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B xxunxoii ¢aze cMHTE3MPOBaHbI HATIOJTHEHHbIE KOMIIO3ULIMU MOJIMIAKTUAA C HAHOPa3MEePHbBIMU IJIACTU-
Hamu rpacdura (HIIT) u BoccranoBieHHoro okcuaa rpagena (BOT). [IpoBeneHo cpaBHUTEIBLHOE MCCIIE-
JIOBaHWE MEXaHUYECKHUX, 3JTEKTPUUECKUX U TEPMODU3UUECKUX XapaKTEPUCTUK KOMIIO3ULIMI B 3aBUCUMO-
CTM OT MPUPOIBl HAMOJHUTENICH. YCTAHOBJIEHO HE3HAUYMTEIbHOE pa3inuyve MEXaHUYEeCKHUX IapaMeTpOB
KOMITO3UIIUI, coaepxaiux B KadecTBe HanoaHurteneid HIII u BOI. B 1o Xe BpeMs nipu U3y4eHUU JIeK-
TPUYECKUX CBOMCTB OOHApyKeHO, 4YTo ucrojb3oBaHre BOI' B kauecTBe HAMOJHUTESI TPUBOAUT K MOJTY-
YEeHHUIO KOMIIO3UILIMNI ¢ 60J1e€ HU3KMM NOPOTrOM MPOTeKaHUs, 4eM B cirydae ucnonab3oBanus HIIT, 1 moBeI-
IeHHOI mpoBoauMocThio. Metomom JICK 1moka3aHo, 9YTo KOMIO3UIIMHU, COAepKalllie B KaUeCTBE HAIIOJI-
auteisa HIIT, o6mamaioT GoJiee BBICOKOI CTEIIEHBIO KPUCTAIMYHOCTH 110 CPAaBHEHMUIO C aHAJIOTMYHBIMH
KoMno3unusiMu, coaepxkammumu BOI. DToT dakT 00ycioBiaeH 0COOEHHOCTSIMM CTPYKTYPbI HATTOJTHEHHBIX
KOMIMO3UIIMI, BIUSIOLIMMU Ha CKOPOCTh 00pa3oBaHus 3apojiblilieil KPpUCTAJUIMTOB MOJWIAKTUAA Ha T10-
BEPXHOCTH YIOPSIMOYEHHBIX TTaHapHbIX HaHovyacTtull HITT u HecoBepieHHbIx yactuil BOTI. Takum o6pa-
30M, UCITOJIb30BaHME PA3JIMYHbIX YTIJIEPOJHBIX HATIOJHUTENEH MOXET ClTIOCOOCTBOBATH IMOJIYYEHUIO KOMITO-

BHHHﬁ, pasianyaromnxcsd 1o CBOUMM XapaKTCpUCTUKaM.
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TepMUUYECKME U MEXaHUYECKHUE CBOMCTBA, TEPMOCTAOMIIBHOCTD, 3JIEKTPOIPOBOIHOCTb.
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1. BBEAEHUME

HarmonHeHHBIX TOTUMepHBIE KOMIIO3UTEI C YIyd-
IIIEHHBIMY IPOYHOCTHBIMY U TEPMUYECKMIMHU XapaK-
TEPUCTUKAMU SIBJISIIOTCSI BBICOKO BOCTpPEeOOBaHHBIM
TUIIOM COBPEMEHHEIX KOMITO3MIIMOHHEIX MaTepua-
JIOB, YCIIEIIIHO HCIIOJb3yeMbIX B pa3IWYHBIX 00OJa-
ctax. Cpeny pa3jIMUHBIX MOJMMEPHBIX KOMIIO3ULIU-
OHHBIX MaTEepUAJIOB OCOOBII MHTEPEC IMIPEACTABIISIIOT
KOMITO3UTHI, COIepxXKallue HaHOpa3MepHbIE yIjie-
pOAHBIEC HATIOJIHUTEJIM, TaK1e KaK rpad)eH 1 ero mpo-
W3BOIHBIE, SIBJISIONINECS IBYMEPHBIMU CIIOMCTHIMU
MaTepruajaMy. YHUKAaJbHbIE XapaKTePUCTUKU IIBY-
MEPHBIX COCIMHEHUI yriepoja MpUaaloT KOMIIO3U-
MOHHBIM MaTepuajaM, MOoJydaeMbIM C MX MCHOIb-
30BaHUEM, LIEJIblii KOMIIJIEKC HOBBIX CBOICTB, BKJIIO-
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Yyasi TTOBBIIIEHHYI0O MEXaHUYECKYI0 U TEPMUYECKYIO
CTaOMJIBHOCTD, a TAKXKe 3JIEKTPOIIPOBOTHOCTS [1—7].

TepmopaciipeHHbIit TpaUT UMEET TOPUCTYIO
CTPYKTYPY, COCTOSIIILYIO U3 HECKOJIBKUX I'padeHOBBIX
cjioeB [8, 9]. B To ke BpeMst HaHOpa3MepHBIE IIaCTU -
Hbl Tpacdurta (HIIT), Oyayuu 3HaYUTENIbHO AClIeBIe
MOHOCJIOIHOTO rpacdeHa, MOT'YT YCIIeIITHO UCTIOIb30-
BaThCsI B KAYECTBE HAIIOJHUTENICHA.

Oxcup rpadena (OI), momyyaeMblii MyTeM OKMUC-
JIeHMsI TpaduTa 110 MeTOoy XaMMepa, He MOXKET ObITh
HCIOJIb30BaH KaK aHAJIOT rpadeHa, ITOCKOIbKY SIBIISI-
€TCSI TUIJIEKTPUKOM U HE IIPOBOAUT DJIEKTPUIECKUI
TOK, UTO OTPAaHUYMBAET MOTEHIIUATIbHbIE 00JTACTU ETO
npumeHeHus [ 10]. OogHako rpu BocctaHoBiaeHn OI'
KOJMYECTBO (byHKIIMOHAILHBIX TPYIIIl Ha €ro IO-
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BEPXHOCTU YMEHbIIIAETCsI, YTO MPUBOJIUT K 00pazo-
BaHUIO rpadeHOIOJ00HBIX MaTepraioB, B YaCTHO-
CTM BOCCTaHOBJIEHHOro okcuaa rpacdena (BOI),
CXOIHBIX ITO CTPYKTYpe U cBoiicTBam [11].

