia B TpOLECcax C OpraHu3aleld XMMHUYECKUX
IUKIOB [67, 69], a Takke IJs MOYYSHHS] CHHTE3-Ta3a
myTeM okucieHus metana [70]. Haubonee mepcrek-
TUBHOM IJIA 3TUX LIEJIEN SBISETCS KEpaMuKa, COAEp-
xkamas SrO : La,O; : TiO, : ZrO, Fe, 05
=0.14 : 0.06 : 0.27 : 0.27 : 0.27, rne COOTHOILIECHHUE
OKCHJIOB IIPEJCTABIEHO B MOJISIPHBIX aoiisix. [Ipu nzy-
yeHuu cucteMbl SrO-ZrO, KaKk COCTaBJISIOLICH 3TOM
MHOTOKOMITOHEHTHOH CHUCTEMBI MAacC-CIIEKTPOMETpPH-
geckuM 3P Py3noHHBIM MeTogoM KHyznceHa yctaHOB-
JIEH CEJIEKTUBHBIA XapakTep HCIapeHUs ee KOMIIO-
HEHTOB IIPH pa3IMYHBIX TeMreparypax (puc. 10) u ga-
HO ee TepMOJAMHaMHUecKoe onucanue [71].

AHaNOrMYHOE HCCIEIOBAaHUE BBIIIOJHEHO W JUIS
elle OJHOM COCTaBIAIOLIEH PAacCMATPUBAEMOMN IISITU-
KOMIIOHEHTHOM cucTeMbl — st cucremel FeO-TiO,
[72]. Ha puc. 11 mpuBeneHbl HaWJeHHBIE 3HAYSHUS
aktuBHoctd FeO B pacruaBax cuctemsl FeO-TiO,
npu temneparype 1760 K, monydyeHHble Macc-CIeK-
TpoMeTprueckiM 3G dy3uoHHEIM MeTogoM KHyzncena
MpH  WCTapeHnH o0pasnoB, cogepxamux 25, 35
u 45 mon.% Fe,0;, u paccuuTaHHBIE C UCTIOIB30BAHU-
eM mnoauHoMoB Pemnuxa—Kucrepa u BunbcoHa,
a Taxke Ha OCHOBE 00OOIIEHHOH PEeIIeTOYHON Teoprun
ACCOITMUPOBAHHBIX PACTBOPOB [72].

Puc. 12 mwmmoctpupyeT BO3MOXHOCTH METO/A BbI-
COKOTEMIIEpaTYPHOW Macc-CIIEKTPOMETPHH U JJIS OTI-
peneneHus M30BITOUHOW SHTPOIIMM B CHUCTEME

1‘0 1 1 1 1 1 1 1 1 1 1 1‘0
0.8+ 108
\ 3
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0.6 406
6
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0.4+ 404
0.2 5 - H02
0000
e 0@ O u
o 0 O
0'0_ ' T ' T . T ¥ T hd T 4 T 4] T ¥ T v T L 00
00 01 02 03 04 05 06 07 08 09 10
1o, Moubnas 1o FeO FeO
Puc. 11. AxktuBnHoctu FeO B pacmnaBax CUCTEMBI

FeO-TiO, mpu T = 1760 K, momydeHHBIE Macc-CIeK-
TpomeTpudeckuM 3 Qy3noHHBIM MeTotoM KHyzceHa mpu
ncnapeHnn o0pasuos [72].

Oo6pasipr comepxkat: 25 (m), 35 (0) u 45 (A) mon.%
Fe,0;. Crutommaple nuHHM: akTuBHOCTH FeO (1, 2 u 5)
n TiO, (3, 4 u 6), paccyMTaHHbBIE COOTBETCTBEHHO
1, 3 — mnomunomamu Pemmuxa—Kucrepa; 2, 4
rnojavuHoMamMu BuibcoHa, a Takke 5, 6 — Ha OCHOBE IMOJ-
xoxa OPTAP. IlITpuxnyHKTUpPHBIE TUHUU OTBEYAIOT HJIe-
aIbHOMY TIOBEJICHUIO pacIiiaBa

FeO-TiO, npu temmneparype 1760 K nHapsny ¢ apy-
T'MMHU TEPMOANHAMUYCCKUMU CBOMCTBaMHU.
[IpuBeneHHbIE  TEPMOAMHAMHUYECKHE  CBOMCTBA
cucreM SrO—ZrO, u FeO-TiO, Moryt OBITH HCIOJb-
30BaHbl AN JajbHEHIIero - MOAEIMPOBAHUS

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 1
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Puc. 12. N36srrounas sueprust [ub6ca (1, 2 u 5), sHTaND-
mmust cMenreHus (3) U m30bITOUHAs SHTPOIHS, YMHOKCHHAS
Ha Temneparypy (4), B cucteme FeO-TiO, npu Temnepa-
type 1760 K, nonyuennsie B HacTosIIei padote [72].

