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BBEAEHUE

HMccnenpoBaHue pa3siuyHbIX CBOMCTB KOMOO3ULIUIA
“3MOKCUIHBIN OJIMTOMEP—OTBEPAUTENL” IMOKA3aJo,
YTO XapaKTEPUCTUKHU TTOTYYAEMBIX CUCTEM HETIOCPEI-
CTBEHHO CBSI3aHbI C (PUBUKO-MEXaHWYECKUMU U DU3U-
KO-XUMMYECKMMU XapaKTepUCTUKaM1 KaK 3MOKCU/I -
HOTO OJIMTOMEpa, TaK U OTBEPAUTEJIS B OTAEIbHOCTU
[1-5]. ITpu aTOM cuUcTeMaTUYEeCKUX MCCIeT0OBaHUI
XapakTepUCTUK KOMIOHEHTOB 3TUX KOMMO3ULIUMI
B IIIMPOKUX TeMIIepaTypHbIX MHTepBajax (oT -150°C no
+110°C) mpu AMHAMMYECKUX MEXaHUUECKUX BHEITHUX
BO3IEUCTBUSX MPAKTUUYECKU HET [6].

O00011IeHHbIE OTPHIBOUYHBIC JaHHbIE O CBOMCTBAX
W PEAKIIMOHHOW CIOCOOHOCTUA TaKUX OTBEPAUTEIEH
U HEKOTOPBIX MOKa3aTeasIx MOJUMEPOB Ha MX OC-
HOBE HEOJHOKPATHO MyO0JIUKOBAJIUCh B CIIPABOYHOM
MoHorpadudeckoit nutepatype [7—12]. B aToii pa-
00Te BIEPBbIE MPENCTaBIEHbI KCIIEPUMEHTAIbHbIE
CIIEKTPBI BHYTpeHHero TpeHus A = f{T) u temmepa-
TYpPHbIE 3aBUCUMOCTU 4acToThl vV = f(T), mojy4yeH-
HbIE B peXKMME CBOOOIHBIX 3aTyXalOIIUX KPYTUJIbHBIX
KoJiebaHMil, BO30yXXAaeMbIX B UCCIIENyeMbIX 00pas3-
11ax OTBEpAUTENel 3MOKCUIHBIX OJIMUTOMEPOB (TpU-
atunaeHTeTpaMuH (TOTA), monusTUICHIIOIMAMUH
(ITBITA), nzo-metunrerparuapodTaaeBblii aHTUAPU]L

(MUMTT®A)) B TemnepaTypHoM mHTepBaie (ot -150°C
1o +110°C).

CrnenyeT OTMETUTD, YTO BHIOpAHHBIE CUCTEMBbI HC-
MOJIb3YIOTCSI HE TOJBKO B KaueCTBE OTBEpPAUTENCH
BIOKCUIHBIX OJIMTOMEPOB, HO U UMEIOT OUEHb K-
pokoe mpuMeHeHHue B Apyrux obsactsx. Hampumep,
TPUBTUICHTETPAMUH UCTIOIb3YeTCS B MEIULIMHE JJIsI
CBSI3BIBAHUS U yIajeHUs MeIW U3 opraHu3Ma Kak
aJlbTepHaTUBa MEeHUUMW/UIAaMUHY, TPU XUMUOTEpa-
UM paKa B KaueCTBe MPOTUBOOMYXOJIEBOTO areHTa,
Npu AUabdeTUYeCKMX 3a00JieBaHUSIX, MTPEAITOJIOXKM-
TeJbHO OYAET UMETh MIPUMEHEHUE TIPU JIeueHUU 00-
ne3nu Anbrreiimepa [13]. B mpombiiuienHoct TOTA
C YIJIEPOAHBIMU KUPHBIMU KUCJIOTAMU UJIU TAJTOBBIMU
KMCJIOTaMU MOXET ObITh MCIIOJb30BaH B KauyeCcTBe
MHTUOUTOpa Koppo3uu. PacTBop TpusTUIIEHTETpa-
MUH-3TaHOJ MPOSIBISIET BbICOKME aOCOPOILIMOHHEBIC
CBOMCTBA B OTHOIIIEHUU AByoKucu yriepona. TOTA
HUCIIONIb3YETCSI B KaueCTBEe MPUCANOK K TOIJIMBAM,
cMasKaM, acGaJlbTOBbIM CUCTEMAaM 1 B TIPOU3BOICTBE
He/utoo3sl [13].

B manHoi1 paboTe paccMaTpuBaeTCsl BO3MOXHOCTh
HcclienoBaHusI (PU3NKO-MeXaHUUEeCKHX (TeMIiepaTyp-
Hasl 3aBUCUMOCTb MOIYJS CABUTA, JeMEKT MOMYIs
CABUTA IJISI KaXXIOro JTOKAJTbHOIO JUCCUIATUBHOTO
npoliecca, TeMIlepaTypHble 00JacTU MPOSIBICHUS
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JIOKAJIbHOM HEYIPYTrOCTH, MEXaHU3M BHYTPEHHETO
TpeHUs) U (PU3UKO-XUMUUECKUX XapaKTEePUCTUK
(PHeprus akKTHBAlLlMM, BpeMs pejakcallii KaxKIoTo
JIOKAJIbHOTO AUCCUMNATUBHOIO TIpoliecca) U UX U3Me-
HEHUI 11 aMUHHBIX U aHTUAPUIHBIX OTBEpAUTEEH
SIIOKCUIHBIX OJIUTOMEPOB B MHTEpBAJIaX TeMIIepaTyp,
OXBAaThIBAIOIINX TBEPHAOE B XXUAKOE arperaTHoe COCTO-
SIHUE BTUX CUCTEM.

TeopeTnueckuii aHaIN3 ITOTYYEHHBIX SKCIIEPUMEH -
TaJbHBIX PE3YJbTaTOB IIPOBOAUTCS HAa (DEHOMEHOJIO-
TMYECKUX MOACIBHBIX MPEICTaBICHUIX CTAHIapPTHOTO
JIMHEMHOTO Tejia U 00001eHHON Moaeau MakcBea
[14] ©6e3 paccMOTpeHMsT B3aMMOCBSI3U KOHKPETHOM
XUMHWYECKOM TIPUPOIbI, CTPOCHUS U CTPYKTYPHI 3J1e-
MEHTOB UCCJIEAYEMBbIX OTBEpOUTENICI C MOAEIbHBIMU
MpenCcTaBICHUSIMU aTOMHO-MOJIEKYJISIPHOIO CTpOe-
HUS UCCIIENYEMBIX CUCTEM, YTO MpeaCcTaBiIsIeT co00it
OTHeNbHYI0 (DyHIaMEHTaJIbHYIO padboTy. BeimencTBue
5TOT0 KaXKIbIi JTOKAJIBHBINA 10 TEMIIEpaType IMCcCuna-
TUBHBII Mpoliecc OyaeT o6o3HaueH B LU(PPOBOM Ba-
puaHTe 0e3 IpUBI3KHN K KOHKPETHOMY CTPYKTYPHOMY
2JIEMEHTY.

HMccnenoBaHue CreKTpoOB BHYTPEHHETO TPEHUS
MMPOBOAMIOCH TSI KPUCTATMIECKUX M aMOP(HBIX CHU-
CTEeM, HaAXOASIIUXCS B TBEPIOM arperaTHOM COCTOSTHUU
NP HavaJbHBIX TeMIIepaTypax MpoBeAeHUs IKCIepu -
MEHTA U TePEeXONISIIUX B XXMIKOE arperaTHoe COCTOS -
HUE NMPU U3MEHEHMSIX TeMIIepaTyphbl B X0Oze MPpOBee-
HUS 3KcTepuMeHTa [15—26]. OgHako ucciaemoBaHTiA
CIIEKTPOB BHYTPEHHETO TPEHUS CUCTEM B peXKUMeE
CBOOOIHO 3aTyXaloIlero KojebaTeJbHOIro mpoliecca
B LLIMPOKOM TemIiepatypHoM uHTepBaiie (ot -150°C no
+110°C), oxBaThIBalolIeM TBEPAOE B KUIKOE arperar-
HOE COCTOSIHUE 3TUX CUCTEM, U KOTOPbIe HAXOOUINCh
MpU HayaJbHBIX TeMIlepaTypax MpoBeAeHUs IKCIepu -
MEHTAa B XXMIKOM arperaTHOM COCTOSTHUU, IO JaHHBIM
JIUTEepaTypHbIX UCTOUHUKOB, HA CETONHS HET.

