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VJIK 538.971

VJAYYIIEHUE TOYHOCTH U3MEPEHUM TEILIOITPOBOJHOCTH U
TEMIIEPATYPOITPOBOJHOCTH HAHOKOMITIO3UTHBIX MATEPHAJIOB

Ky6enoBa Map:kan Maiukosna, ’basananos Maauk XaMHTOBHY,
lOpwirFanmyIer AnMar
e-mail: kubenova.m@yandex.kz
! Espasuiickuii nauponansusii yausepcurer um. JI.H. T'ymunesa, yn. Catnaesa 2, 010008
Acrana, Ka3zaxcran.
2V puMCKHii yHUBEPCHTET HAYKH U TEXHONOTHH, yiI. 3aku Bammmu, 32, 450076 Yda, Poccus

B nocnennue necsatuinerus ucciaenoBaHus B 00JacTH HAHOKOMIIO3UTHBIX MAaTepUaJIOB
(HKM) npusnekaroT 6omibllioe BHUMaHHE Ojarojaps UX BbLIAIOIIMMCS TEPMHUYECKHUM CBOICTBaM,
KOTOPBIE MOTYT OBITh HCIIOJIb30BAaHBI B PA3JIMUHBIX OTPACIISX, BKIIOYAs JIEKTPOHUKY, SHEPTETUKY U
MaTepHuaibl Ui XpaHeHus 3Heprud. OHUM U3 KIIHOYEBBIX [apaMeTpoOB, ONpPEEIIAIOUINX 0071acTh
MIPUMEHEHUSI TaKUX MaTEpUaJIOB, SBIISETCS MX TEIUIONPOBOJHOCTh U TEMIIEPATYPOIPOBOJHOCTD,
KOTOpbIE MOTYT 3HAUUTENIBHO OTJIMYaTbCcd OT CBOMCTB MaTpUYHOrO MaTepuana Ousarogaps
BHEJPEHUIO HAHOPAa3MEPHbIX HarosHuTene. OJJHaKO TOYHOCTh U3MEPEHUI ITUX CBOICTB OCTaeTCs
BaXXHOH MPOOJIEMOH, MOCKOIBbKY TPaJUIIMOHHBIE METO/Ibl U3MEPEHUH YacTO He MOTYT 3P PEeKTUBHO
YYUTBHIBaTh OCOOEHHOCTH HAaHOKOMIIO3MTOB, TAaKME KaK T'€TEPOT€HHOCTh CTPYKTYphl W HAJIN4HE
UHTEep(a3HBIX CIOEB.

Ha ceromnsmHuii neHb CyIIECTBYET MHOXECTBO MOJIXOJOB K YIYYIIEHUIO H3MEpPEHHH
TEIUIONPOBOAHOCTH U TemneparyponpoBogHocth HKM. OnHuM U3 HuX SIBIIsSIeTCS MCIIOJIb30BaHME
00J1ee TOUHBIX IKCIIEPUMEHTAIBHBIX TEXHUK, TAKUX KAaK METOJI Ja3epHOr0 UMIyJbca (ONTHYECKOE
METOAMPOBAHNE) U METOJ OBICTPBIX TEIUIOBBIX BOJH. Taike OosblIoe BHUMaHUE YAEseTcs
YHCJIEHHBIM METO/IaM MOJIETTUPOBaHUs, KOTOPbIE IO3BOJIIOT TOUHO YUYUTHIBATH MUKPOCTPYKTYPHbBIE
0coOeHHOCTH HaHOKOMIO3UTOB [1]. COBepIICHCTBOBaHHE STHX METOJIOB BAXHO sl pa3pabOTKH
MaTEpUajoB C YJIYYIICHHBIMH TEIUIOTEXHUYECKUMH XapaKTEepUCTUKaMU W PacCIIMpPEeHHs] HX
IIPUMEHEHHUS B PA3JIMYHBIX TEXHOJIOTHUECKUX MPOLIECCAX.

Kpome Toro, mpoGiema u3MepeHus TEIIONPOBOJAHOCTH U TemrepaTypornpoBogHocty HKM
OCJIOXKHSIETCS] HAIMYMEM MUKPOCKOIMYECKUX /1e(hEeKTOB, a TAK)KE B3aMMHBIM BIMSHUEM PAa3TUYHBIX
KOMITOHEHT MaTepuaia, yTo TpeOyeT pa3paboTK/ HOBBIX METOAMK, YUUTHIBAIOIIUX B3aUMOJICHCTBUE
Ha aToMapHOM ypoBHe [2]. Pa3paGoTka W yiydllieHHe dTHX METOJOB SBIISCTCS BaXKHBIM IIATOM B
MIPOJBUKEHIUHY HAaHOKOMIIO3UTHBIX MAaTEPUaJIOB B MPOMBIIIIEHHOCTb.