1 — paccuutanbl corjacHo moJuHOMY Pemmmxa—
Kucrepa; 2, 3 1 4 — paccuuTaHbl COrJIaCHO MOJIMHOMAaM
BunbcoHa; 5 — pe3ynbTaThl MOJENUPOBAHHS Ha OCHOBE
0000IIEHHOW pEIIeTOYHONH TEOPUH AaCCOLUUPOBAHHBIX
pacTBopoB

U pa3pabOTKH BBHICOKOIHTPOITUIHON KepaMHUKH Ha OC-
HoBe cucteMbl SrO : La,Os : TiO; : ZrO, : Fe,0s.

3AKJIFOYEHHNE

B mpencraBieHHOM KpaTKOM 0030pe paccMOTpeHa
npoOjeMa CO3JaHMsl CEPUHHOIO OTEYECTBEHHOTO
MarHUTHOTO MAacc-CIIEKTPOMETpa ISl BBICOKOTEMIIE-
paTypHBIX TEPMOJMHAMHUYECKUX HCCIIEIOBAHUH HEOP-
raHUYeCKHUX CHUCTEM U MaTepHaJioB HA MX OCHOBE, Ta-
KHX KaK CTEKJIa, KepaMHKa, IOKPBITUS. AKTyaJIbHOCTb
HU3y4YCHUA IMPOUCCCOB HUCHAPCHHA U TCPpMOJHMHaAMHUYEC-
CKHUX CBOMCTB HEOPraHMYECKUX MATEpPHaJIOB MPOJUK-
TOBaHa MOTPEOHOCTSIMH COBPEMEHHOTO MaTepHajioBe-
JIEHUSI U BBICOKOTEMIIEPATYPHBIX TEXHOJIOIMH, BKIIIO-
yasi aTOMHYIO 3HEPreTHKY, KOCMUYECKYI0 M aBHAall-
OHHYIO TEXHUKY. B paboTe npennoxeH oAuH U3 myTei
pelIeHust yKa3aHHO! MPOOIIEMBI IyTeM MOAU(DHUKAIIH
CEepUIHO BBIITYCKAEMOI'O B HACTOSAIIEE BpeMs OTede-
CTBEHHOr0 Macc-cnekrpomerpa MTU-350T.

Hcceneoosanue svinonnerno npu noodepacke Poccuiicko-
20  HayuHozo  ¢onoa, npoexm Ne  23-13-00254,
https://rscf.ru/project/23-13-00254/
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PROSPECTS FOR THE DEVELOPMENT OF HIGH-TEMPERATURE
MASS SPECTROMETRY FOR STUDYING INORGANIC MATERIALS
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The main stages of introduction, application, and development of the high-temperature mass-spectrometric
effusion Knudsen method for studying the evaporation processes and thermodynamic properties of inorganic
systems and materials are considered. Some results are obtained using specialized instruments and modified
mass spectrometers equipped with high-temperature evaporators. The results of the first stage of laboratory
modification of the MTU-350 I" mass spectrometer for identification of the gas phase composition and determi-
nation of the thermodynamic properties of inorganic systems and materials, including high-entropy ceramics, at
high temperatures are discussed. The relevance and potential possibilities of creating a modern domestic mass
spectrometer for studying evaporation processes and thermodynamic properties of inorganic systems and mate-
rials at high temperatures based on the magnetic mass spectrometer MTU-350 I" are highlighted.

Keywords: high temperature mass spectrometry, Knudsen effusion method, evaporation, thermodynamics,
inorganic systems and materials
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INTRODUCTION

Domestic high-temperature mass spectrometry of
inorganic systems and materials has rightfully occu-
pied one of the leading places in world high-
temperature chemistry since its creation as a direction
due to the original methodological decision of
N.I Ionov, the founder of this scientific direction [1].
Further experimental development of the high-
temperature mass spectrometry method, including the
creation of mass spectrometers for high-temperature
thermodynamic studies of low-volatile substances in
our country, was analyzed in detail by L.N. Gall and
colleagues [2]. Taking into account the potential ca-
pabilities and successes of Russian scientific schools
in the development of domestic mass spectrometric
equipment [3], the review [2] noted the feasibility and
prospects of modifying the currently produced domes-
tic mass spectrometer MTU-350 I" [4, 5]. Equipping
laboratories specializing in high-temperature chemi-
stry for obtaining and using inorganic materials with
such a device will significantly expand the potential
for studying evaporation processes and thermodynam-
ic properties of inorganic systems and materials that
are currently relevant for high-temperature technolo-
gies.