CrexTpbl BHYTPEHHETO TPEHUS IPEACTABISIOT CO-
001f HaboOp JIOKaJbHBIX MUKOB AUCCUMATUBHBIX MO-
Tepb, MPOSIBJISIEMBIX B pa3JIMUHbIX MHTEpBalax TeM-
neparyp. Kaxmbiii 3 mukoB o0pa3yeTcsl B pe3yiabraTe
CTPYKTYPHOM MOIBUXHOCTU 3JIEMEHTOB TOM WA MHOM
(B 3aBUCUMOCTU OT TeMIIepaTypbl) CTPYKTYPHO-KHU-
HeTUYecKoit momcucteMsbl [15—26]. Best uccnenyemas
cucTeMa IpencTaniiseT co00ii COBOKYIMHOCTb CTPYK-
TYPHO-KWHETUUECKUX TTOACUCTEM, KBa3MHE3aBUCHMO
pearupymoummux Ha OTJHOBPEMEHHO IIPHJIOXEHHOE
BHelIHee Bo3aeicTBre. Kaxkaplii MUK moTephb Ha CIIeK-
Tpe BHYTPEHHETO TPEHMSI OyIeT XapaKTepu30BaThCs He
TOJILKO T€M, YTO €TO ITOSIBJICHNE OOYCIIOBICHO HaIM-
YyeM, TTOIBUXHOCTBIO T€X WM MHBIX CTPYKTYPHBIX
3JIEMEHTOB, HO U TE€M, YTO KaX/blil MUK, SIBJISISICh JIO-
KaJIbHBIM JUCCUIIATUBHBIM IIPOIIECCOM COOTBETCTBY-
IOLIEN CTPYKTYPHI, OYyIET XapaKTepu30BaThCsI CBOUM
TMEPEeXOAHbIM MPOLIECCOM, a CJIeNoBaTe/bHO, U CBOEH
(byHKIIMEN, OMMCHIBAIOIIEH STOT IIePEXOMHBIN IIPOLIeCC
U (peHOMEHOJIOTMYECKOM MOJEIbI0O CO CBOMMMU XapakK-
TepucTukamu [14].
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Kommosuimsa “oTBepauTeb—3MN0KCUIHBIN OJUTO-
Mep” oOpasyeT IOJMMEPHYIO MaTPUILy, KOTOpasl Kak
OBl COeMHSIET BCE KOMITOHEHTbI 3TOI CUCTEMBbI B €U~
HOE 11e10€ — MOJIMMEpPHLI MaTepuan. IMeHHO Takoii
MOJUMEPHBII MaTepuan 00J1alaeT LIEHHbBIM KOMIUIEK-
COM MPOYHOCTHBIX, TeTUIO(U3NUECKUX, TUIJIeKTpUYe-
CKUX, AT€3UOHHBIX U IPYTUX CBOMCTB, YTO NEJIAET BO3-
MOXHBIM €T0 MTPAKTUYECKOE UCTIOJIb30BAHUE, TTPU ITOM
Ha (U3NKO-MeXaHnYeCcKue U (PU3UKO-XUMUYECKHE Xa-
PaKTEPUCTUKM MOJYYEHHOU CUCTEMBI OKa3bIBAIOT pe-
1Iakollee BIUSIHME aHAJIOTUYHbIE XapaKTEPUCTUKU KaK
SMOKCUTHOTO OJIUTOMEpPA, TaK U oTBepauTesd [1].

Kaxk 6b110 0OTMEUEHO BbIlIE, CUCTEMATUUECKUX HC-
cJenoBaHU (DU3UKO-MEXaHWYECKUX U (PU3UKO-XUMMU -
YEeCKMX XapaKTePUCTUK 3TUX XUIKUX CUCTeM (3a nc-
KJIIOYCHUEM MCCJIECIOBAHUMN TeMIepaTypHOM 3aBU-
CUMOCTHU BSI3KOCTU U TNIOTHOCTU B TOJIOXKUTEIBHOM
obnactu TeMmneparyp [27]) B uHTepBaje TeMIrepaTyp OT
—150°C mo +150°C u juHAaMUYEeCKMX peXXrMax BHEIII-
HEro BO3AeiCTBUS HE MPOBOIWIOCE.

B kxadecTBe 00BEKTOB HCCIEAOBAHUS OBLIN BbI-
OpaHBI pa3JIvyamIIrecs IT0 XMMUYECKOI Ipupoze,
CTPOEHUIO U CTPYKTypE€, aMUHHBIE M aHTUAPUIHBIN
OTBEPIUTENIN, UCTIOIb3YEMbIE B PA3IMYHbBIX PEXMMAX
MPOLIECCOB OTBEPKIECHUST SMMOKCUIHBIX OJJUTOMEPOB.
M3BecTHBIE CIIpaBOYHBIE JAHHBIC 3TUX CUCTEM IIPUBE-
JEHHBI B Ta0I. 1.

DKcnepuMeHTaJIbHbBIC CIIEKTPBI BHYTPEHHETO Tpe-
Hug A = f{T) 1 TeMIlepaTypHbIe 3aBUCUMOCTH YaCTOTBI
v =f(T) nonydeHsl B pexXMe CBOOOIHBIX 3aTYXaIOIINX
KPYTUJIBHBIX KOJIeOaHMIi, BO30Y:KIaeMbIX B MCCIIEAYye-
MBIX 00paslax OTBEpAUTENEiA SIMOKCUIHBIX OJIMTOME-
poB. IIpu 3TOM cjienyeT OTMETUTh, YTO OTBEPAUTEIN
SIIOKCHUIHBIX OJIMTOMEPOB MPEACTaBIISIOT COOOM XKW/ -
KUe CHCTEMBI, BCIIEACTBHME YETO OHU HE MOTYT OBITh
HEMoCpeICTBEHHO BKIIIOUEHBI B KOJIeOATEIbHYIO CU-
CTEMY YCTPOMCTBA JJIs1 UCCIIeOBaHMs JIOKAJTbHBIX JTUC-
CUITATUBHEBIX MPOLIECCOB MO CIIEKTpaM BHYTPEHHETO
TpeHus [28]. BeaencTBrue 3Toro HE0OXOAMMO UCIIOJb-
30BaTh TBEPIYIO MOMJIOXKY, Ha KOTOPYIO OYyAeT HaHO-
CHUTBCSI VICCIIEMYEMBbIil XXKUAKUI OTBepaANTEIb. B aTOM
clydyae MccieayeMblii oopa3el] OyaeT MpeacTaBisiTh
c000i1 KOMITO3UT: MOAT0XKKAa—OTBEPAUTENb.

[Mommoxka BHITIONHSIET POJIb YIIPYTOii KOMITOHEHTHI
KOMIIO31Ta BO BCeM TeMIepaTypHOM MHTepBaJle UC-
cJe0BaHuii, a OTBEPAUTENb OYIET MPOSIBJISTH YIIPYTYIO
peakuuio Ha BHellIHee nedopMupyloliee BO3IeHCTBHE
Ipu TeMIeparypax Teepioro arperatoro (7 < T, )
COCTOSTHMS ¥ HEYTIPYTYIO peaKInIo TIPU TeMIlepaTypax
>KUAKOTO arperatHoro cocrostuus (7> T.) (ta6a. 1).

Takum oOpa3zoMm, B TeMIIEepaTypHOM WHTepBalie
ot —150°C no T, OTBEpONTENb HAXOAUTCA B TBEP-
JIOM arperaTHOM COCTOSIHUM, IIO3TOMY MCCJIeTyeMbIi
oOpa3sel OyIeT NpeacTaBlIsITh CO00iT KOMITO3UTHYIO
TBEPAYIO CUCTEMY, COCTOSIIYIO 13 IBYX TBEPObIX MO~
CUCTEM: YIPYIOM HECYLIE MaTpullbl U YIPYIOM MO~
cucTteMbl (TBepHoii) oTBepauTensi. B temrieparypHoM
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JIOMOBCKOM u np.