B pabote paccMOTpeHBI aKTyaJbHbIE METOJAbl M MOAXOJbl K YIYYIIEHHIO TOYHOCTH
M3MEpEeHUll TEeIIONPOBOAHOCTH U TEMIIEPaTypONPOBOJIHOCTY HAHOKOMIIO3UTHBIX MAaTe€pHalIOB, a
TaK)Ke MPEUI0KUTh HOBBIE ITyTH JUIsI TOBBIILIEHUS TOCTOBEPHOCTH JAHHBIX SKCIIEPUMEHTOB.

OcnepuMeHTalbHas 4acTh

W3mepeHus TEMJIOMPOBOJHOCTH M TEMIEpaTypONpOBOJHOCTH  TBEPABIX 00pa3loB
npoBoaminck Ha ipubope LFA 467 HT HyperFlash (NETZSCH, I'epmanusi), KOTOpbIil HCTIONB3YyET
METO/I JIA3EpHOU BCIIBIILIKH Ul OLIEHKH TEPMUUYECKUX CBOMCTB MAaTE€pPHAJIOB. DTOT METOJ SIBIISETCS
OJIHUM U3 HanboJiee TOYHBIX U PACIIPOCTPAHEHHBIX ISl U3MEPEHHUS TEIIJIONPOBOJHOCTHU B YCIOBUAX
BBICOKHX TEMIIEPATYP U JIJIsl MATEPHAJIOB C Pa3IMYHON MUKPOCTPYKTYpOii [3].

[Tpunuun padoTsl mprOopa OCHOBAaH Ha BO3ACHCTBUM HMMITYJIbCA JIA3€PHOTO CBETA HA OJIHY
U3 rpaHeil oOpasiia, 4To BbI3bIBaeT ero Harpes. IloBblmeHNe TemmepaTypbl Ha MPOTHBOIIOIOKHON
CTOpOHE 00pa3lia u3MepsieTcs ¢ UCIOIb30BaHNEM UHPPAKPACHOTO JIETEKTOPA, UTO MO3BOJISET TOUHO
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OTpENIeTNTh  TEIUIONMPOBOAHOCTh  Marepuana. Ilpubop LFA 467 HT coorBercTByer
MexayHapoanbiM crangaptam ASTM E 1461, ASTM E 2585, DIN EN 821-2, DIN 30905, 1SO
22007-4, ISO 18755 u ISO 13826, uro rapaHTUPYET BBICOKYIO TOYHOCTh U BOCHPOU3BOAMMOCTD
u3MepeHui [4].

[Tpubop ocHallleH KCEHOHOBOM JITaMIIOW-BCIIBIIIKON, KOTOpasi CIY>KUT UCTOYHUKOM CBETA, a
UMITYJIbCHI ATOH JaMITbl MOTYT OBITh TOYHO peryiaupyeMbIMH B auanazoHe ot 20 mxc g0 1200 mkc,
YTO TO3BOJISIET aNalTUPOBaTh METOJ I pasiuuHbix TuUnoB MmarepuaioB (NETZSCH, 2020).
Cucrema uMeeT BEPTHKAIBHYIO KOHCTPYKIIMIO, TJi¢ UICTOYHHUK CBETA PACIIONOXKEH BHU3Y, 00pa3ell
— B LIEHTpE, a JACTEKTOp, (PUKCUPYIOIIUN U3MEHEHUE TEeMIEepaTyphbl, — HaBEpXy. DTO MO3BOJISIET
paBHOMEpHO 00JyYaTh HIDKHIOIO TPaHb 00pasiia ¥ TOYHO M3MEPSTh TEIUIONPOBOAHOCTD, AXKE IS
MaTepUAJIOB C BBICOKOH TEMITEpaTyPHOM 4yBCTBUTEIBHOCTHIO [1].