Some of the results and prospects for the develop-
ment of the high-temperature mass spectrometry me-
thod for studying inorganic systems and materials
have been discussed in detail in reviews published in
recent years [6-9]. It should be emphasized that the
successful implementation and conduct of high-
temperature thermodynamic studies of inorganic sys-
tems and materials in our country became possible to
a significant extent due to the development, creation,
and production of ten MC-1301 mass spectrometers in
1970 at the Institute for Analytical Instrumentation of
the USSR Academy of Sciences [10]. The exceptional
reliability of the design and the ability to obtain relia-
ble thermodynamic data up to temperatures of 3000 K
have been repeatedly reported in numerous publica-
tions and research papers [6—11]. It should be espe-
cially noted that currently, three MC-1301 mass spec-
trometers are still successfully operated at St. Peters-
burg State University and the N.S. Kurnakov Institute
of General and Inorganic Chemistry of the Russian
Academy of Sciences.

The exceptional importance of high-temperature
thermodynamic studies of inorganic systems and
materials led to the need to expand the experimental
capabilities. Through the efforts of scientists, the
commercial mass spectrometer M 1201 for isotope
studies was modified and equipped with a high-
temperature evaporator and, in some cases, an
additional high-vacuum pumping system. Such work
was carried out at Moscow State University, at the
A.A. Baikov Institute of Metallurgy and Materials of

the Russian (then USSR) Academy of Sciences, at the
I.P. Bardin Central Research Institute of Ferrous
Metals, at the Ivanovo State Chemical-Technological
Institute, and at the 1.V. Grebenshchikov Institute of
Silicate Chemistry of the Russian (USSR) Academy
of Sciences. Some features of the modifications of the
MU 1201 mass spectrometer for high-temperature
thermodynamic studies are considered in monographs
[10-13]. To significantly increase the sensitivity of
the serial MC-1301 mass spectrometer, a modification
was also carried out by introducing a Knudsen
effusion chamber with a heater directly into the ion
source [14, 15].

Thus, starting from the seventies of the last
century, the availability of practically only two types
of domestic magnetic mass spectrometers, the MC-
1301 and MU 1201, ensured the implementation of
our country's scientific and technological priority in
the field of high-temperature chemistry of inorganic
systems and materials. The main research works in
this area were started and are currently ongoing at
Moscow State University (MSU), the Institute of
General and Inorganic Chemistry of the Russian
Academy of Sciences (IGIC RAS), Ivanovo State
University of Chemical Technology, Saint Petersburg
State University (SPbSU), the Institute of Silicate
Chemistry of the Russian Academy of Sciences (ISC
RAS), the A.A. Baikov Institute of Metallurgy and
Materials Science of RAS, and the I.P. Bardin Central
Research Institute of Ferrous Metals. The variety of
subject goals and research fields reflects the wide
range of basic and applied problems in the field of
high-temperature chemistry of low-volatile com-
pounds that have been successfully solved and are
being implemented in the aforementioned laborato-
ries.

A summary and discussion of these results can be
found in monographs [10-13, 16—18]. For example,
the scientific school of L.N. Sidorov in the field of
high-temperature mass spectrometry at Moscow State
University is widely known for the results of studying
ion-molecular equilibria [19, 20], considering halides
[21] as a stage in the study of ionic liquids [22] in
combination with quantum-chemical calculations
[23]. At the Institute of General Chemistry, in particu-
lar, the evaporation and thermodynamics of pivalate
[24] and PB-diketonate [25] complexes, as well as
oxide systems [26, 27], are intensively studied. At the
Ivanovo State University of Chemical Technology,
where the only laboratory in the world studies ion-
molecular equilibria in high-temperature steam with
the participation of neutral forms of steam, positive
and negative ions, the objects of study are lanthanide
halides [28], ionic liquids [29], and refractory oxide
ceramics [30]. At St. Petersburg State University, the
study of the thermodynamic properties of gaseous as-
sociates in inorganic steam started by G.A. Semenov



[6, 10] in the late sixties of the last century is success-
fully continuing. The study of oxide systems and ma-
terials in collaboration with the Institute of Chemical
Synthesis of the Russian Academy of Sciences [6-9,
11, 31] is also continuing, according to the methodo-
logical approaches first proposed by M.M. Schulz and
his staff [32-34].

Thus, the substantial experimental data on the
high-temperature condition of inorganic materials and
compounds that have been gathered since 1948 and
organized in numerous monographs and reviews [6—
13, 16-18] clearly indicates the continuous and grow-
ing needs of modern materials science and technology
for the further development of the scientific direction
under consideration and the development of equip-
ment for these purposes.

STATEMENT OF THE PROBLEM

The purpose of this work is to draw attention to the
relevance and potential possibilities of creating
a modern domestic mass spectrometer for studying
evaporation processes and thermodynamic properties
of inorganic systems and materials based on the mag-
netic mass spectrometer MTU-350 I [4, 5] created in
our country, taking into account some experience in
modifying magnetic mass spectrometers MC-1301,
MU 1201, and the quadrupole mass spectrometer
QMS 420 for high-temperature studies, which the au-
thors have.