Taomuna 1. XapakTeprCcTUKN OTBEPAUTENEH SMOKCHUIHBIX OJTUToMepoB [1—13]

OtrBepauTeb TOTA TIBDI1A NMTTOA
CAS Neo 112-24-3 68131-73-7 26590-20-5
Lser N ST— OT CBETO-XEJITOTO OT CBETJIO-3KEJITOTO J0
IO TEMHO-0YpOoro CBETJIO-KOPUYHEBOIO
MonekysipHast Macca, T/MOJIb 146 230-250 166
AmunHoe yucio, mr (KOH/r) 1443 1250 660—685
Temneparypa miasnenus, °C =35 =30 90
Temneparypa kunenus, °C 277 >350 308.9
Temneparypa Bcbiiiku, “C 118 104 146.8
IMnorHOCTSE, r/cm® pu 25°C 0.98 1.017 1.17-1.23
JnHamuyeckas BsI3kocThb, MIla-c mpu 25°C 14 250 120
Conepx. a3ora, % 1o Becy 37 >30 -
Bpewmsd xentuHuzanuu, MuH. Tipu 25—25°C 25 25 -

H

NN NH
HN N/\/ 2
H
TOTA
MBIIA NH,
O
(6]
(0]
n30-MTT DA

Puc. 1. CrpykrypHbie dopmynsl TOTA, TIDIIA,
NMTIOA.

nHtepBase oT 1,, 1o +110°C oTBepauTenb HAXOOUTCS
B JXUJIKOM arperaTHOM COCTOSTHUHU, TTIO3TOMY HCCJIe-
JIyeMblid oOpasel OyAeT NMpeacTaBiasaTh co00it KoMm-
MO3UTHYIO TBEPAYIO CUCTEMY, COCTOSIIYIO U3 NBYX
MONCUCTEM: YIIPYTOil Hecyllleid MaTpULLbI-TTOATOXKH
W BSI3KOYTIPYTOM KUIKOI MOACUCTEMBI OTBEPIUTEIS.
M B TOM U B Apyrom ciiydyae ucciaeayembie o0pa3ibl
MOTYT OBbITh HETIOCPENCTBEHHO BKJIIOYEHBI B Kojieba-
TeJIbHYIO CUCTeMY ycTpoiicTBa [28].

[Tpn 3TOM 0COOGOE BHUMaHWE HEOOXOOUMO yie-
JINTH BLIOOPY MaTepuajia U reOMeTPUIECKUX pa3Me-
POB TOIJIOXKY (TOJILIMHBI A Y IIIUPUHBL b), C y4ETOM
TOTO, UTO JUIMHA oOpa3iia / = const 3aBUCUT OT Tpebo-
BaHWIi K JUIMHE UCCIIEAYEeMBIX 00pa31oB B KojiebaTeb-
HOIi cucTeMe YCTaHOBKU. PazMep moaioxek ¢ yueToM
KOHCTPYKIIMOHHBIX TpeOOBaHMiT K YCTAaHOBKE JIJIST BCEX
MOMTOXEK ObLT paBeH 60X5%0.1 MMm.

BcneacTBue Toro, YTo OCHOBHOM MHTEPEC BBI3bI-
BalOT JIOKaJIbHbIE TUCCUIIATUBHbIE SIBJICHUSI HE B ca-
MO KOMOMHUPOBAHHOK KOMITIO3UTHOI cucTemMe 00-
pasiia, a TOJbKO B €ro MoacucTeMe — OTBEpAUTEE,

MaTepHal MOMJIOXKH JOJIKEH ObITh XUMUYECKU UHEPT-
HBIM K OTBEPIMTEJIO B MHTEpBaJie TEMIIEPATYp OT
—150°C mo +110°C. D10 TpeOyeT IMOTyUYEeHUS SKCITePU -
MEHTAJIbHBIX CIIEKTPOB BHYTPEHHETO TPEHUS OTAEIBHO
IS TIOJUTOKKHM, YTO IMTO3BOJIUT OTAENUTD OT CIIEKTpa
BHYTPEHHETO TPEHUS MOJTYYEHHOr0 KOMOMHUPOBaH-
HOTO 00pasiia CreKTp BHYTPEHHETO TPEHUS YUCTOM
MOMJTOXKH M TIOJYYUTD CITEKTP TOJIBKO OTBEPIUTEIS.

Takum 06pa3oM, K MaTepraly HOIJIOXKH ITPEIbsIB-
JISTIOTCS CIIeayIole TpeOoBaHUS:

1. Ha cniektpe A = f(T) MOOIOXKU B MHTEpBaJje
temmeparyp oT —150°C go +110°C He AOKHO OBITh
WHTEHCUBHBIX TUCCUTTIATUBHBIX MOTEPb, 3aTTYIIAIOIINX
MOTepU B TOACUCTEME OTBEPAUTENISI.

2. T'eoMmeTpuueckue pa3Mepsl, a Ciaea0BaTeIbLHO,
Y MOMEHT MHEPUUU [ TIOIJIOXKH JOJKHBI OBITH MK~
HUMAQJIBbHBIMA, YTOOBI OKa3bIBATh MUHUMAJIbHO BO3-
MOXHO€ BO3JIciCcTBUE Ha KojebaTelIbHBIN IIpolecc,
BO30yXXHIaeMblii B McCienyeMOii KOMOMHUPOBAHHOM

KOMITIO3UTHOI CUCTEME.

3. Mexny MaTepuajioM TOJJIOXKKHN U HaHECEHHON
Ha TTOIJI0XKY ITOACUCTEMOI OTBEPAMNTESI HE JOJIKHO
BO3HUKATh XUMUYECKOTO B3aUMOJCHCTBHUSI.

4. HeoOXonyM y4eT aare3MOHHBIX KOHTAKTHBIX B3a-
VMOAEHCTBUI MEXTy TTOBEPXHOCTBIO MOIJIOXKHU (Ma-
TPUILIbI) U OTBEPAUTEIEM KOMITO3UTA.

NMeHHO 10 3TUM KPUTEPUSIM OBUIM OTOOPaHBI TPU
BUIA HECYIINX IOACUCTEM (ITOMJIOXKEK) MIJIsI KOMITO3UT-
HOM cHUCTeMBbl “TIONJIOXKKAa—OTBEPAUTENDL” : MeAb, LIe-
JII0J103a, ceTKa U3 Hepxasetoleit ctanu [29—31]. U3
BCEX BUIOB ITOJJIOKEK B JAHHOM MCCJIEIOBAaHUU MC-
TOIB3YETCs LIJUTIONO3HAs MOAJI0XKa. DTOT BHIOOP 00h-
SICHSIETCSI cIeayolMu npuurHamu. Lesnonosa — ato
JIMHEWHBII TOMONOJUCcaXapyul, IPEACTABISIOIINIA CO-
001 JJTMHHBIE LIeMH, He MMEIoIIe pa3BeTBIIeHU. Ma-
KPOMOJIEKYJIbI LIEJUTION03bI COCTOSIT U3 MOHOMEPHBIX
3BEHBbEB aHTUAPO-PB-D-rokonupaHo3sl (0CTaTKOB

KOJIIOUJIHBIM )KYPHAL  Ttom 86 Ne3 2024
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B-D-Im0Ko3bl), COeNMHEHHBIX TIMKO3UIHBIMU CBSI-
3aMu 1—4 (6pyTTO (hopMyna LIE/UTIOI03bI UMEET BU:
(CsH (Os) , wmu [CH;0,(OH);],,, puc. 2) [29].

OCco0EeHHOCTH HAAMOJIEKYISIPHOM CTPYKTYpPhI
LEeJJTI0JIO3bl, @ UMEHHO KPUCTAJLIMYECKOe CTpoe-
HHUE, CUJIbHOE MEXMOJIEKYISIPHOE B3aUMOACICTBIE,
a TaKXe OTHOLIEHNE OPraHMYeCKUX KUCIIOT K CJIa0bIM
KHMCJIOTaM, OTIPeAesiioT HEBO3MOXKXHOCTh MOJIyYeHUs
CIIOXXHBIX 3(DUPOB MPU YIYACTUU OPTaHUIECKUX KUC-
JioT. CiioxxHbIe 3(Uphl 00pa3yloTcs Npyu AeMCTBUU aH-
TUAPUIOB COOTBETCTBYIOIIMX KUCIOT Ha LEJTI0NI03Y
B IPUCYTCTBUU KUCJIOTHBIX KATaJIU3aTOPOB.

TakuM 06pa3zoM, B MPUHIMIIE LIEJUIIOJ03a CIIO-
coOHa IMpopearupoBaTh ¢ AaHTUAPUIHLIM OTBEPIUTE -
JIeM, KOTOPBIi nccienyercs. OQHako BCIeICTBUAE TOTO,
YTO B JAHHBIX UCCIIEIOBAHUSIX HE MCITOJB3YIOTCS Be-
IIECTBa, KOTOPhIE MOMIH ObI OBITh KATAJIN3aTOPOM, 3Ta
peakuns HEBO3MOXHa.