Pa3paboTka HOBBIX MOJMMEPHBIX MaTepuaJioB Ha
OCHOBE CHHTE3MPYEeMOIro 13 BO30OHOBJISIEMOIO pac-
TUTEJIBHOTO CHIPhSI (MOJIOYHOIM KHMCJIOTBHI) TEpMOILIa-
ctuyHoro noymadupa nomwiaktuaa (ITJIA), sasisio-
IIIeTOoCsT B HACTOSIIIEE BpeMsl OMHUM U3 HanboJiee Iep-
CIIEKTUBHBIX “3€JIEHBIX” ITOJIMMEPOB, M YIJIEPOTHBIX
HaHopa3MepHbIX HanoHuTesie — HITT u BOI' — onHo
M3 IIePCOEKTUBHBIX HaIlpaBiIeHU padOT, IIPOBOIM-
MBIX B 3TOi oOyiactu. HeoO0XoomMo OTMETUTH, 4TO
npucyiie [TJIA Takue HemocTaTKu, KaK HU3Kasl Tep-
MOCTaOMJILHOCTh U MOBHIIIEHHASI XPYIIKOCTh, MOT'YT
OBITh YCTpaHEHBI JIMOO ITyTEM IIOJIyYEHHSI CMECEBBIX
komnosuumii ITJIA ¢ npyrumu noammepamu, oo 1pu
WCITOJIb30BaHMY Pa3IMIHbBIX HartoaHuTenei [12, 13].

2. OKCIIEPUMEHTAJIBHAA YACTDb

O0OBeKTOM HCCIea0BaHMS ObLT ITOJIMJIAKTUI Map-
k1 4043D mpousBoacTBa KoMmitanuu Nature Works
(USA) co cienynomumuy xapakrepuctukamu: M, =
= 1.3-10°r/mons, T, = 155°C, npospayHocts 2.1%).
B kauecTtBe HamojHuUTeNell ObLIM MCHOJIb30BaHBI
skcpommpoBannbsie HITI u BOT.

Hanopasmephsle miactuHbl rpaduta (XGScienc-
es, Michigan State University, USA) obmagaroT cie-
NYIOIIMMU XapaKTePUCTUKAMU: TUAMETP YacTull d =
= 10 M, mmHa L = 5 MM, otHomenue L/d = 500,
mIoTHOCTL — 1.8 r/cm®. VienbHas IMOBEPXHOCTH
HIIT, onpenenenHas mo Mmerony bpyHayspa—Dmme-
ta—Teiinopa (BAT), cocrasuser 120—150 m?/r.

Cunre3 BOI ocyiiecTBIsI B HECKOJIBKO CTaIniA
comtacHo [14]: BHavyaJie TyTeM OKUCJIEHUs KpUCTa-
Juyeckoro rpapura pactsopom KMnO, B Kucioi
cpene Mo MeTony Xammepca ob1n cuHTe3npoBaH OT,
U3 KOTOPOTO B aJibHEHIIIEM B Mpoliecce BOCCTaHOB-
nenust 6601 monydyeH BOI. Tepmuyeckoe BOoCCTaHOB-
nenne O mpoBoawnu B Tpy6GuaToii meuu pu 900°C,
e NpOUCXOAWIO B3pbIBOOOpa3Hoe pasnoxeHue O
¢ BolIesieHueM razoobpasnubix CO, CO, u H,0O u 06-
pa3oBaHMEM 3HAYMTEILHO YBEIUYEHHOIO B 00ObeMe
TBepaoro npoaykra — BOI'. YnenrHast moBepxXHOCTH
BOI, ompenenennass mo merony bOT, cocraBiser
400 m?/r.

AnemenTHbIN aHamm3 HITT n BOT ocymiectsistiim
METOIOM JIOKAJIbHOTO PEHTTeHOCHEKTPAIBLHOTO aHa-
mm3a Ha npubope JSM-7401F npou3BoacTBa KoMIia-
Huu Jeol (Japan) mpu a3Hepruu 3J1eKTPOHHOIO ITyYKa
10 kB [14]. OnpeneneHue AUCIEPCHOTO COCTaBa
HIII u BOI’ MmeTomoM na3epHoii nudpaKiiuy IIpOBO-
JIVJIY B XWJKOWU cpelie Ha aHaIM3aTope pa3MepoB va-
ctun Frisch Analysette 22 Mirotec plus mpou3BoacTBa
¢upmer “Fritsch” (Germany), pa3peliaroiast Ciocoo-
HOCTB KOTOPOTO JIeKUT B muana3one 0.08—2000 Mxm.
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Ipu monyyeHnM TIeHOUYHBIX KoMmio3nnuii [TJ1A,
coaepxamux paziaugHoe Koaudectso HIIT u BOT,
IJTA npenBaputenbHo pactBopstiu B CH,Cl, npu
22°C B TeueHue 48 4. K moaydeHHOMY pacTBOpY J0-
0aB/IsUIM pacUYETHOE KOJIMYECTBO HAIMOJHUTEIEU M
MoJBeprajad pacTBOPEHHYIO CMeCh COHU(PUKALIUU B
YIbTpa3ByKoBoOIi OaHe B TeueHue 30 MUH IIPU TeMIIe-
patype 12°C. I1ociie 3TOro pacTBOPUTEIIb YIAISIIM HA
POTOPHOM HCIIapuTeNie, a 00pPa3yIOLILYIOCsI CMECH Cy-
IIVJIA 1O TIOCTOSTHHOTO Beca Iipu 55 °C B TeueHue 4 4.
Takum o6pa3om ObLIM TToTydeHBI KoMImo3uu TTJIA—
HIIT c conepxanuem HIIT B uHTepBaje KOHIEHTpa-
uii ot 0.25 go 20 mac.% u I1JIA—BOT, conepxaiue
or 0.25 mo 15 mac.% BOT.