EXAMPLES OF SOME MODIFICATIONS
OF MASS SPECTROMETERS FOR HIGH-
TEMPERATURE THERMODYNAMIC STUDIES

Along with the modification of the MM 1201 and
MC-1301 magnetic mass spectrometers for high-
temperature thermodynamic studies, the authors of
this work also modified the QMG 420 quadrupole
mass spectrometers (Balzers, Liechtenstein) [35]. Let
us dwell on these results in more detail. Undoubtedly,
quadrupole mass spectrometers are inferior in resolu-
tion to sector magnetic mass spectrometers, but they
also have a number of advantages over them.

Quadrupole mass spectrometers are comparatively
cheap, compact, and have a significantly higher re-
sponse speed compared to magnetic ones.

Both at the Royal Institute of Technology KTH
(Sweden) and at the Technological University HUT
(Helsinki, Finland), the same type of quadrupole mass
spectrometer, QMG 420, was modified step by step
using different methodological approaches according
to the chosen research goals and objectives. The QMG
420 mass spectrometer was equipped with a radio fre-
quency generator that allowed for measurements in
the mass range (m/z') 1-1024, and a computer 16-

channel interface that allowed for individual adjust-
ment of all parameters.

The main task of the performed modifications of
the device was to develop and create a vacuum block
of the evaporator, which housed either one Knudsen
chamber or a block of Knudsen chambers heated to
high temperature and connected to the mass spectro-
meter.

At KTH, two modifications of evaporators were
developed and put into operation: with one Knudsen
effusion chamber, Fig. 1, and four Knudsen effusion
chambers, Fig. 2.

Fig. 1. Cutaway view of the Knudsen effusion cell
evaporator block [36].

1 — Knudsen effusion chamber; 2 — Al,O; tube;
3 — graphite heater; 4 — W-Re thermocouple; 5 —
heat shields; 6 — water cooling; 7, 8 — ceramic tubes

Fig. 2. Four-chamber Knudsen evaporator [37].
a— top view, 6 — side view

When evaporating from a single Knudsen chamber
unit, Fig. 1, from cells made of platinum, tantalum,
and molybdenum and a ratio of the effusion orifice
area to the evaporation area of 1:100, the reliability of
the experimental data was illustrated by comparing
the mass spectra of the vapor over NaCl and B,O;, as
well as the partial pressures of the molecular forms of
the vapor and the enthalpies of evaporation of NaCl,
CsCl, B,0;, and Ag with the results obtained pre-
viously using an MC-1301 magnetic mass spectrome-
ter [36]. Fig. 3 shows the data window of the Qua-
dstar™ computer program for measuring partial pres-
sures of inorganic substances with a section of the
curves of the dependence of the intensity of the ion
currents of Ag'(109) and Ag'(107) on time during the
complete evaporation of silver from a molybdenum
effusion cell at a temperature of 1113 K [38].

Fig. 3. Isotherm of silver evaporation from a molyb-
denum effusion ctabhamber at a temperature of
1113 K.

Numbers 1 and 2 correspond to the "open" and
"closed" positions of the molecular beam shutter dur-
ing the measurement process [38]

The advantages of this program for high-
temperature mass spectrometric studies, especially
when applying the method of complete isothermal
evaporation [11, 39], were first analyzed and convin-
cingly illustrated on the example of studying the
thermodynamic properties of the B,O; — Al,O; system



[40]. The exceptional potential of using the Qua-
dstar™ computer program in a modified version of
QMG 420 was illustrated by decoding the mass spec-
trum of the vapor over the DyF; — Dy,0; system at
a temperature of 1357 K [41-43]. In the mass spec-
trum of the vapor over this system, the ions Dy,
DyF', DyF,", DyF;', DyOF', DyO", Dy,Fs", Dy,0OF,,
Dy,OF;" and F~ were identified. Taking into account
that d};gprosium has several isotopes, the usage of Qu-
adstar © computer program significantly simplified
the decoding of the mass spectrum over the DyF; —
Dy,0; system, which led to the identification of new
molecular forms of DyOF and Dy,OF, in the vapor
along with the previously known DyF; [41-43].

The reliability of determining the thermodynamic
properties using a single-chamber evaporator was also
demonstrated by comparing the results obtained in
studying the B,O; — Al,O; system with the data ob-
tained earlier on the MIM-1201 mass spectrometer
[40]. This is evidenced by the values of the partial
pressures of B,Oj3 in the vapor above the B,O; — Al,O4
system, obtained in the temperature range of 1248—
1850 K on mass spectrometers of the two indicated
types, given in Tab. 1.