AMUHHbBIE OTBEPIUTENIN SIBJISIIOTCS TUTPOCKOITNY-
HBIMHU, ¥ B HUX MOXET IIPUCYTCTBOBATh HEKOTOPOE KO-
JINYECTBO MOJIEKYJ BOIBI, KOTOpAasi, B CBOIO ouepelb,
MOXET CJYXKUTh aKTUBAaTOPOM MOBEPXHOCTHU ILieJI-
JI10J103bl. MOXHO MPEAITOJOXUTD, YTO 32 CUET ITOTO
HU3KOBSI3KME OTBEPIAUTENIN CIIOCOOHBI MPOMUTATD 1]~
JII0J103y 0€3 XMMUUECKOTO B3aMOJEHCTBYS.

B oTiMuMe OT 1eTI0I03HbBIX MOAJIOXKEK, TTOIJIOXKHN
u3 Meau pearupyior ¢ TOTA B cTeXMOMEeTpUUECKOM
cooTHouleHuu (1:1) ¢ o6pazoBaHueM CTaOMIBLHBIX
KOMIIJIEKCOB C a30TOM, B KOTOpbix TOTA sBasercs
BBICOKOCEJIEKTUBHBIM XE€JaTOPOM JBYXBaJ€HTHOM
menu [6, 13]. UMeHHO Mo 3TOi MpUYMHE METHbIE O -
JIOXKHU B TaHHOM HCCJIEAOBAHUM HE MCTIOJIb30BAJIUCD.
ITomToXKKM M3 HEepKaBEIOIIEH CTalM HE UCITOJIb30Ba-
JIUCH BCJIEACTBUE HAJTMYMS HA WX SKCIIEPUMEHTAIbHBIX
CIIEKTpaxX BHYTPEHHETO TPEHUS AOTIOJTHUTENbHBIX JIO-
KaJIbHBIX JUCCUMNATUBHBIX MPOLIECCOB 3HAYUTEIbHOM
WHTEHCUBHOCTU, UTO MPUBOAUT K CYILIECTBEHHBIM
CJIOKHOCTSIM IIpU 00pabOTKe KOHEUHBIX PE3YIbTaTOB
MOJyYeHUs CIEKTPOB oTBepaAuTeneit. Kpome toro, Bbl-
00p LEJTI0JIO3HOM TOAT0XKHA 0OYCOBJIEH TEM, UTO
JKECTKOCTh €€ TTPY PaBEHCTBE MOMEHTOB MHEPLIMU BCEX
METAJJIMYECKUX TTOMIOXKEeK MUHUMAJIbHA, YTO CYIIe-
CTBEHHO TIOBBIIIAET pacyeT MoayJieil cIBUra KUIKUX
OTBEPIOUTENEN, KAK KOMIIOHEHTOB KOMITO3UTHOU CH-
crembl. KonuecTBo oTBepauTeisi, TpONUTHIBAEMOIO
MOJIOXKKY, COCTaBUJIO 2 T.

st moaydeHusl CrieKTPOB BHYTPEHHETO TPEHUS
A = A7) n TeMIlepaTypHOII 3aBUCUMOCTH 4aCTOTBI
v = f(T) xonebarteabHOrO Ipoiiecca, BO30YXKIEHHOTO
B MccJienyeMbIX cucteMax B uHtepsaie 1-+10 I, uc-
MOJIb30BaJICs METOA CBOOOMHBIX 3aTyXalolIUX KpYy-
TUJIbHBIX KOJIEOaHMI1, TTOAPOOHO ONMMCAaHHbBII B pabo-
Tax [28, 32]. Dmopbel 06padboTKU KoJe0aTeTLHOIO MPOo-
1ecca MpUBeAeHbI Ha puc. 3.

WccnemyeMblit KOMOMHUPOBaHHBIM oOpa3sell (Imof-
JIOXKKa—OTBEPAUTENb), BXOASIIUN B KoJieOaTeIbHYIO
CHCTEeMY 3TOTO YCTPOMCTBA, 3aKPYyUYMBAETCSl HA YIroJl
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Puc. 3. Driopbl cBOOOIHO 3aTyXalolllero KojebdaTeab-
HOTO TIpoliecca, BO30YyXK/IaeMOoro B HCCleyeMOM 00-
pasie — (a) B MI30TepMHUUECKOM pexume 7 = const UM-
MyJIbCHBIM Bo3aelicTBueM — (0). PazBepTka BpeMeHHOI
3aBUCHMOCTH YIJIa 3aKpy4uBaHUs @(f) — (B) OTHOCH-
TeJBHO TIPOAOJIbHOI ocu Z obpasua. dedopMaiis, Bo3-
HUKawuas B odbpasiie — (I') U KacaTeJbHble HaIpsixke-
Hus oy — (1) [28, 32].
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Puc. 4. Cnektp BHyTpeHHero TpeHus A = f{T) KkoM-
no3utHoil cuctembl “TOTA—nemwnono3a” (kpusas /)
W LEJUTIOJIO3HOM MOMIOXKHY (KpuBasi 2) — (a); CIeKTp
A = A(T) aToif Xe KOMITO3UTHOI cucteMbl “TOTA—
1eJTI0103a” 6€3 MUCCUTIATUBHBIX MTOTEPh, BHOCUMBIX
LIEJUTIONIO3HOM MOMIOXKONH — (0); TeMIepaTypHasi 3a-
BUCHMOCTD 4acTOoThl V = f{T) B KOMIIO3UTHOI cucTeMe
“TOTA—uenmono3a” — (B).

Qmax (PUC. 3B), UTO COOTBETCTBYET 3HAYEHMIO Ha-
YaJIbHON aMIUITUTYABI OTHOCUTENBHON nedopManuu
Yax = 1074, TlOCIIE 3TOTO MUMITYJILCHOTO BO3IEHUCTBHSI
Ha KoJI1e0aTeJIbHYI0 CUCTEMY YCTPOMCTBA UCCIeHYeMBbIiA
oOpasel] B MHTepBajle BpeMeHU ¢ < f, <f; coBepIIaeT
3aTyXawllye KPYTWIbHBIE KOJIeOaHUs OTHOCUTEILHO
noJioxeHus: papHoBecus @(7) = 0.

ITpu aToM nedopmalius ucciaenyemMoro oopasia Bo
BPEMEHU OIMMCHIBAETCSI COOTHOIIIEHUEM:

V() = ¥max em{—(%)t}

Iae A — JorapudMHUYECKUN TEKPEMEHT KoJiebaTelb-
HOTO TIpoliecca, BO30YKIeHHOTO B UCCeNyeMOM 00-
pasie, ompemensieMblil IS KaXIoi TeMIlepaTyphl

(1

JIOMOBCKOM u np.

(MU30TepMUYECKUI PEKUM UCCIEIOBAHUS) IO COOTHO-
HIEHUIO:

_ R
k_N—lln(pN’

()
rae N — 4ucio nepuoaoB KoiedbaTebHOTO Mmpoliecca
ot 1-ro, rae amIuinTyna paBHa @, 1o N-ro, rae aMmIuiu-
TyZla paBHa Qy.

HMHTepBan temneparyp ucciieqoBaHUil cOCTaBIIsLI
ot —150°C mo +150°C. CkopocTh HarpeBa ucciemye-
MBbIX 00pa3lioB B TEPMOKPUOKaAMEpPE YCTPOICTBA CO-
crapjisiia 2° B MUH. [TorpeiiHocTh U3MepeHuil cocTaB-
nstet =5% [32].

OKCIIEPUMEHTAJIbHAA YACTb

Crnektpsl BHyTpeHHero Tpenus A = f(T) u temme-
paTypHble 3aBUCUMOCTHU 4YacToThl Vv = f(T) Koyieba-
TEJILHOTO TIpolecca, BO30Y:KAaeMOTO B UCCIEIYEMOM
KOMITO3UTe “leJII0JIO3HAsI MOAI0XKKA—OTBEePIUTENb”
st TOTA, TIDITA u UMTI®A, npencraBieHb
Ha puc. 4—6 COOTBETCTBEHHO, a TakKXe 000OIIEeHBI
B Ta0Jj. 2. Ha pucyHkax npeacTaBiaeHbl CIIEKTPhI KaK
JJIST KOMITO3UTa, TaK U IJISI OTBEpAUTENs (32 BblUe-
TOM (hOHA BHYTPEHHETO TPEHUS LE/UTIOJIO3HOM MO -
JIOKKU — JuHUS 2) oTaenabHo. CoIlocTaBlIeHUE 3TUX
pe3yabTaToOB MOKAa3bIBAET HE3HAUUTEIbHOE BIUSIHUE
MOIJIOXKY Ha AVCCUTIATUBHBIE TIPOLIECCH B OTBEPAY-
Tene.