MeTto/ J1a3epHOU BCIBIMIKA OTIUYAETCS BBICOKON UYBCTBHUTEIHLHOCTHIO U MHUHHMAIbHBIMH
TEPMUUYECKUMH TOTEPSIMH, 4YTO JIeTaeT €ero OCOOEHHO TMOJEe3HbIM JUIsl  HMCCIEAOBAHUS
HAaHOKOMITO3UTOB, OOJIAAIONINX CJIOXHOW CTPYKTYpOH ¥ HEOAHOPOIHBIMU TEPMHUYECKUMU
cBoiictBamu. OH TakKe IMO3BOJISIET MPOBOJAUTH M3MEPEHUS MPU PA3TUYHBIX TeMIIEepaTypPHBIX
peKHMAax, YTO BXKHO JUIS HCCICAOBAHUS TEPMUUYCCKUX XaAPAKTEPUCTUK HOBBIX MAaTEpPUAJIOB,
Hampumep, A pazpaboTKU TEPMOCTOMKHUX MOKPHITHI M KOMIIOHEHTOB /1711 BBICOKOTEXHOJIOTMYHBIX
npUMeHeHwi [2].

Takum oOpa3om, ucrnonb3oBanue mnpubopa LFA 467 HT HyperFlash ana wusmepenus
TEIIONPOBOJHOCTH M TEMIICPATYPOIPOBOTHOCTH TBEPIBIX 00PA3IIOB MO3BOJISCT MOTYYUTh TOUYHBIC
U HaJIeKHbIE JAHHBIE, KOTOPbIE MOTYT OBITH WCIOJIB30BAaHBI ISl MPOTHO3UPOBAHUS TOBEICHUS
MaTEPHUAJIOB B PA3JIMYHBIX IKCIUTYATAIIHOHHBIX YCIOBHUSX. DTOT METOJ| IIMPOKO MPUMEHSETCS IS
pa3paboTKK HOBBIX HAaHOKOMIIO3UTHBIX MaTepUajoOB U B 00JIACTH MUKPOIIEKTPOHUKHU, SHEPTETUKU
U IPYTUX BBICOKOTEXHOJOTUIHBIX OTPACIICH.

OObexkTOM HccnenoBaHus ObUTM BBIOpaHBI OMHApHBIE HAHOKOMITO3UTHBIE craBel CuzTe,
KOTOPBIA TPEACTABISIET cOO0W coenuHeHue meau u Temrypa ¢ dopmynoit CuzTe. DtoT crutaB
o0asaeT yHUKaJIbHBIMU TEPMODIJIEKTPUUECKUMU CBOWCTBAMH, YTO JIEJAE€T €ro MPHUBJIEKATEIbHBIM
JUTSI TPUMEHEHHSI B TEPMODJICKTPHUECKUX YCTPOHUCTBAX, TAKUX KaK TeHEPATOPHI U XOJIOAMILHUKH Ha
ocHoBe Ilenpthe. CurTe wWMeeT OTHOCUTENBHO HHU3KYI0 TEIJIONMPOBOJHOCTh M  BBICOKYIO
TEPMOIJICKTPUUYECKYI0 A(P(PEKTUBHOCTE B  OMPEACIIEHHOM TEMIIEpAaTypHOM JHAama3oHe, dYTo
CHOCOOCTBYET YNYUIIIEHUIO €r0 XapaKTePUCTUK MIPU UCIIOIb30BAHUM B HAHOKOMIIO3UTaX. BBenenue
HAHOYACTHI] WJITH JIPYTUX MATEPHAIIOB B CTPYKTYPY 3TOTO CIUIaBa MOXKET CYIIECTBEHHO MOBJIHSTH Ha
€ro TepMUYECKHE U IEKTPUUYECKUE CBOWCTBA, YTO PACHIMPSET 00IaCTh €ro MPUMEHEHHSI.

PaHee mpoBeeHHBIC WCCIICIOBAHMS MMOKA3aJi, YTO HAHOKOMIIO3UTHBIC CIUIaBBI HA OCHOBE
Cu,Te moryT obiagaTh 3HAYUTENBHO YIYYIICHHBIMU XapaKTEPUCTHKAMHU 32 CUET HCIIOIb30BaHUS
HaHOMOJU(HUIIMPOBAHHBIX 100aBOK, KOTOPBIE YIYUIIAIOT TEPMOIIEKTPUUECKYIO 3PPEKTUBHOCTD U
CTaOWUIBPHOCTh MaTepuana. OTH MaTepuaibl TPUMEHSIOTCS B pa3pabOTKe HOBBIX THUIIOB
TEPMODJICKTPUUECKUX TEHEPAaTOpPOB M CHUCTEM I TpeoOpa3oBaHUs TEIUla B DJIEKTPUUYECKYIO
srepruto [5, 6]. C yuérom cBoux cBoiictB, CuxTe sBisieTcss MEpPCIEKTHBHBIM KaHIUIATOM JUIS
pa3pabOTKX MaTEPHAIOB C BHICOKOH 3()(hDEKTUBHOCTHIO B 00JIACTH TEPMOIHEPTETUKH.