Tab. 1. Partial pressures of boron oxide vapor
( PB@Z) over the B,O; — Al,O; system obtained by

the method of complete isothermal evaporation in the
temperature range of 1248-1850 K using a QMG
420 quadrupole mass spectrometer (I) and an MU-
1201 magnetic mass spectrometer (I1I) [40]

The second version of the evaporator with four
Knudsen effusion chambers, Fig. 2, was developed
and manufactured by Oxford Applied Research to im-
plement the main advantage of the differential high-
temperature mass spectrometry method: high reliabili-
ty of determining the activity values of the compo-
nents in the system under study [11, pp. 57—64; 37].
The main components of the evaporator are a molyb-
denum block of four effusion cells, a heating coil, and
a positioning system that ensures alternate measure-
ment of ion currents in the mass spectrum of the vapor
above the samples in all effusion chambers during
a single experiment. At a temperature of 1900 K, the
apparatus operated steadily for 60 h throughout test-
ing. The newly modified equipment was used to carry
out thermodynamic studies of the B,O; — Al,O5 sys-
tem [37] once again for comparison with the previous-
ly obtained data [40] presented in Tab. 1. During eva-
poration from four tungsten chambers, the evaporation
processes and thermodynamic properties of the ZnO —
P,0s5 and CaO — B,0; systems were studied in the
temperature ranges of 1127-1380 K and 1415-
1450 K, respectively. It should be noted that the val-

ues of thermodynamic properties of the CaO — B,0;
system, found for the first time using the mass spec-
trometric method, were in satisfactory agreement with
the data obtained earlier using the method of exchange
equilibria in slags [44].

Two modifications of the QMG 420 mass spec-
trometer were also carried out at HUT [45]. In the first
modification of the device, a water-cooled evaporator
chamber was made, into which an effusion cell was
placed on an alundum holder and positioned by three
micrometer screws attached through bellows. Elec-
trical inputs were provided for powering the heater
and for thermocouples. The vacuum furnace consisted
of two concentric tubes made of tantalum foil, sur-
rounded by molybdenum heat shields, Fig. 4.

Fig. 4. Evaporator chamber heater [45].

1 — tantalum tubes, 2 — molybdenum heat shields,
3 — molybdenum flanges, 4 — alundum insulating
washers, 5 — copper holders for power supply

The heating rate of the cell could be set from 0 to
100 K/min and higher; the range of achievable tem-
peratures was limited to 1820 K by the type of ther-
mocouple used (Pt-PtRh, S-type). A Eurotherm 818
controller (Eurotherm Companies, UK) with an ad-
justment accuracy of +£0.2 K was installed to set the
temperature. A shutter blocking the molecular beam
was used to separate the useful signal and the back-
ground. The ion source chamber, analyzer chamber,
and evaporator chamber were evacuated by a single
turbomolecular pump to a level of 107-10" mbar,
and when changing the studied sample, the system
was filled with ambient air. The vacuum furnace
mounted on the lower flange of the evaporator cham-
ber is also shown in Fig. 5 [45].

Fig. 5. General view of the evaporator [45].
Vacuum furnace and micrometer regulators mounted
on the evaporator flange

To test the setup, Ag, CsCl, and Mg were evapo-
rated. The obtained mass spectra, partial vapor pres-
sures, and evaporation enthalpies were in good
agreement with the literature data and recommended
values. An assessment of the temperature gradient in
the effusion chamber showed that the heating uneven-
ness was no more than 5 K [45].

At the next stage, the improvements introduced
made it possible to implement a method for directly
comparing ion currents in vapor mass spectra, which
turned out to be in demand for measuring the activi-
ties of components in the Mg — Cu system. A system
of diaphragms ("collimator") was installed in the ion
source, forming a thin molecular beam of about 1 mm



in diameter. The molybdenum block of three effusion
cells, Fig. 6, was moveable, sequentially aligning the
effusion holes with a diameter of 0.4 mm with the col-
limator axis. A sample of the Mg — Cu system was
loaded into one of the cells, pure Mg was in the
second, and CsCl or Ag, used as a pressure standard,
was in the third.

Fig. 6. Molybdenum block of three effusion cells for
differential mass spectrometry measurements by
comparing ion currents in the mass spectra of vapor
evaporating from each of the chambers

The correctness of the found values of the Gibbs
energy (AG°y) and the enthalpy of formation (AH®f) of
intermetallic compounds in the Mg — Cu system is
illustrated in Tab. 2 by comparing with the data ob-
tained earlier [46—49].

Tab. 2. Gibbs energy AG°: and enthalpy AH°s of
formation of intermetallic compounds in the Mg — Cu
system, kJ/mol [46—49]

The third modification of the experimental setup
based on the QMG 420 mass spectrometer at HUT
was carried out to solve the problem of reducing the
emission of harmful gaseous substances from powders
and slags in the process of continuous casting of steel
[50, 51]. A.L. Zaitsev with colleagues [52] formulated
the following tasks that need to be solved in the mass
spectrometric analysis of this problem:

(a) the composition of the vapor should be deter-
mined in the case of a constant increase in tempera-
ture to simulate the industrial process;

(b) each experiment should be carried out for 5-15
h, records should be done of both ion currents in the
mass spectra of the vapor of the system under study
and background signals;

(c) the vacuum in the ion source should be im-
proved by at least an order of magnitude to enable the
measurement of such gaseous components as SiF,,
CO,, CO and H,O at room temperature.