Ha puc. 46 npencrasinen criektp TOTA 3a Belue-
TOM CTIEKTpa IMOMJIOXKH U3 CIIEKTpa KOMITO3UTa. DTU
CHEKTPhl XapaKTEePU3YIOTCSI HATUYHUEM TpeX MUKOB
THUCCUTIATUBHBIX TTOTEPbh, PACTIONOXEHHBIX B pa3HBIX
TeMIIEpaTYpHBIX MHTEpBajax CIeKTpa U UMEIOIINX
pa3nuYHble MHTEHCUBHOCTU A_. WX TIPOSIBICHUS
(Tabm. 2):

I — MUK DUCcCUTIaTUBHBIX MOTEPb, UMEET MUHMU-
MaJIbHYI0O MHTEHCUBHOCTD Ha criekTpe A = f(T) oTHO-
CUTEIBbHO IPYTUX TUCCUMIATUBHBIX IIPOLIECCOB 3TOTO
criekrpa (A; =~ 0.16). JlaHHbI# NHK pacrnonoxeH
B uHTepBasie TeMnepatyp ot —120.5°C no —95°C. JlaH-
HBII ITPOLIECC MOXET OBITh CBSI3aH C HAJIMYUEM pa3-
JIMYHBIX (POPM MOJIEKYIIpHOI Boabl [33—35] B cTpyK-
type NH,—(CH,—CH,—NH),—H. Cnenyer otmeTnTs,
4yTO 3TOT oTBepauTenb TOTA odueHb TMTPOCKONINYEH.
C Bomoii o6pasyer kpuctamnoruapat (CAS305808-
21-3, nomep EINECS 253-854-3 [6, 13]), MOTHOCTBIO
CMEIIMBAETCS C BOAOM M MHOTUMU MOJISIPHBIMU Opra-
HUYECKUMMU pacTBOPUTENSIMU. MoJieKysipHast pop-
myna kpuctamnoruapara: NH,—CH,—CH,—(NH—-
CH,—CH,),—NH, H,0 c remnepatypoii niaBieHns
+45°C + +50°C.

Hamuuue Boabl B CTPYKTYpE Pa3IUYHBIX OJIUTOME-
POB U MOJIMMEPOB MOATBEPKIACTCS JAHHBIMUA OITH-
YeCKHNX U IUBJIEKTPUIECKHX ITOTEePh, a TAKXKe MCCIIe-
poBaHugaMu MK-crnekTpoB Boabl Mpy HOPMaJbHOM

max
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Taomna 2. Puzuko-mMexaHudeckre xapakrepuctuku orsepauteneit TOTA, IIBTIA, UMTI®A, HaHeceHHBIX Ha 11e-
JIIOJIO3HYIO MOJIOXKY, PACCYUTAHHBIE 110 CIIEKTPAM BHYTPEHHETO TPEHUS U TEMIIEPATYPHOI 3aBUCUMOCTU YaCTOTHI

Ainax T,°C v, I
Hassanue | No nuka T 'C maxs 111
crmomn | 0e3 ImomwI H* K* a* K*
Lesutroo3Hast momjioxkka
| —114 0.16 0.109 9.03 — — — —
TOTA 11 -53 0.76 0.706 4.17 —81 —42 9.89 2.39
111 25 0.39 0.315 2.389 10 40 3.52 1.34
II -50 0.44 0.37 2.37 =70 -36 3.16 1.87
ToMA 111 58 0.13 0.06 1.37 40 65 1.59 1.34
I -76 0.24 0.171 4.04 — — — —
UMTI DA II —56 0.61 0.54 2.65 —82 —42 4.36 1.85
11 6 0.21 0.13 1.987 —1 13 2.35 1.71

*H — HavYaJIbHOE 3HAYCHUE; K — KOHEYHOC 3HAYCHMUE.

nasinenuu [26, 36—38]. MccnenoBaHue BO3MOXHBIX
KJIacTepHBIX (DOpM BOABI MOKa3aj0, YTO IPU TEeM-
nepatype Huxe 273 K Bomga MoxXeT MPUCYTCTBOBATh
B CTPYKType ITOJIMMEpa B BHUAE HECKOJIbKMUX (OpPM:
reKCaroHaJIbHON KPUCTAJUINYECKOH (HOPMEI J,; KyOu-
YyecKoii Kpuctaunyeckoii ¢hpopMel J, 1 aMoppHOI mim
CTeKII000pa3HOM (a3bl J| .

ComtacHoO BeIBOJaM paboThl [26], TOJBKO KpUCTa-
nrdeckas KiactepHad J,-popma gBiseTcd OTHOCH-
TEJIbHO TEPMOCTAaOMIBbHOM cUcTeMOii Boabl. CuCcTeMBbI
J. 1 J|ps ABIAIOTCA TEPMOIUHAMUYECKU HECTAOWIIb-
HbIMHU. [1py MOHIKeHHBIX TeMIIepaTypaxX UX TpaHC-
¢dopmanus B 6osiee TepMOAMHAMUYECKN CTAOWIBHYIO
a3y kuHeTnuecku 3aTpyaHeHa. Kyoudecknii yen J,
oOpasyetrcs npu Temneparypax oT —140 mo —120°C
U TIpU TOBBIIICHUU TeMIIepaTyphbl 10 UHTEpBalia OT
—120 no —70°C J_-da3a TpaHchopMUpyeTCs B reKcaro-
HaJIBHYIO KpUcTaJuIMueckylo J,-dazy. Kpome J -da3zbr
B J,-(dasy npespataercsa nu amopdHas J; p,-dasa B 00-
Jlactu temneparyp ot —120 mo —110°C.

Ju1st AByX JTOKAJBHBIX IUCCUIIATUBHBIX IIPOLIECCOB,
CBA3aHHBIX C J -KpucTaummieckoi ¢a3oi u J,-Kpu-
cTa/inyecKoit ¢a3oil, XxapakTepHO OTPUIIATEIbHOE
3HavYeHue nedeKkra MOOyis, T.¢. AGJC <0; AGJh <0, 9ro
omnpenesieT MeXaHU3M AUCCUMNATUBHBIX IOTEPh KakK
(a3oBhIil [26], CBI3aHHBINA C ONpeaeIeHHBIMU KPH-
CTAJUIMYECKUMHU CTPYKTYPHO-KMHETUYECKUMU ITOICH -
CcTeMaMU, TTOABUKHOCTh 3JIEMEHTOB KOTOPHIX U OIpe-
JIeJIsIeT MOSIBJICHUE TTMKa ITOTeph Ha CIIEKTPe BHYTPEH-
HEro TPEHUS.

Il — MUK IUCCUTIATUBHBIX MOTEPb, UMEET MAKCH-
MaJIbHYI0 UTHTEHCUBHOCTD (l,,max ~ (.76) Ha 3aBUCU-
Moctu A = f(T) OTHOCUTENIPHO IPYTUX IIUKOB ITOTEPh
atoro cnekTpa. [Ipoiiecc HabIOHaeTC B UHTEpBAJIe
temmepatyp oT —90°C no —10°C, sBisieTcsi CIOXHbBIM
U, cyls 1o (popMe KPUBBIX pUC. 4, MOXET OBITh pa3Jio-
>K€H Ha TPU AMCCUIIATUBHBIX MTHUKA, HAJOXKEHHbBIX IPYT
Ne3 2024
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Ha npyra. TakuMm o6pa3oM, TaHHBIN IIPOIlecC MOXET
OBITH CBSI3aH C TTOIBMXKHOCTBIO CTPYKTYPHBIX DJIEMEH-
TOB aMOP(HOI MOACUCTEMBI, HEKUX YITOPSIIOYEHHbBIX
obacTeif CTPYKTYpPHI ¥ TPAHUYHBIX MEXITY HUMU IIPO-
XOAHBbIX obJyiacteil. CTpYKTypHO-KMHETUYECKOE aTOM-
HO-MOJIEKYJISIpHOE OOBbSICHEHME MaHHOIo Mpoliecca
(Tak xe, KaK U APYTUX NTUCCUNATUBHBIX MPOLIECCOB)
B 9TOIi paboTe He paccMaTpUBaeTCs.