s mpoBeaeHUsT TEIIOMU3NIECKUX, MEXaHUYe-
CKUX Y 9JIEKTPUUYECKUX U3MepeHuit oopasunl [1JIA u
komttosutnu [TJIA—HIIT u ITJIA—BOTI paznuaHoro
cocTtaBa npeccoBayiu Ha ripecce “Carver” (USA) nipu
180°C u maBnenuu 10 MIla B reuenue 10 MUH ¢ ocite-
JIYIOIIMM OXJIaXKACHUEM CO CKOPOCTBHIO 15 rpam/muH.
TommuHa mojiydeHHbIX TUIEHOK cocTabisia ot 0.18
1o 0.25 mm.

Tenmodusnyeckne XapaKTepUCTUKM TIOJTy4eH-
HBIX KOMITO3ULIWI M3MEpsIM Ha muddepeHITnaIb-
HOM cKaHupymwoliieM Kajopumerpe DSC204 F1 nipo-
n3BoacTBa KoMmitanum Netzsh (Germany) co ckopo-
ctbio HarpeBaHus 10°C/mMuH B aTMocdepe aproHa B
JIBYXLIMKJIIMYHOM IUHAMWYECKOM pEeXMME HarpeBa-
HUA U oxyaxneHnd B nuarasoHe 25—200°C co cko-
poctbio 10 K/MuH [15, 16].

MexaHW4ecKre UCIBITaHUST TIPOBOAMIM Ha pas-
peiBHOM MamuHe Instron-3365 (High Wycombe,
Great Britain). I3 moay4eHHBIX QuarpaMm paccau-
ThIBAJIM 3HAYEHUST MOIYJIST XKeCTKOCTU (FE), pa3phbiB-
HOTO HamnpspKeHus (O,) W YIAJTMHEHUS TIPU paspbiBe

(g, [17].

AnsiaekTpudeckre CBOMCTBAa KOMITO3UTOB (V-
aJIeKTpUYECcKask MPOHUIIAEMOCTb, TTOTEPU, DIEKTPU-
YeCKHII MOAYJIb W TIPOBOAUMOCTH) WMCCIICIOBAIN B
nuaraszoHe yactor 10~'—10° I ¢ moMolukio umrne-
nmaHc-aHanmm3aTopa Novocontrol Alpha-A (Novocon-
trol Technologies GmbH, Germany) n nuaneKkTpuye-
ckoit ssueitku ZGS Alpha Active Sample Cell ¢ mo3o-
JIOYEHHBIMU ITUCKOBBIMHU 3JIEKTPOXAMU THAMETPOM
20 u 30 MM.

HccnenoBanne pa3MepoB Mop MPOBOIWIN C UC-
IMOJIb30BaHMEM METOA PEHTTCHOBCKOM MUKPOTOMO-
rpaduu, MO3BOJISIONIETO U3y4aTh BHYTPEHHUIT 00beM
o0beKTa 6e3 pa3pylieHust oopasna. CKaHMpoBaHKUE 00-
pa3loB BBINOJHSUIM Ha PEHTTEHOBCKOM MMKPOTOMO-
rpade SkyScan 1172 (Bruker, Belgium).

Mopdonoruto HIII' 1 BOI' nccnemoBanm merto-
JIOM CKAaHUPYIOLIEHA 3JEKTPOHHOU MUKPOCKOIIUU
(CBM) ¢ ucnonb30BaHUEM CKAHUPYIOIIETO 3JICK-
TpOHHOTO MUKpockora (JSM-6510LV JEOL, Japan).
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3. PESVIIBTATBI 1 UX OBCYXKIEHUE

B Ta61. 1 mpeacTaBieHbl pe3yJibTaTbl 3JIEMEHTHO-
To aHaJIM3a U BEJIUYUHBI YIEeJbHOU MOBEPXHOCTU Ha-
Houactull BOI' u HIII. Kak cienyeT u3 cpaBHUTEb-
HOTO aHajii3a MPUBEIEHHBIX BEJIMUMH, COlepXKaHue
Kuciopona (Kuciopoaconepxamux rpymnmn) B BOI'
MpaKTUYECKN Ha TMOPSIAOK BBIIIE, YEM B CTPYKTYpeE
sKkcodomnpoBaHHoro rpaduta — 23.0 u 2.6% coot-
BeTCTBeHHO. CJieICTBUEM TTOBBIIIEHHOTO COJepXKa-
HUS KUCJIOPOJCOAEPXKAIIUX TPYIIT B HAIIOJHUTEJE
BOT gBnsiercst ero 6osiee pa3pbixjaeHHasi, ropupo-
BaHHas MOBEPXHOCTh MO CPABHEHUIO C IJIAHAPHON
CTpyKTypoit (moBepxHocTbio) HIII, uTto monrBep-
Knaetcs n7aHHbIMU COM (puc. 1), B pe3dynbTaTe 4ero
yaoenpHast moBepxHocTh BOI, ompeneneHHass MeTo-
nom BOT, nmpubiuszutenbHo B 3 pas3a MpeBbIIAeT
yaenbHyto noBepxHocts HIIT.

Kak BugHO 13 Mukpodororpaduii, HAIIOJIHUTEIIN
XapaKTEpU3YIOTCS CJIOUCTOI 4YellyiyaToil CTPYKTY-
poii, 0c000 OTYETIIMBO BUAHOM MPU OOJIBIINX YBEIU-
gyeHusx. I[Ilpu stom Hanodactunbsl BOIT oGmamaior
0oJiee MEJIKUMU CTPYKTYPHBIMU 3JIEMEHTaMU.