Ha puc.1 npuBenena temmnepaTypHasi 3aBUCUMOCTh TETUIOMPOBOIHOCTH KPYIMTHO3EPHUCTOTO
temutypuaa menu. [lo Benwmunae kodddumueHT TernonpoBoaHoctu CuzxTe HEHAMHOTO HUXKE, YeEM
HaOJTI01aeMble 3HAUYCHUs JIJIs CysibduaoB meau [7].

Ha0mromaemoe CHIDKEHHE kod(durmenta TETTOTIPOBOTHOCTH B OMHApHOM
HaHOKOMMO3UTHOM ciiaBe CuzTe cBsi3aHO ¢ yBenMueHUEM KoinyecTBa Ne(heKToB U (JOHOHOB B
CTPYKType MaTepHuayia, 4To MPHUBOJUT K OOJBIIEMY PACCESTHUIO TeIUla. JTO SIBICHUE XapaKTEPHO
JUIS MaTepuajoB C HAHOCTPYKTYpOH, /e B3auMojeicTBue ()OHOHOB C JedeKTaMu, TpaHUIlaMU
3epeH M HAaHOYACTHIAMH 3HAYUTEILHO CHU)KAET TErIonpoBoaHocTh [8]. Tlogo0HbIe H3MEHEHUS B
TEIUIONPOBOAHOCTH MOTYT OBITH CBSI3aHBI C TE€M, YTO HAa HAHOMACIITAOHOM YPOBHE 3HAUUTEIHHOE
BIIUSTHUE Ha TEIUIoNepeaady OKa3blBaloT Je(eKThl M (OHOHHBIC MeX(a3HbIC B3aUMOJCHCTBUSA,
KOTOpBIE MPEMATCTBYIOT A((HEKTUBHOMY IEPEHOCY TeTa.
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Pucynox 1 — TemneparypHas 3aBUCHMOCTb Kod(dunueHTa teronpopognoctu  CuzTe

Peskuii ckadok kod(duireHTa TermIonpoBOHOCTH IpH Temnepatype okoio 610 K moxer
ObITb OOYCIIOBJICH DPA3JIMYHBIMU (U3UYECKUMHU WM XMMUYECKMMHU IPOLECCAMH, CBA3AHHBIMU C
(ha30BBIMHU TIEpEXOJaMH WJIM H3MEHEHUSIMH B CTPYKType Mmarepuana. B cmyudae ¢ CuzTe, stoT
CKa4OK MOXET CBHUJIETEJIbCTBOBATH O IEPEX0/ie B HOBYIO (pa3y, UTO TaKKe MOXKET ObITh CBS3aHO C
M3MEHEHHSIMU B TETIJIOBBIX CBOMCTBAX TEJUTypa, KOTOPHIN SBJSIETCS KOMIIOHEHTOM cIutaBa. DazoBbie
nepexoasl B CuzTe Moryr BiIusATP Ha €ro TepMOAMHAMUYECKHE CBOWCTBA, BKIIOYAs
TEIUIONPOBOAHOCTD, YTO TOATBEPXKIACTCS HAOMIOACHUSIMU W3MEHEHHs TEIIONPOBOIHOCTH MpHU
Hepexo/iax uepes onpe/eeHHbIe TeMiepaTypHbie Touku [9].

Ha pucynke 2 nmpuBemeHa TeMmmepaTypHas  3aBHCUMOCTh  TEIJIONMPOBOIHOCTH
KpynHo3epHucroro temtypuaa meaun CuigrTe. B mpeacraBieHHOM Ha pUCYHKE TeMIIEpaTypHOM
nuana3oHe (pUCYHOK 2) HaOJl0aeTcsi MOHOTOHHOE CHM)KEHHE TEIUIONPOBOJAHOCTH C POCTOM
TeMIepaTypbl, Kak OObIYHO MPOMCXOJUT M JJsl TBEPAbIX TeJ BhILIE Temreparypsl Jlebas, xots u
QJIEKTPOHHAs] TMPOBOJAMMOCTh C TIOBBIIIEHWEM TeMIepaTypbl Bo3pactaeT. CliegoBaTenbHO,
pelIeTo4YHas COCTaBIAIONIAs TEMJIONPOBOJHOCTH JOJDKHA 3aMETHO CHHXKAThCS € POCTOM
TEeMIIEpaTypbl, 4TOOBI CHUKAIACh 0011as TEIIONPOBOIHOCTh MaTepHaa.
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Pucynok 2 — TemmeparypHas 3aBUCHMOCTh K03(p(pHIIMEHTA TETTONPOBOTHOCTH
KpynHokpucTtaumyeckoro CuigrTe