II] — MK MUCCUITIAaTUBHBIX MOTEPh, UMEET CPe-
HIOI0 MHTEHCHUBHOCTh Ha crekrpe A = f(T) oTHOCH-
TEJBbHO APYTUX AVCCUIIATUBHBIX MPOLIECCOB 3TOTO
crektpa (A;; =~ 0.39) u pacronoxeH B MHTepBaJe
temmnepatyp ot +10 go +50°C. JaHHbIi1 mpoiecc Mo-
KET OBbITh CBSI3aH C MOABUXKHOCTBIO CTPYKTYPHBIX 2J1e-
MEHTOB HEKHX YIOPSIA0UeHHBIX 00JaCTeil CTPYKTYPhI
MIPpY TEPMHUIECKOM Pa3pylIeHUHU KPHUCTAJIOTHUApaTa
NH,-CH,-CH,—(NH-CH,—CH,),—NH,H,O0.

Crrextp IIDI1A A = A(T) xapakTepn3yeTCsT HaJIM-
yyeM 2 MUKOB TUCCUTIATUBHBIX MTOTEPb, PACTIONOXKEH-
HBIX B pa3HbIX TEMIIEpATypHbIX UHTEPBajax CeKTpa
U uMeronux (Tak xe, kak u ajasg TOTA) paznuuHbie
WHTEHCUBHOCTH A, X IPOSIBIEHUS (pUC. 5, TabI. 2).
B naHHoi1 cucreme orcytcTByeT / (MUK AUCCUNIATHUB-
HBIX TIOTE€Pb B 00J1aCTH HU3KUX TEMIIEpaTyp), 9YTO MO-
KET OBITh CBSI3aHO C OTCYTCTBHMEM IIpoliecca COpOILIu
BJIarv U3 OKpYXalolleil cpebl.

Hpyrue nukyu 0003HaYeHbl aHAJTOTMYHO MHUKaM I10-
Tepb Ha criekTpe orBepautens TOTA cieayomum o6-
pazom:

Il — UK DYCCUNTAaTUBHBIX MOTEPh, UMEET MaKCHU-
MaJIbHYI0 MHTEHCUBHOCTD Ha criekTpe A = f(T) oTHO-
CUTEJIBbHO APYTUX NUCCUTNIATUBHBIX MMPOLIECCOB 3TOTO
cIexTpa (K,,max =~ (0.44). DTOT Mpolecc PacIoioXeH
B uHTepBaje Temmeparyp ot —90°C no +10°C.

11l — MUK OUCCUNATUBHBIX ITOTEPh, UMEET HU3KYIO
MHTEHCUBHOCTD Ha criektpe A = f(T) (A, =~ 0.13)
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Puc. 5. Crexrp BHyTpeHHero TpeHus A = f(T) KoMo-
3uTHOlt cuctembl “I1DITA—uenntono3a” (kpusas )
¥ LIEeJUTIOJIO3HOW TTOMJIOXKY (KpuBast 2) — (a); CIeKTp
A = A(T) aroii ke KOMITO3UTHO# cuctemMbl “ITDITA—
1eJUTI0103a” 6€3 NMCCUNIATUBHBIX MOTePb, BHOCUMBbIX
LEJUTIOJIO3HOM TOMI0XKOoI — (0); TeMmnepaTypHas 3a-
BUCHMOCTD 4acTOThl V = f{T) B KOMIIO3UTHOI1 crCTeMe
“TTOITA—uemtono3a” — (B).

M pacmoJIoXeH B MHTepBaje Temmnepatyp ot +30°C mo
+65°C.

Crnektp UMTI®A (tak xe, Kak u misg TOTA) xa-
paxkTepusyeTcs HaJaudueM 3 IMUKOB AMCCUITATUBHBIX
IOTEPh, PACITONIOKEHHBIX B Pa3HBIX TEMITEPaTYPHBIX
WHTEepBajax CIIeKTpa 1 MMEIOIINX pa3InIHble MHTCH-
CUBHOCTH A, MX MPOsIBICHUS (puc. 6, Tab. 2).

I — MK TUCCUTIATUBHEBIX TTOTEPh, UMEET CPETHION0
MHTEHCUBHOCTb Ha crekrpe A = f(T) OTHOCUTEIBHO
IPYTUX AMCCUMATUBHBIX MPOIIECCOB DTOTO CIIEKTpa
(A . = 0.24). HuskoremneparypHast BETBb 1aHHOTO
MpoIlecca pacIiolokeHa B MHTEpBayie TeMIIepaTyp OT
—90°C no —65°C, a BbICOKOTeMITepaTypHasi BETBb I10-
IOTHIIACh /] — TIMKOM JUCCUTIATUBHBIX TTOTEPb.

JIOMOBCKOM u np.
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Puc. 6. Criextp BHyTpeHHero TpeHus A = f(T) KoMmo-
3utHO# cuctemsl “UMTTDA—1emmono3a” (kpusast 1)
M LIEJUTIONIO3HOM MOMIOXKHY (KprBasi 2) — (a); CrieKTp A =
AT) aroii ke KoMiio3utHoi cucteMmbl “UMTIDA—1es-
JI10J103a” 0€3 IUCCUTTAaTUBHBIX MOTEPb, BHOCUMBIX 1LIEJI-
JIIOJIO3HOM MOMJIOXKON — (0); TeMIepaTypHas 3aBUCH-
MOCTb YacTOTHI B KOMIO3UTHO# cucteme “UUMTTDA—
Hemnono3a” — (B).

1] — UK TMCCUTIATUBHBIX ITOTEPh, MMEET MaKCH-
MaJIbHYI0 MHTEHCUBHOCTD Ha criekTpe A = f(T) oTHO-
CHUTENIBHO IPYTUX AUCCUITATUBHEIX MTPOILIECCOB 3TOTO
CIIeKTpa (k,, =~ (.61). DTOT mpoliecc pacmoI0XeH
B MHTepBaJie Temmeparyp oT —65°C o —20°C.

11l — MUK TUCCUMATUBHBIX ITOTEPh, UMEET TaKXKe
CPEIHIO0 MHTEHCUBHOCTD (A, = 0.21) n pacmosno-
>kKeH B uHTepBajie Temneparyp oT —8°C no +10°C. Yunu-
thiBast, uT0 UMTT®A nipencraBisieT co60ii IETKOKPU -
CTAJIIU3YIONIYIOCSI CUCTEMY, €r0 CTPYKTYPHOE ITPOUC-
XOXIEHHUE CBSI3aHO C TEPMUUYECKOM PacliaioM HEKUX
YIIOPSIIOYEHHBIX 00JIacTeil CTPYKTYPHI.

Kaxaplii MUK IMCCUMATUBHBIX MOTEPhb A; Mpel-
CTaBJISIET cOO0I OTOOpaXeHWE COBMECTHOMW peakiuu
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Ha BHEIIIHee BO3JeICTBUE NBYX CTPYKTYPHO-KUHETH -
YEeCKUX MOACUCTEM, B COBOKYITHOCTH 00Pa3yIOLINX UC-
clienyeMylo cucTeMy B 1iesioM [14]. DaeMeHTHI OMHOM
CTPYKTYPHO-KMHETUIECKOI TTOACUCTEMBI PEATUPYIOT
Ha BHEILIHee BO3AeUCTBYE B ONIPeNeICeHHOM MHTEpBaJie
TeMIIepaTyp BSIBKOYIIPYTO, a 3JIEMEHTHI IPYyTroii CTPYK-
TYPHO-KMHETUUYECKOI TTOACUCTEMbBI PEarupyroT Ha 3TO
K€ BHEIIIHee BO3ACHCTBUE B OTOM MHTEpPBaJie TeMIle-
patyp ynpyro [36].

B atom ciyyae 0600111eHHas Mmoaeab MakcBellia
BBIPOXIAETCSI B MOJAEIb CTAaHAAPTHOTO JUHEWHOTO
Tejia, a caM IPOLIecC peaklny BCeil CUCTEMBI B JAHHOM
MHTEpBaJie TeMIIEpaTyp MOXET ObITh ONMCaH (heHOMe-
HOJIOTUYECKOU MOJIEJNIbI0 CTaHAAPTHOTO JIMHEMHOTO
TeJla He3aBUCHUMO OT arperaTHOTO COCTOSTHUSI UCCIe-
nyeMoi cucteMsl (puc. 7a) [1, 14, 17, 37—39].