Ha puc. 2 npuBeaeHbl KpUBBIE paclpeacicHus
yactull mopomikoB BOI' u HIII, mony4yeHHBIX METO-
JIOM Jla3epHoi nndpakuun. M3 KpuBoit pacripeneie-
Hus yactul BOI' BUIHO, 4YTO UX pa3Mep BapbupyeTCs
oT 0.34 no 80 MKM, MpuYeM MakKCUMYM Ha KpUBOii
pacnpeneiaeHuss coorBeTcTByeT 24.29 MxMm. Conep-
KaHue ppakiuu ¢ pa3MepaMu YacTUIl MeHee 42 MKM
cocrapisieT okoyio 90%, M3 HUX TONS C YaCTUIIAMM
MeHee 12 MKM COOTBETCTBYET IpuMepHO 25%. B To
Xe BpeMsl U3 KpuBOi pacripeneneHust yactuu HIIT
(puc. 2) cieayerT, 4TO UX pa3Mepbl HAXOIATCS B UHTEP-
Basie ot 2.24 1o 88.4 MKM, TIpyeM MaKCUMyM Ha KpHU-
BOI pacripeesieHust COOTBeTCTByeT 29.63 mxm. Comep-
KaHue Gpakiuu c pa3MepaMM 4YacTull MeHee 42 MKM
cocTaBisieT 0kKoJio 85%, 13 HUX JOJIST YaCTUIL pa3Me-
pamu MeHee 12 MkMm — nipumepHo 20%. Pa3mepsl ya-
ctull BOT, npencraBieHHbIX Ha MUKpodoTorpaduu

10. MKM
o |

Tabauya 1. JaHHbIE 3J1€MEHTHOTO AHAJIN3a HAHOYACTHIL

BOTI' u HIIT
DJIeMeHTHBII cocTaB, Mac.%
Hanouactuiibt
C (0] N
BOI' 74.1 23.0 —
HIIT 96.6 2.6 -

CBOM, paBHSIOTCS IPUOIU3UTENBLHO 4 MKM, T.€. CO-
OTBETCTBYIOT pa3MepaM YacTUII, OTTMChIBAEMbIM KPH-
BOIt pacrpeneyieHuUsl.

Kaxk n3BectHO, B 00111eM clTyyae OCHOBHBIMU (DaK-
TOpaMH, BIMSIONINMUA Ha CBOMCTBAa HAMOJHEHHBIX
KOMITO3UIIMOHHBIX MaTepHUaJIoB, SIBJISIOTCS TIPUPOIa
HaMoOJTHUTEISI, CTeNeHb TUCIIEPCHOCTU U paBHOMeEP-
HOCTh pacrpeneiieHuss HaHodactui [18—20]. Ilpu
3TOM nedhOopMallMOHHOE TMOBEIeHUE TOJIMMEPHBIX
CHUCTEM, coAepKaIllMX HAITOJIHUTEIN, 3aBUCUT KaK OT
pasMepa 1 (OpPMBI BKITIOUeHHUI, TaK 1 OT MOP(OIIO-
TUU TTOJTMMEpPHOIT MaTtpulibl. B padboTe ObLIO MpoBe-
JICHO CpaBHUTEIbLHOE UCCIEA0BAaHNE MEXaHUYECKUX
cBolicTB Kommo3unuii ITJIA ¢ pa3muIHBIMM HAMIOJN-
HUTEJISIMU.

ITonyyeHHblE MeXaHUYECKUE XapaKTEPUCTUKU
ITJIA un ero komno3uuuii ¢ BOI' u HIIT npuBeneHbI
Ha puc. 3. ITockonbky komnosuiuu [NJIA—BOT npu
6oabimx cogepxanusx BOT (6onee 5 mac.%) obna-
JIal0T BBICOKOM XECTKOCThIO, TO MOJIYYUTh U3 HUX 00-
pasubl 1151 TpOBEASHUS] MeXaHUUEeCKUX UCTIbITAaHUM
He TIPEeICTaBJISITIOCh BO3MOXHBIM.

W3 paccMoTpeHns npuBeaeHHBIX HA PUC. 3 KPU-
BBIX BUJTHO, UYTO BBeAeHUe HaHo4dacTull B TTJIA mpu-
BOIUT K BO3PAaCTaHUIO MOAYJISl yIpyroctu £, u cHu-
JKEHUIO 3HAYCHWI Pa3spbIBHOTO HAIPSIKEHUSA G, U
YIUIMHEHWS TTPU PA3pbIBE €,, KOTOPbIE 1T BCEX KOM-
MO3ULIMI OCTAIOTCI BECbMa HU3KUMM, YTO OOBSICHSI-
€TCSI BBICOKOI JKECTKOCThIO cucTeMbl. [1pu 3TOM 3Ha-

Puc. 1. N3o6paxenust yactur HIIT (a) u BOT (6), monyyennbie MeTonom COM.

XUMHNYECKAS ®U3NKA tom 42 Ne 11 2023
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1 L
1 10 100
Pa3zMmep yactuil, MKM

Puc. 2. JuddepeHumanbHble KpUBbIE pacripeneieHus
vactuu BOT (/) u HIIT (2) mo pasmepam.

E, MIla
8000 ( a

6000

4000
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YEHWST MOIYJISI YIIPYTOCTU M YIJIMHEHUS TIPU pa3pbiBe
KOMITO3ULIUI, cCofepXKalllX pa3jIMYHble HAITOJITHUTE-
JIM, TIpaKTUYECKU OOMHAKOBEI, TOIJa KaK pa3pbIBHOE
HampsikeHue oOpasnoB, coxepxammx HIIT, wHe-
CKOJIBKO BBIIIIE.

CpaBHUTEILHOE U3YyYEHUE IICKTPUYSCKIX CBOICTB
komtiosnimii [TJIA—BOI" u HITI'—BOT, ansrormmxcst
BaXKHBIMU XapaKTepUCTUKAMU ITOJOOHBIX CHUCTEM, I10-
Ka3aJI0, YTO OHU HECKOJILKO pa3ingyHbl. U3BeCTHO, 4TO
JIJIsT TOTO YTOOBI KOMITIO3UTHI O0Nafgany 3JeKTpude-
CKOI1 IIPOBOAMMOCTBIO, KOHLIEHTPALIM 3J€KTPOIPO-
BOZSILIETO HAIIOJTHUTEJIS TOJIKHA OBITH BBIIIE IIOpOTa
nepxossiunu [21, 22].