It was for this purpose that the QMG 420 mass
spectrometer was equipped with a computer-
controlled three-position effusion chamber movement
system for automatic continuous measurement of par-
tial pressures above the sample and above two refer-
ence standards. The ion source evaporator chambers
were separated and equipped with independent pump-
ing systems. As a result, the vacuum in the analyzer
chamber was constantly maintained at no worse than
10°-10" mbar, which made it possible to measure
ion currents in the mass spectra of SiF,, CO,, and H,O
vapor with a high degree of reliability [50].

In conclusion of this section, it is especially appro-
priate to note that at present the best domestic modifi-
cation of the mass spectrometer for high-temperature
studies is the device modified by M.A. Sheindlin and
colleagues based on a time-of-flight mass spectrome-
ter with laser evaporation [53, 54]. The potential ca-
pabilities of this device make it possible to significant-
ly expand the temperature range of mass spectrometry
thermodynamic studies of inorganic materials, which,
within the framework of the classical Knudsen me-
thod, is limited, as a rule, to the possibilities of using
tungsten chambers up to temperatures of 3000 K.
However, in laser evaporation, the samples are heated
by short laser pulses from the open surface of the
sample. From this point of view, the choice of a time-
of-flight high-speed mass spectrometer for identifying
the composition of the gas phase is optimal. Laser
evaporation and mass spectrometric analysis using the
device and its modified versions were applied to study
the evaporation and thermodynamics of the most re-
fractory of existing materials, such as carbon, zirco-
nium, hafnium, and tantalum carbides, as well as the
Fe — Zr — O system up to a temperature of 5000 K
were studied [55-60]. Perhaps, in the future, in order
to develop the most correct approaches to obtaining
reliable thermodynamic values when studying inor-
ganic materials at such high temperatures under none-
quilibrium conditions of evaporation from an open
surface, it is advisable to use the methodological ap-
proaches recommended by J. Hastie [61].

PROSPECTS FOR MODIFICATION
OF THE MTH-350 I' MASS SPECTROMETER
FOR HIGH-TEMPERATURE
THERMODYNAMIC RESEARCH

Current situation

Since the 1990s, there has been a pause in the de-
velopment and production of Russian mass spectro-
meters [3], but thermodynamic studies of inorganic
systems and materials by Russian scientists using
high-temperature mass spectrometry methods have
not been interrupted and continue to this day using an
experimental base that is already largely outdated.
These are mainly MW 1201 mass spectrometers, re-
equipped for high-temperature thermodynamic stu-
dies, manufactured by the SELMI plant (Ukraine) and
individual surviving copies of the specialized MS-
1301 device [62, 63]. It should be emphasized that for
half a century, our domestic magnetic mass spectro-
meter MC-1301 for high-temperature thermodynamic
studies has been worthily competing with similar de-
vices used by foreign specialists in the field of high-
temperature mass spectrometry, manufactured respec-
tively by: HT-12-90 — by Nuclide Corp.; CEC-21-
110B — CEC; RM-6K — Perkin-Elmer; 12-101A —



Bendix Corp. in the USA; MS-702R — AEI in the
UK; CH-6 — Varian MAT in Germany; THN-208 —
Thomson Huston CSF in France and JMSO01-UBK —
JEOL in Japan. Evidence of this is the significant vo-
lume of publications by domestic researchers on the
thermodynamic properties and evaporation processes
of inorganic systems and materials, carried out in re-
cent years, compared with foreign researchers, as fol-
lows, for example, from the reviews [6, 7, 9, 31].

At present, the company Mass Spectrometry In-
struments Ltd. in Great Britain produces a serial mag-
netic mass spectrometer for high-temperature mass
spectrometric studies with a Knudsen effusion cham-
ber [64]. The external appearance of this device is
shown in Fig. 7.

Fig. 7. External appearance of a magnetic mass spec-
trometer for high-temperature thermodynamic studies
using a Knudsen effusion chamber from Mass Spec-
trometry Instruments Ltd., UK [64]

Modification of MTHU-350 T

Successful release of the domestic magnetic mass
spectrometer MTU-350 T [2, 4, 5, 63] and its possible
further modification for high-temperature thermody-
namic studies of inorganic systems and materials
opens up new prospects for the development of high-
temperature mass spectrometry in our country.