B nuHamudeckoM pexxrMe BHEITHETO BO3ICHCTBUS
B BUIE:

3)

IuddepeHIMaIbHOEe YpaBHEHUE MOICIN CTaHIapT-
HOTO JITHEITHOTO TeJIa IPEACTaBIISIETCS B BUJIE:

Y(t) = v &,

6+QG: (GI +G11)i0)+(—G1G11) Yo eimt =
ns ns
G C))
=6+ g = |:(GI + G[[)i()) + J:I'YO eimt,
T T

rie G, ~ Gy — MOIyNb CIBUTra YIpyroil MomoXKu;
Gy, ~ G, — MOIyJTb CIBUTA OTBEPIMTEIST B MOICIH; 1| —
BSI3KOCTb OTBEpAMTENst B Monenu; T = 1/G, — BpeMs

péiaaKkcaliu OTBEPAUTEIIA B MOACIIN.

Pemenue nuddepeHINaIbHOr0 ypaBHEHUS MO-
JeJIn IJIsl peXXruma CBOOOIHO-3aTyXalolero KoJjieba-
TeJIbHOTO Tpollecca HE3HAYUTEIbHO OTIUYAETCSI OT
pemieHust nuddepeHINATbHOTO YpaBHEHUST IS BbI-
HYXKJIEHHOTO KO0JIe0aTeJbHOI0 Mpoliecca, 0COOEHHO
MPY MaJibIX CTEMEHSIX 3aTyXaHUsI, MOXET ObITh Mpe-
CTaBIICHO B BHJIE:

MT), =2,

‘ 2nvT;
fmax (2mvr; )2 ’

rae MT); n 27‘imax — TEKylIee U MaKCUMAaJIbHOE 3Ha4Ye-
HUe (B IIMKE MOTEPb) BHYTPEHHETO TPEHUS IS i-TO
mKa motepb Ha criektpe A = A 7).

W3 ypaBHeHuUs (5) crenyeT, 4To BHIIIOJHEHUE YCIIO-
Bust: A(T); = A ONpENENsETCs COOTHOLIEHUEM:

)

2nv. T, =1.

1l'I'lﬁ.)( lmax

(6)

Takum ob6pa3omM, 3HaUYEHHUE YACTOThI Vv, . ompene-
JIieMO U3 BKCIepUMeHTaIbHOM 3aBUCUMOCTHU V = f(T)
mis1 I-ro m I1-ro muKa DMCCUNaTUBHBIX IIOTEPh Ha
criektpe A = f(T) Ip1 COOTBETCTBYIOIINX TeMIIEpaTy-
pax 7} mn T, MaKCHMyMOB IIMKOB AMCCHITATUBHBIX
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(a)

Kuaxoe arperaTHoe
COCTOSIIHE

‘TrEpnoe arperaTHoe A,
i

COCTOSIIIHE <
«—

_ A6, ! AGy

g

[G(Ty)-AG,
T »

G(T)

TycM  T,6esM T, T, °C

max

Puc. 7. O6006111eHHOE cXeMaTHYeCcKoe U300paxkeHue co-
OTHOILIEHMS TBEPIOTO U XXMIKOTO arperaTHOro COCTOSI-
HUS B OTBEPIUTEIE; A — CIIEKTP BHYTPEHHETO TPEHMUS
A = f(T), 6 — TemmepaTrypHasi 3aBUCUMOCTb YaCTOThI

v =AD).

MOTEPD, MO3BOJISET ONPENETUTh JUCKPETHOE BPEMSI
penakcaluu.

YYuThIBasg appeHUYCOBCKYI0 3aBUCUMOCTh Bpe-
MEHU pejlakcalliy JII0OOro MUCCUMATUBHOTO TIPO-
mecca, ooHapyxXeHHOro Ha criekTpe A = f(T), paccum-
THIBAETCS SHEPTUS aKTUBALIMHU 3TOTO MpoIiecca 1Mo Co-
OTHOIIICHUIO:

T
U; = RT, -In—m (7)

max TO

e Ty = 5- 10712 ¢ — MPEIRKCIOHEHIUAIBHBIN KO3 (-
(buuMeHT B appeHNYCOBCKOI 3aBUCUMOCTH BpeMeHU
peakcauuy oT TeMIeparypsl, T.e. T, = (1) [22].

B Tabn. 2 npuBeneHsl Bce pacCUMTaHHBIE DU3U-
KO-XMMUYECKME XapaKTEPUCTUKM IS BCEX ITUCCHU-
MATUBHBIX MPOLECCOB, HAOMIOJaeMbIX Ha CIIEKTPax
A = A(T) paccMaTprBaeMbIX OTBEPIUTENEH.

DeHOMEHOJNIOTUYECKNIT MeXaHU3M BHYTPEH-
Hero TpeHus (TUCTepe3UCHBbI, pelakKcallMOHHBIH,
(ba3oBbIil) AJIT KaXIAOro AUCCUMATUBHOTO IPO-
necca Ha criekTpe A = f(7) MoXeT OBITh OTpeneIcH
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10 3KCITEPUMEHTAIIBHBIM TeMIIEPaTyPHBIM 3aBUCUMO-
cTaM 4acToThl V = f{T) cBOOOIHO 3aTyXarolIero KoJje-
GaTenbHOrO Mpolecca (puc. 48, 5B, 6B), Bo30yXmae-
MOTo B ucciaenyemoii cucteme [20, 33—35].

TemnepatypHoe uaMeHeHue yacToThl v = f(7)
CBOOOMIHO-3aTyXaloOIIETO KoJIebaTeIbHOTO Tpollecca,
BO30YXIEHHOTO B UCCIIEAYeMO CUCTEME, ITO3BOJISIET
OIMpeAeUuTh U TeMIIEpaTypHOe U3MEHEHUE MOIYJIS
caura G(T) marepuajia, n3 KOTOPOro M3TOTOBJIEH
HCCenyeMblii o0pa3sell BO BCceM TeMIlepaTypHOM WH-
tepBayie uccnenoBanus (ot -150°C go +110°C). Dke-
nepuMeHTaJIbHEBIE 3aBUCUMOCTH V = f{ T) ITOKa3bIBaIOT
(puc. 4B, 5B, 6B), 4TO B ONpeaeIeHHBIX TEMIIEPATYP-
HBIX MHTEpBaJjax, IJe Ha ClIeKTpax BHYTPEHHEro Tpe-
Hug A = f(T) HabIOmaroTCs JIOKAIbHbIE TUCCUTIATAB-
HbIe MPOLIECCHI B BUIE TTMKOB MOTEPh, HA 3aBUCUMO-
ctax v = f(T) HabnogaeTcs aHoMaJlbHOE U3MEHEH!e
YacTOTHI V, a CJIeAoBaTebHO, U MOnyis casura G.
B aToM ciydyae mMeeT MECTO 3HAUYMTENIbHOE OTKJIO-
HEHUE BKCIIepUMEHTANbHOI KPUBOI OT MPOIOPLU-
OHAJIbHOM TEOpETUYECKOI TeMmOepaTypHO 3aBUCHU-
moctu G = A(T) unu v = f(T). Ang onucaHusl 3TOM
AHOMAaJIbHOCTU BBOJAUTCS MOHSTHE OedeKTa MOMYJIS
coura AG nim aedexra 9acTOTH Av.

HedeKT Moays orpeaeisieTcss Kak 0e3pa3MepHast
BenuunHa B Bue [31—-35]:

Go(Ty) - Gi(T;) _ vi(To) - vi(T3)
Go(Tp) Vi (To)

Kaxnomy sokajbHOMY TUCCUTIATUBHOMY MPOLIECCY,
0OHapy>XeHHOMY Ha CHeKTpe BHYTPEHHEro TpeHUs
A =A(T) B pa3In4HbIX UHTEPBaAIaX TEMIIEPATYp, COOT-
BETCTBYET OMNpee/eHHass aHOMaJIMsl B TeMITepaTypHO
3aBMCUMOCTHU YacTOThl KojiebaHuit v = f(T), a cieno-
BaTeJIbHO, M Monys capura G = f(T), 4To ¥ IPUBOOUT
K JIOKQJIbHOM 110 TeMIepaType 00JacTy HEYIIPYyTroCTu
UCCIIEAYEMOUN CUCTEMBI.