Ha puc. 4a npencrasieHbl 3aBUCUMOCTH MPOBOIU-
MOCTHU G OT YacToThI 151 Kommosuuuii ITJTIA—BOI ipu
pa3IUYHBIX KOHLEHTPALUSIX HanoaHuTes. JInHei-
Hasi 3aBUCUMOCTb OT 4YacTOTbl CBUAETEIBCTBYET O
MPBIKKOBOM MEXaHU3ME IPOBOIUMOCTU MEXY U30-
JIMPOBAaHHBIMU YacTUIIAMUW HATIOJTHUTEJNS, T.€. KOH-
LIEHTpalMsl HaMOJHUTES HUXE Mopora MNepKoJsi-
uuu. Korma rmopor npoTekaHusl MPEBBIIIEH, ITPOBO-
IUMOCTb HE 3aBUCUT OT 4YacToThl. Kak BUIHO u3

G,, MIla

2000 | 1 | | 20 1 1 1 1
0 5 10 15 20 0 5 10 15 20
ConepxaHue HaIroJIHUTENsI, Mac. % ConepxxaHue HaIroJIHUTENs1, Mac. %
g,, MIla
6
44
3 E
2 Ko\ ¢ 1
K\ XK e g
| * .
2 +
| 1 L 1
0 5 10 15 20

Conep}Ka]—me HaITOJIHUTECJIA, Mac. %

Puc. 3. 3aBucumocTs Monyiis ynpyroctu £y (a) paspeIBHOTO HaITPSKEHUST o, (6) 1 yIJTUHEHUS TIPU pa3pbiBe g, (8) KOMIIO3U -

1IWi1 OT KOHILIeHTpauu HanosHuTes: [ — HIIT, 2 — BOT.

XUMUYECKAA ®U3NUKA Ttom 42 Ne 11
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Puc. 5. @ — 3aBUCHMMOCTH NPOBOAUMOCTU G OT YACTOTHI IIPU pasIUYHbIX KOHLeHTpamusax HIIT: 7 — 1,2 — 5, 3 — 15, 4 —
20 Mac.%; 6 — 3aBUCIMOCTH IMDJIEKTPHYECKOI TPOHUTIAEMOCTH €' KOMITO3HUIIUIA OT YaCTOTHI MPU TeX ke KoHIeHTparmsix HITT.

MaHHBIX, IPUBEICHHBIX Ha pHC. 44, TSI KOMITO3UTOB
C KOHLeHTpauussMu HamojHuteas 0.25 u 1 mac.%
MOpOT TIPOTEKaHUS ellle He JOCTUTHYT, TOTda Kak
MPY KOHIIEHTPAIWSIX HAITOJTHUTENSA 3 Mac.% W BEIIIe
HE3aBUCUMOCTh ITPOBOIMMOCTHA OT YacCTOTBHI CBUIIE-
TEJIBCTBYET O TIPEBBIIICHUU TIOopora MpoTekaHus. B
TO XK€ BpeMsI B MHTepBaJie KOHLICHTPALIMi HAIlIOJHU-
Tens 2—3 Mac. % TpOUCXOINT pe3Koe (Ha 7—S8 mmopsia-
KOB) BO3pacTaHue IIpoBoaAuMOCTHU (puc. 46). OuieHKa
rmopora npoTeKaHus JaeT BEIUYUHY, paBHYIO ~2%.

DyekTpudyeckue cBoiictBa Kommosuuuii TTJIA—
HIII" 6putn HcciienoBaHbl B UHTEPBAJIE KOHIIEHTPa-
nuit HaromHUTENs ot 1 1o 15 mac.%. Ha puc. 5 npu-
BeJEHbl 3aBUCUMOCTU MPOBOAMMOCTU G (@) U OU-

BIIEKTPUUYECKON MPOHUILIAEMOCTH (6) OT YACTOTHI IIPU
pasnuuHbIX KoHLeHTpanusx HIIT.

Kak BugHO u3 puc. 6a, Ipy KOHLIEHTPALMX Ha-
rmoHuTe st MeHee 10 Mac.% HaGogaeTcst TMHEHasT
3aBUCUMOCTb MIPOBOIUMOCTU OT YaCTOTHI, T.€. KOH-
LICHTPALIMsl HAIOJHUTEISI HUXKE Mopora IepKOJIsi-
. CKBO3HasI IIPOBOAMMOCTh (HE3aBUCUMOCTDL OT
YACTOTHI) MOSIBJISIETCS IPU KOHLIEHTPALIMK HATIOJTHU -
Tens, paBHoil 10 mac.%, ogHaKoO OCTaeTcsl BeChMa
Hu3Koit: 3.5 - 10712 (OM - cm)~!. C panbHelmum yBe-
JIMYeHUEeM KOHIEHTpPALUM HAIIOJIHUTEIISI MPOBOIM-
MOCTb ITPAaKTUYECKH HE U3MEHSIETCSI, XOTSI €T0 COIEP-
JXKaHWe yBEJINYNBaeTCd B 1Ba pasa (puc. 6).
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Puc. 6. 3aBUCMMOCTh NPOBOAUMOCTHU (HAa HU3KUX YaCTO-
Tax) ¥ AUDJIEKTPUYECKOI MPOHUILIAEMOCTH KOMIIO3ULIMIA
oT koHueHTpauuu HIIT.