Currently, in the laboratory of high-temperature
chemistry of heterogeneous processes of the Branch
of the National Research Center Kurchatov Institute,
PNPI-ICS, a partial modification of the MTU-350 I"
mass spectrometer is being carried out for high-
temperature thermodynamic studies of inorganic sys-
tems and materials. For this purpose, it is planned to
equip the available magnetic analyzer of the MTU-
350 I' mass spectrometer with a high-temperature
evaporator, an ion current recording system, and
a measurement control system. The analyzer of this
device provides 100% transmission of the ion beam to
the ion receiver, and at an accelerating voltage of
10 kV, a resolution of 960 and the upper limit of the
mass range according to the test results is equal to
600 a.m.u. [2, 4, 5] are provided. Thus, a sufficiently
high resolution and sensitivity of the basic device al-
low us to expect an expansion of the range of prob-
lems solved on the created installation, including in-
depth studies of high-entropy oxides, carbides, and
oxycarbides, multicomponent oxide systems; and ma-
terials based on them: glasses, ceramics, coatings.

Let us consider the potential capabilities of the
modification of the MTU-350 I" device.

As a result of the modification, the new device will
allow quantitative measurements of partial vapor pres-
sures of substances that are gaseous at room tempera-
tures, such as H,O, CO,, O,, often present in the sam-
ples under study as impurities. When studying oxide
systems and materials, the possibility of experimental-
ly determining the partial pressures of O, and O will
greatly facilitate the decoding of the mass spectra of
vapor over oxide systems and materials, as well as
obtaining the most reliable values of thermodynamic
quantities. To implement this possibility, the diameter
of the analyzed molecular beam (< 1 mm), entering
the ion source from the evaporator chamber, as well as
the size of the hole separating these two vacuum vo-
lumes, are reduced to a reasonable limit. For the same
purpose, the device is equipped with sufficiently po-
werful vacuum pumps that ensure its differential
pumping, and a molecular beam trap cooled with lig-
uid nitrogen is provided.

Compared with the currently used MC-1301 and
MMH-1201 mass spectrometers, the new device is ex-
pected to have significantly higher throughput due to
continuous pump-out from the ion source, analyzer,
and detector chambers, which was previously hard to
implement in the above-mentioned types of mass
spectrometers. The modified device is also planned to
have a separating valve to avoid air leakage into the
ion source when changing samples. Computerization
of measurement of ion current in vapor mass spectra
that occur during ionization of the corresponding ga-
seous molecules, as well as temperature adjustments,
will significantly improve the quality of the experi-
mental studies. At the first stage, the following
changes will be introduced into the design of the
MTHU-350 T" mass spectrometer. Two of the three
standard magnetic discharge pumps will be replaced
with turbomolecular pumps (Leybold 90i), and one
more turbomolecular pump will be installed for high-
vacuum pump-outs from the evaporator chamber. The
orientation of the ionization box relative to the ion
beam in the ion source in this modification is changed
by 90°, since the optimal configuration is the vertical
direction of the analyzed molecular beam. The orien-
tation of the ion source magnet system is also changed
accordingly. At the bottom, at the minimum possible
distance from the ionization point, a water-cooled se-
paration flange is installed, to which a removable eva-
porator chamber is connected through a Viton o-ring.
A separation valve with a vacuum input and a molecu-
lar beam shut-off mechanism are also mounted on this
flange.

In this modification of the MTH-350 I" device, the
evaporator consists of two chambers: a vacuum
chamber with water cooling, in which a radiation hea-
ter is placed, and an effusion chamber. The radiation
heater is in the form of a tube made of tantalum foil
50 or 100 um thick and is similar to that shown in



Fig. 4. An effusion chamber is mounted on an alun-
dum or molybdenum holder, which can move in two
directions to adjust the molecular beam axis. When
using a W-Re thermocouple, the heating temperature
is at least 2000 °C. Note that the space inside the hea-
ter is sufficient not only for a single but also for
a double Knudsen effusion chamber with the ability to
move it between the "standard" — "sample" positions,
which makes it possible to implement the main advan-
tages of the differential mass spectrometry method
proposed by A. Buchler and J.L. Stauffer [65]. This
method is currently widely used to measure the ratio
of ion currents in vapor mass spectra when determin-
ing thermodynamic mixing functions in binary and
multicomponent inorganic systems [6, 7, 9, 31].

The ion current recording system of the modified
device consists of an electron multiplier and an elec-
trometric amplifier. To expand the measurement
range, a Faraday collector will also be used. The col-
lector is introduced into the ion beam in front of the
electron multiplier when switching to the direct mea-
surement mode and using a special manipulator. The
general appearance of the modified ion source is
shown in Fig. 8, and the evaporator in cutaway view is
shown in Fig. 9.

Fig. 8. Ion source of the modified mass spectrometer
MTH-350 T" with a pump-out system, vacuum gauge,
and viewing window

Fig. 9. Cutaway view of ion source and evaporator of
the modified MTU-350 I" mass spectrometer.