B nannoit paboTe paccMOTpeHbI COBPEMEHHBIE METO/IbI U MOJIXOABI K YIYUIICHHIO TOUHOCTH
U3MEpPEHUN TEIUIONPOBOAHOCTH M TEMIIEPATYpPONPOBOJHOCTH HAHOKOMIIO3UTHBIX MaTepHaliOB, C
aKLEHTOM Ha HcIoib3oBaHue MeToja JazepHoi Benbliku (LFA 467 HT HyperFlash) misa onenku
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TEPMUYECKHX CBOWCTB. [IprMeHeHHe TaHHOTO METOJa TI0Ka3allo CBOIO BBICOKYIO 3(h(eKTHBHOCTH
npu MUCCICAOBAHUHW HAHOKOMIIO3UTHBIX MATCPpHUAJIOB, TAKUX KakK 6HHapHBII>'I HAaHOKOMITIO3UTHBIN
criaB CuzTe, KOTOpBId MpencTaBisieT COOOW MEePCIeKTUBHBIA MaTepHai sl TEPMOIICKTPUICCKUX
IpWIOKEHUH. M3Mepenus, mpoBeeHHbIE C IIOMOIBIO BHICOKOTOYHOTIO 000pY10BaHUs, 103BOJIMIN
BBSIBUTH KIIIOYCBBIC AaCIEKThl TepMuUYeckux xapakrtepuctuk CuzTe, Takue Kak CHIDKEHHE
TETJIONIPOBOJHOCTH, CBSI3aHHOE C BIMAHHEM JAe()EeKTOB M Mex(pa3HbIX B3aUMOJCHCTBUH Ha
HaHOMAacITaOHOM ypOBHE.

Oco0oe BHUMaHUE OBLIO YJIEICHO MPOoOIeMaM, CBI3aHHBIM C BBICOKOW 4yBCTBUTEIHHOCTHIO
M3MEPEHUH M CIOXKHOCTBHIO Y4eTa MHUKPOCTPYKTYPHBIX OCOOCHHOCTEH, UTO SIBJISICTCSI BKHBIM ISt
TOYHBIX PACYETOB M MPOTHO3UPOBAHMS TEIUIOBOTO IOBEACHUS HAHOKOMIIO3UTOB. B pe3ynbrare
WCCIICIOBAHMSI TTOKA3aHO, YTO METO/IbI JIA3EPHOM BCIBIIIKU U JPYTHX SKCIICPUMEHTAIBHBIX TEXHUK
IIO3BOJIAKOT JOCTHUYb BBICOKOII TOYHOCTH IIpu UBMCPCHUHN TCILJIOIIPOBOJHOCTH, a TAKKC OTKPBLIBAIOT
HOBBIE TOPU3OHTHI JUIS Pa3padOTKM MaTepHajoB C YyIY4YIICHHBIMH TEPMHUYCCKUMH U
TEPMOIJICKTPUIECKUMHU CBOHCTBAMH.

Takum 00pa3oM, COBEpUICHCTBOBAHWE METOJMK HW3MEPEHUH TEIUIONMPOBOAHOCTH U
TEMIICPATYPOIIPOBOAHOCTU B COYCTAHHUH C I[aﬂbHefIIHHMH HCCICAOBAHUSAMHN MUKPOCTPYKTYPHBIX
0COOCHHOCTEH  MaTepualioB MO3BOJUT  3HAYUTEIBHO PACIIMPUTh  OO0JIACTH  MPUMECHEHUS
HAHOKOMITIO3UTOB B TAaKUX BBICOKOTCXHOJIOT'MYHBIX O6HaCT$IX, KaK JJICKTPOHHKA, DHCPICTHKA U
TEPMODJICKTPUYECKHE YCTpOiCcTBa. Pa3paboTka HOBBIX METOJOB HM3MEPEHUH M 0ojiee TOYHBIX
Mojenieli  OyJneT CHocoOCTBOBaTh CO3AaHUIO 3()(PEKTHBHBIX MaTepUANOB [UII MHOXKECTBA
WHHOBAIMOHHBIX TEXHOJIOTUH B Oy IyIIEM.
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