M3 paccMoTpeHMsI 3aBUCUMOCTH G OT KOHIIEHTpa-
nuu HIIT MmoxHO caesaTh BBIBOM, YTO MOPOT IIPOTE-
KaHUsI B 3TUX KOMITO3UTaxX 6JIU30K K 7% (puc. 6), 4to
3HAYUTEIBHO HIDKE, YeM B ciiydae cheprIecKuX da-
CTHII COITOCTaBUMOM IIOTHOCTH [23—25], 1 HAMHOTO
MPEBBINIAET COOTBETCTBYIOINE 3HAYECHUS JISI KOM-
no3uToB, HamonHeHHbIx BOI. [Iusnekrpudeckas
IMIPOHMUIIAEMOCTh YBEJIMUYMBAETCS 10 KOHIEHTpPAIUU
HIIT' B 5%, a 3areM mnamaeT OO 3HadyeHuil ~1.5
(puc. 56, puc. 6). YMeHblIeHUE IUBIECKTPUIECKOMN
MMPOHUIIAEMOCTH, MO-BUIUMOMY, CBSI3aHO CO CBOIi-
CTBaMM HamoJHUTeNs1. IIpyu mocTukeHWM Iopora
NpOTeKaHUsI HAIIOJHUTEIb 00pa3yeT HelpephIBHBIM
TPEXMEPHBIIl KJIacTep KOHTAaKTUPYIOIIMX YaCTHIIL,
KOTOPBII IIpY YBEJIMYCHUM KOHIEHTpALUM M3-3a
HM3KOM CXXMMaeMOCTHU MOCJIEIHNX He YIUIOTHSIETCS,
a TOJIBKO pacIIUpPSIETCSI, UTO MPUBOAUT K yBeJIMYE-
HUIO TIOPUCTOCTHM KOMIIO3UTA. DTO MPOSIBISICTCS B

CHIDKEHMM JIM3JIEKTPUYecKoil npoHuuaemoctn (g'),
MOCKOJIbKY B 9TOM C/Iy4yae olpeiesieHHasl 10Jis 00beMa
KOMITO3WUTa COCTONT W3 BO3MYIITHBIX ITyCTOT C €' = 1.

CpaBHUBAasI KOMITO3UTHI C IBYMSI TUTIAMU HAIIOJI-
HUTENSI, MOKHO OTMETUTb, UTO B Cllydyae MCIIOJb30-
Banust BOI' mopor niporekanust (2%) CyliecTBEHHO
HICKe, 4eM B ciaydae ucronb3oBanus HIIT (7%), a
MPOBOIMMOCTb KOMIIO3UTOB, coaepxamux BOT,
MpyU KOHIEHTpAUMSIX HAMOJHUTENSA BbIllEe TOpora
MpoTeKaHUsI Ha 7—8 TOPSIAKOB O0JIbIIIE, YEM B CIydae
HIIT. Takoe pa3znuyue B CBOMCTBaX KOMITO3UTOB MO-
JKeT ObITh CBSI3aHO KaK C pa3IMyHOU MPOBOAUMOCTHIO
CaMMX YaCTHUIL HATIOJTHUTENISI, TaK U C OCOOEHHOCTSI-
MU yNaKOBKW HAHOYACTUIL B MOJIMMEPHON MaTpHUlie.

Ilpu wuccnenoBaHuM TeTUIO(U3NUECKUX CBOHCTB
HM3y9aeMBIX CUCTEM TeMITepaTyphl U TeIUTOBbIe d(hdeK-

A b

THI CTEKJIOBAHMSI, PEJIAKCAIIM, “XOJOTHOM > KpHCTa-

XUMUNYECKAA ®U3NUKA Ttom42 Ne 1l 2023

JmM3aluyy 1 1iaBiieHust ucxomHoro IJIA m koMmo3u-
uuii IT1JIA ¢ HIIT' u BOI' omnpenenstsiu MeTogoM
muddepeHINaNbHONM CKAaHUPYIOIIEH KaJopUMeET-
puu (1CK).

Crenenn kpuctammmaHoct [TJIA n ITJIA B koMm-
Mo3ULMX (B %) BBIMUCIISIIN 10 (popMyJie

_AH,, +AH,,
X= AHloo

it

b

rne AH,, — BeTWYrMHA SHTAJIbIUU TIABJICHUS TTOJIU -
Mmepa, AH,, — SHTaIbIUA KPUCTAIUIM3ALUU (SHTAIb-

299

nus “XOI0MHON” KPUCTAJIN3ALUN), a AH,I,,OO — Teo-
peTndyecKasa BCJIMYMHA SHTAJBIIMU ITJIAaBJICHUA CTO-
MPOLIEHTHOIO  KPUCTAJUIMYECKOTO  TOJUJIAKTHUAA,
paBHas 93.6 JIxx/r [25].

Ha puc. 7 mpencrasinensr JCK-TepmorpaMMel, T10-
JIydeHHBIE TIpY IEPBUYHOM (a) I BTOPUYHOM (6) Harpe-
Bannu Kommnosunuii ITTJIA—HIIT n ITJIA—BOT, co-
nepxamux 1 1 5 Mac.% HanomHuteneit. KonnmaectBeH-
HbIC XapaKTePUCTUKM CTEKJIOBaHMSI, pejlaKCalllu,
“XoJtomHON” KpUcTaumm3auuu 1 1iasieHus ITJIA u
komtro3utinii I1JIA ¢ HIIT m BOTI nipencrasiieHBI B
TabmI. 2.

Kak BumHO M3 mpuBeIeHHBIX JaHHBIX, IPU Tep-
BUYHOM M BTOPMYHOM HarpeBaHUsx Ha Bcex JCK-
KPUMBBIX KOMIO3MULIMI, coaepxammx 1 u 5 Mac.%
BOT u HIII, npucyTCTBYIOT TMKU CTEKJIOBaHUS TPU
pa3IUYHBIX TemIrepaTrypax, 3a nckmodeHueM JCK-
KPUBBIX IIpU IEPBUYHOM HArpeBaHUN MCXOMTHOTO
ITJIA u ero kommnosuumu ¢ 5 mac.% BOI. Ha JCK-
kpuBbIXx I1JIA m Bcex kommosunmii ITJIA—HIIT n
ITJTA—BOT, monydeHHBIX TP BTOPUYHOM HarpeBa-
HMU, a Takke Ha KpuBoii I[IJIA—BOI ¢ conepxaHuem
BOT 1 mac.%, moay4eHHOI TIpY IEpBUIHOM Harpe-
BaHWUU, HAOTIOZAIOTCS MUKW SHTANBIIMM “pejakca-
LUK, COMPOBOXIAOIIEH Mepexol U3 CTeKJI000pa3-
HOIO B BBICOKO3JIACTUYECKOE COCTOSIHME IIOJIMJIaK-
TUAHOM MaTPUIIbl KOMIIO3UTOB.