1 — effusion chamber, 2 — heating element, 3 —
heater power inputs, 4 — effusion chamber move-

ment mechanism, 5 — water cooling jackets, 6 —
separation valve, 7 — molecular beam damper, 8§ —
ionization box, 9 — ion optics electrodes, 10 —
viewing window, 11 — oblique valve, 12 — ion

source power connector, 13 — turbo-molecular pump

Prospective research tasks

Thus, the implementation of the main points of the
planned program for modifying the MTH-350 I" mass
spectrometer will provide the possibility of intensive
thermodynamic studies of inorganic systems and ma-
terials at a modern high scientific and methodological
level. It should be noted that the study and prediction
of the behavior of promising materials at high temper-
atures corresponds, in particular, to the priority direc-
tions of development of science, technology, and en-
gineering of the Russian Federation, such as "Rational
use of natural resources", "Energy efficiency, energy
conservation, nuclear energy" and "Transport and
space systems".

In recent years, for example, in accordance with
the noted directions, considerable attention has been
paid to high-entropy oxides as materials that are in
high demand for the creation of ultra-high-
temperature ceramics for new-generation high-
temperature protective coatings [66], for oxygen sto-
rage [67], oxygen extraction from gas mixtures [68],
for oxygen transfer in processes with chemical cycles
[67, 69], and also for obtaining synthesis gas by oxi-
dation of methane [70]. The most promising for these
purposes is ceramics containing

SrO : La,05 : TiO, : ZrO, : Fe,05 =

=0.14:0.06:0.27: 0.27 : 0.27,
where the ratio of oxides is presented in molar frac-
tions. When studying the SrO — ZrO, system as a com-
ponent of this multicomponent system by means of
the Knudsen mass spectrometric effusion method, the
selective nature of the evaporation of its components
at different temperatures was established, Fig. 10, and
its thermodynamic description was given [71].

Fig. 10. Dependences of partial pressures of mole-
cular forms of vapor over samples of the SrO — ZrO,
system containing: (a) 90%mol. SrO and
(6) 50%mol. SrO, on evaporation time and tempera-
ture [71]

In case of successful implementation of the tasks
of modifying the device at the first stage, it is planned
to introduce a number of important improvements. In
order to increase the temperature range of the studies,
it is advisable to supplement the evaporator with an
electron bombardment heating system and, according-
ly, equip it with a high-temperature pyrometer. The
technical characteristics of the device will also be sig-
nificantly improved due to equipping the ion source
with a cryogenic trap, developing the method of re-
placing the effusion cell when changing samples, add-
ing a thermostatting system to the ion current record-
ing unit, and developing a separate additional high-
temperature vacuum furnace unit for calcining the
effusion chambers.

A similar study was carried out for another com-
ponent of the five-component system under considera-
tion — for the FeO — TiO, system [72]. Fig. 11 shows
the found values of FeO activity in melts of the FeO —
TiO2 system at a temperature of 1760 K, obtained by
the Knudsen mass spectrometric effusion method dur-
ing evaporation of samples containing 25, 35, and
45%mol. Fe,Os, and calculated using the Redlich —
Kister and Wilson polynomials, as well as on the basis
of the generalized lattice theory of associated solu-
tions [72].



Fig. 11. Activities of FeO in melts of the FeO — TiO,
system at T = 1760 K, obtained by the Knudsen mass
spectrometric effusion method during evaporation of
samples [72].

The samples contain: 25 (m), 35 (o) and 45 (A)
mol.% Fe,Os.

Solid lines: activities of FeO (1, 2 and 5) and TiO; (3,
4 and 6), calculated respectively

1, 3 — by Redlich — Kister polynomials; 2, 4 — by
Wilson polynomials, and 5, 6 — based on the genera-
lized lattice theory of the associated solutions. Dash-
dotted lines correspond to ideal melt behavior

Fig. 12 illustrates the capabilities of the high-
temperature mass spectrometry method for determin-
ing excess entropy along with other thermodynamic
properties in the FeO — TiO, system at a temperature
of 1760 K.

Fig. 12. Excess Gibbs energy (1, 2 and 5), enthalpy
of mixing (3) and excess entropy multiplied by tem-
perature (4) in the FeO — TiO, system at 1760 K,
obtained in the present work [72].

1 — calculated according to the Redlich — Kister
polynomial; 2, 3 and 4 — calculated according to the
Wilson polynomials; 5 — results of modeling based
on the generalized lattice theory of associated solu-
tions

The presented thermodynamic properties of the
SrO — ZrO, and FeO — TiO, systems can be used for
further modeling and development of high-entropy
ceramics based on the SrO — La,O; — TiO, — ZrO, —
Fe,0;. system.

CONCLUSION

The presented brief review considers the problem
of creating a commercial domestic magnetic mass
spectrometer for high-temperature thermodynamic
studies of inorganic systems and materials based on
them, such as glasses, ceramics, coatings. The relev-
ance of studying the processes of evaporation and
thermodynamic properties of inorganic materials is
dictated by the needs of modern materials science and
high-temperature technologies, including nuclear
energy, space, and aviation technology. The paper
proposes one of the ways to solve this problem by
modifying the currently mass-produced domestic
mass spectrometer MTU-350 T