B o01mem ciydae, mis Kaxaoro i-ro muka gJucCu-
MaTUBHBIX MOTEePb, OOHAPYKMBAEMOr0 Ha CIIEKTpE
BHYTpeHHeTo TpeHus A = f(T) OymeT HabII0maThcs Ha
TeMIIepaTypHOIl 3aBUCMMOCTH YaCTOThI KoJiebaHuUit
v = f{T) coii nedexr monynsa casura AG,(T). Ecnu
y4ecTh, YTO MOIYJIb caBura G Bceit uccienyeMoii cu-
CTeMBI 00Opa3yeTcs 3a CUeT CI0XKEeHUA MonyJielt G, Bcex
1-X CTPYKTYPHO-KMHETUUECKUX MTOACUCTEM, 00Opa3ylo-
IIMX JaHHYIO cucTeMmy [14], T.e.:

n
G =G,

i=1

AG(T) = - (8)

)

TO TeMITepaTypHas 3aBUCUMOCTb Monyiisd capura G(7)
BCEI CUCTEMBI OYAET ONpPENnesATbCS B BUIE:

(10)

JIOMOBCKOM u np.

roe G,(7) — temnepaTypHasd 3aBUCUMOCTb MOIYJIS
CIOBUTA i-ii CTPYKTYPHOM MOACUCTEMBbI, OABUKHOCTh
3JIEMEHTOB KOTOPOU B TOM WJIM MHOM TEMIIEPATyPHOM
WHTEpBaJie TPUBOIUT K NTUKY NMCCUMNATUBHBIX OTEPh
Ha cniekTpe A = A(T); AG(T) — nedext Mmonyns cipura,
00YCJIOBJIEHHBI HEYTIPYTOCTBIO i-il CTPYKTYPHOM MO~
CHUCTEMBI.

HedexT Moaysi ciBUra MOXET UMETh MOJIOKUTENb-
HOe 3HAYCHUE JIJIST AMCCUTTATUBHBIX IIPOIIECCOB Pellak-
CalIMOHHOM MIPUPOIBI M OTpUIIATEIbHOE 3HAYCHUE MIJIST
JHUCCUITATUBHBIX ITPOLIECCOB HEPETaKCAlMOHHOM MTpu-
ponsr [20; 32—33].

CnoxHOCTb pacyeTa o0ycoBiieHa TeM (paKToM, 4ToO
JIO0 CUX TIOp He ompeesieH MOAYJib CABUTA U €T0 TeM-
repaTypHas 3aBUCUMOCTD IUISI OTBepaUTeNeit (Kak,
BIIPOYEM, U APYTUX XKUIKUX B HOPMATbHBIX YCIIOBUSIX
CHUCTEM), HAXOMSIIUXCSI B TBEPAOM arperaTHOM COCTO-
STHUU 1 TeM 00JIee B XKMIKOM arperaTHOM COCTOSTHUU.

MOXHO JUIb MPEANOJI0XUTh, YTO TEOPETUUECKHU
B TBEPIOM arperaTHOM COCTOSTHUM MOIYJIb YIIPYTOCTH
HCCIIeAyeMO CUCTEMBbl CHUKAETCSI MOHOTOHHO U CO-
craBisgeT ~(2—4)% cHkeHust Ha Kaxnable 100 rpamy-
COB MOBHIIIEeHUS TeMIiepaTypkhl [40], a oI XUIKuUX
CHUCTEM CHIXXeHHe OoJiee CYIIIECTBEHHO U COCTaBJIsIeT
~20% Ha kaxabie 100 rpagycoB ITOBBIIICHHST TEMIIE-
paTypsl, KaK u Iy I1oTHocTH [40].

Haubonee nHpopMaTUBHBIM B 3TOM ciiydae SIB-
JIieTCsl TEOpEeTUUECKU aHalIu3 U3MEHEeHUsT MOIYJIs
CIIBUTA CUCTEMBI 3a CUET MPOSIBJICHUS JOKAIBHBIX 11O
TeMrepaType AMCCUIIAaTUBHBIX MPOILECCOB, OOHApY-
JKMBaeMbIX Ha CIIEKTpe BHYTPEHHEro TPeHUsI, T.€. yueT
BIUSHMS AedekTa Moayiis capura AG, onpeaesieMoro,
Kak OBLJIO MOKa3aHo BhIIIE, Yepe3 3HAUeHUs 4acToT
HayvaJia ¥ KOHIIa KA AUCCUTIATUBHBIX TOTePb HA TEM-
nepaTypHOU 3aBUCMOCTH 4acToThl, T.e. G(T) = fAAG).

7151 KOTMYECTBEHHOTO pacyeTa peajbHOro TeMIe-
paTypHOTO M3MEHEHUST MOIYJISI TpeOyeTcsl oTpenee-
HUE BEJIMYMHBI MOMYJISI B TBEPIOM arperaTHOM COCTO-
SIHUW BCEX PACCMOTPEHHBIX XXKUAKUX OTBEPAUTEINEIA.

SAKJIIOYEHUE

1. PazpaboTana MeTonMKa UCCIEIOBAHUS CIIEKTPOB
BHyTpeHHero Tpenust A = f(T) u TemnepaTypHOii 3a-
BUCHUMOCTHU 4acToThl V = f{T) CBOOOIHO 3aTyXarolIero
KoJIebaTeIbHOTO MpoLecca, BO30Y:KIAEMOT0 B XXUIKHNX
KOMITOHEHTAaX — OTBEPIUTEIISIX PA3HOU IMPUPOIHI, C y4a-
CTHUEM KOTOPBIX ITOJTy4aeTCsl SITOKCUIHBIN ITOJIUMED.

2. DKCIIepUMEHTAIbHO TOJYYeHBI CIEKTPhI BHY-
TpeHHero TpeHust A = f(T) u TeMIlepaTypHbIe 3aBUCH-
MOCTH 4acToThl V = f{T) U yCTaHOBJIEHBI BCE TeMIIepa-
TypHbIE UHTEPBAJIBI JIOKAIbHOI HEYIIPYTOCTU OTBEP-
auteneit TOTA, TIDITA n UMTT OA.

3. Ha 0a3e (peHOMEHOJIIOTMYECKNX MOOCIHbHBIX
NPENCTaBIECHUIA CTaHIAPTHOTO JUHEHHOTO TeJla pac-
CUMTaHBl (PU3NKO-MeXaHN4YeCKUe U (PU3NKO-XUMHU-
YeCKHe XapaKTepUCTUKU UCCIETOBAHHBIX CUCTEM 10
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®EHOMEHOJOTMYECKOE OITMCAHUE B3AUMOCBI3U “CTPYKTYPA-CBOUCTBO”

MOJy4EHHBIM 3KCITEPUMEHTAILHBIM JAHHBIM (3HEpPTUst
AKTUBALIMM KaXXIOTO U3 IUCCUMIATUBHBIX IIPOLIECCOB
Ha CIIeKTpe, UHTEHCUBHOCTh U TeMIIEpaTypHOe MOJIO-
>KeHMe MTUKOB ITOTeph Ha CIIEKTpax, 1eMeKThbl MOLYJIs
CIBUra, IMCKpeTHbIE BpeMeHa peJlakcallui).

4. OmnpeneneHbl MeXaHU3Mbl BHYTPEHHETO TPEHUS
JUIST KaXIOTO BBISIBJIEHHOTO Ha criektpe A = f(T) no-
KaJIbHOTO ITMCCUIIATUBHOIO Mpoliecca Mo BEIUYMHE
WHTepBaJla aHOMAJILHOTO U3MEHEHMSI YaCTOThI KOJie-
0aTenbHOro Mmpoliecca Ha TeMnepaTypHOi 3aBUCUMO-

ctu v =fT).

5. OnpeneneHbl TeMnepaTypHble MHTEPBaJbl 30H
JIOKaJIbHOM HEYyNPYrocTu (UCXOIsl U3 pACCUYMTAHHBIX
3HaYeHU Je(EeKTOB MOAYJS CIBUIa), MPUBOIASIIUX
K YMEHbILIEHUI0O MOAYJISI CABUTAa UCCIEAYEMBbIX CH-
cTeM, B nHTepBaje temneparyp ot —150°C mo +110°C
B IIEJIOM.

OUHAHCHUPOBAHUE PABOThI
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