Kpome TOro, HeoOGXOIMMO OTMETUTH HaJUYME
9K30MuKa “XxoyiogHoi” Xpucramsanuu Ha JICK-
KpuBbIX Kommiosuwuii [1JIA, conepskammx 1 u 5 mac.%
BOI' u HIIT, ipu BTOpMYHOM HarpeBaHWM, 3a HC-
kimoueHueM ucxomHoro ITJIA, n JICK-KpuBBIX, OT-
HOCSIIMXCS K IIEpBUYHOMY HarpeBaHuio. I1pu aTom
3HaueHue >HTaIbnuu AH, , Ipyu IEpBUYHOM Harpe-
BaHuu 1 kommosuuuii IIJIA—HIIT, conepxkaiiux
1 u 5 Mac.% HaTOJTHUTENS U TIOJIyYEeHHBIX B paBHO-
BECHBIX YCIOBUSIX UCIIAPEHUSI PACTBOPUTEIIS, BBIIIE
aHAJIOTUYHBIX 3HadyeHui st komno3unuii T1JIA ¢
BOI. BeposiTHOII mpUYMHOI IMOBHIIICHUSI CTETICHU
KpUCTALTMIHOCTH Kommio3unmii [TJIA, conepkaimx B
KadectBe HarnojaHurenst HIIT, mo cpaBHeHUIO ¢ aHaJIo-
TUYHBIMY KOMITO3ULIMSIMHU, comepkaimmmu BOT, siBist-
€TCsI POCT CKOPOCTH 00pa30BaHUS 3apOabIIIeii (HyKJIe-
upywoiuit apdekr) kpuctamutoB [TJIA Ha moBepx-
HOCTU YHOPSOOYEHHBIX IUIAHAPHBIX HAHOYACTHIL
HIIT, mo cpaBHenuio ¢ “medeKTHBEIMU’ TODPUPO-
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Puc. 7. a — ICK tepmorpammbi [TJIA u ero komro3suuuii, cogepxaiux 1 u 5 Mmac.% Hanosiaxureneit BOI' u HIIT, nipu niep-
BUYHOM HarpeBanuu, 6 — JICK tepmorpammel ITJIA u ero kommnosuiiuii, coaepkammx 1 u 5 mac.% HanonHuteneit BOT u

HIII, npu BropyayHOM HarpeBaHUM.

BaHHBIMM dyactuiiamMu BOT. IlpuBenennbie B Tao. 1
KOJIMYECTBEHHBIC XapaKTePUCTUKM IIPOLIEHTHOIO CO-
JepXXaHUsT KUCIIOpoaa, CBOOOMHOM yaeIbHOI TTOBEepX-
Hoctu HIIT u BOI, nemoHCcTpupylolue necsaTuKpar-
HO€ YMEHbIIIEHIE IPOLIEHTHOTO COAepXKaHUSI KUCJIO-
poncoaepxaiux rpynn yactui, HIII mo cpaBHeHMIO
¢ vactunamu BOI, gBasitoTcsl AONMOJHUTEbHBIM
MOATBEPXKACHUEM TaHHOTO MPEATOI0KEHUSI.

OOHapyXeHHbIE YMEHbIIeHUE 3HAUYCHUU TeIio-
THI TUIABJICHUS U PEe3KOe MaaeHre CTEIEHU KPUCTa-
mmuHocTu ITJIA 1 ero komIo3unuii, conepxamux 1 u
5 Mac.% BOT u HIII, cBUaeTenbCTBYIOT, COMIACHO
JIMTepaTypHBIM TaHHBIM [27], 0 TpeUMYILIeCTBEHHOM
00pa3oBaHUM IIPY BTOPMIYHOM HarpeBaHUU HECOBEP-
MIEHHBIX B-KPUCTA/UTMTOB MOJIMIAKTH/IA.

Tabauya 2. Tepmodu3nuecKne XapaKTepUCTUKH UCXOAHOTO

ITopucTocTh TONMYydeHHBIX KOMITO3UIIMI, COmep-
xkamwyx ot 0.1 1o 5 mac.% BOT, 6bl1a usyueHa MeTO-
JIOM PEHTIeHOBCKOW MUKpoTOoMorpaduu, COIacHO
[28]. MopdomeTpuyeckuii aHaIu3 ToKasaj, 4YTo 1C-
clieJoBaHHbIE 00pa3libl SIBJISIOTCS HEOTHOPOAHBIMU
U XapaKTepU3yrTCcs HaTuYueM o0beMHbIX mop. Pac-
YeT MOPUCTOCTU TIPOBOAUJICS C MCIOJIb30BaHUEM
nporpaMmmbl CTAN. TTojiyueHHBIe JaHHbIE TPUBEIC-
HbI Ha puc. 8. Kak BUIHO U3 3TOro prMcyHKa, yBejiu-
yeHne KoHueHTpaunu BOI ot 0.1 mo 0.25 mac.%
MPUBOAUT K PE3KOMY BO3PaCTaHUIO IOPUCTOCTU 00~
pasuos (ot 14 g0 20.7 06.%), omHaKO NpU JadbHE-
IIIeM ITOBbIIIIeHUU coaepkanust BOI 3ameTHOrO n3me-
HEHMSI KOJTMYEeCTBa Mop He HaOmoaanock. [To-BunumMo-
My, TOJIyd€HHble 3HAU€HUsI TIOPMCTOCTH SIBJISIIOTCS

I1JIA u ero komno3ummii ¢ BOI' u HIII pazimynoro cocraBa

O6pasen; |[Harpesanue| 7, °C T, °C T °C T °C  |AH ., Jx/T| AH,,, Jx/T x> %
TUIA I-e - - - 163.2 - 311 33.2
2e 61.3 64.5 - 158 - 0.6 0.7

[UIA-HIIT,|  1-e 56.5 - _ 162.4 _ 318 322
Ivac.% 2-e 61.6 63.5 128.6 159.0 7.1 ~10.9 4.0
[UIA-BOT, | l-e 62.8 65.0 131 161.3 4.4 234 20.3
I mac.% 2e 62.2 63.2 129.2 160.0 7.5 ~11.6 4.4
[UIA—HIIL,|  1-e 64.6 - 111.0 162.8 5.8 316 27.7
5 mac.% 2e 61.1 64.5 127.1 158.5 16.5 234 7.8
[UIA-BOT, | l-e - - _ 162.5 _ 229.6 31.6
5 mac.% 2e 62.1 66.2 124 161.9 21.8 ~26.0 45
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Puc. 8. 3aBrucUMOCTh 3HAYCHUIT TOPUCTOCTH KOMITO3M-
it [TJTA—BOT ot KOHIIEHTpaly HAITOJTHUTEJIS.

npeaeTbHBIMA BeJIMYMHAMU JIT MOAOOHOTO poja
CHCTEM.

4. 3AK/TIOYEHUE

Komnosuuu nonunaxkruaa (ITJIA) c yriepoaHsbl-
MU HAIIOJIHUTEJISIMY HAHOPa3MEePHBIMU IUIACTUHAMU
rpacguTa 1 BOCCTaHOBJIEHHBIM OKCHUIOM IrpadeHa ObLI
MOJIy4eHBI IMyTEM CMEIICHMSI B pacTBOpe XJopodopMa
o1 JeiCTBUEM YJIbTpa3ByKa. MeTOIOM 3JeMEHTHOTO
aHajr3a OMpeacsIeHO ColepXKaHue KuCaopoda B Ha-
nonHuTelsix, a MmetonoM bOT n3MmepeHa ynenbHas mo-
BepxHOCTb. IIpoBeneHHOE CpaBHUTEIILHOE UCCIIeI0Ba-
HUE MEXaHUUYECKUX, DJIEKTPUUYECKUX U TePMUUYECKUX
CBOICTB KOMITO3ULIMI MPOJAEMOHCTPUPOBAIO 3aBUCU-
MOCTb U3yYEHHBIX IapaMeTPOB OT IIPUPOALI HATIOJIHM-
tenieii. [TokazaHo, YTo MeXaHMYEeCKIE XapaKTepUCTUKI
¢1a00 3aBUCST OT MPUPOJLI HATTOJTHUTENS. Tak, 3Haye-
HUYSI MOMYJISL YIIPYTOCTH U YIJIMHEHWS IIpU pa3pbiBe
kKommosunmii, conepxkammx HITI m BOT, mpakTnye-
CKU1 OOMHAKOBEHI, TOIIA KaK pa3phbIBHOE HaMPsSKEHNE
obpaszuos, cogepxamux HIIT, Heckonbko Bbille. B
TO XK€ BpeMsI B TIPOLeCCe U3YUEHUS DJISKTPUIECKUX
CBOICTB KOMIO3UIIMIT OBLIO YCTAHOBJICHO, YTO IIPU
ncnoiab3oBanun BOI' B KauecTBe HAIIOJHUTENIS 1O~
por mporekaHus (2%) cCylIECTBEHHO HIXE, YeM B
ciaydae ucrnojb3zoBanust HIIT (7%), a npoBoAMMOCTb
KOMTITO3UTOB, conepxammx BOT, mpu KoHIeHTpa-
LIMSIX HATTOJIHUTEJISI BBIIIIE TOpOoTa IIpOTeKaHsI Ha 7—
8 nopsinkoB Ooblie, yeM B ciydyae HIII. Takoe pas-
JINYMe CBOIMCTB KOMITIO3UTOB MOXKET ObITh CBSI3aHO
KaK ¢ pa3InYHOI MPOBOIMMOCTBIO CAMUX YaCTHUIl Ha-

XUMUYECKAA ®U3UKA Ne 11
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MOJTHUTENSI, TaK U C OCOOEHHOCTSIMM YIIaKOBKM Ha-
HOYACTUII B MIOJIMUMEPHOI MaTpUIIE.

IMpu n3yyeHUM TenaI0PU3NISCKIX CBOMCTB KOM-
MO3ULIMI OOHApPYXXEHO IIOBBIIICHWE CTEIIEHU KpPHU-
crainyHocT Komnosuiuit TTJIA, comepkainux B
KauecTBe HanojiHuTtes st HIII, mo cpaBHeHMIO ¢ aHa-
JIOTUYHBIMU KOMIO3ULMsIMU ¢ HanonHutenaeM BOT,
00YCJIOBJIEGHHOE POCTOM CKOPOCTH 00pa30BaHMsI 3apO-
npieit kpuctaummToB [TJIA Ha MOBEpXHOCTH yIOpPsI-
JIOYEHHBIX IuTaHapHbix HaHo4dactull HIII o cpaBHe-
HUIO C “neeKTHBIMU” TO(PUPOBAHHBIMU YaCTULIAMU
BOI. Takum o6pa3oM, Ha OCHOBaHUU TPOBEIEHHBIX
KCCJIEIOBAHUI MOXHO CIeJIaTh BBIBOM, YTO MCIOJIb-
30BaHNE Pa3/IUYHBIX YIJIEPOAHBIX HAMOJHUTECH
MO3BOJISIET TTOJIyYaTh KOMIO3UIIMU, PA3TUYAIOIINECs
10 CBOUM XapaKTepUCTUKAM.

Pa6ora BrITTOTHEHA TIpU oaaepkke Poccuiickum
Hay4YHBIM (oHIOM (TIpoekT Ne 22-23-003690).
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