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METOJIUKA HUCCIEAOBAHMA BHYTPEHHEI'O TPEHMUSA
B PEXXUME CBOBOJHO 3ATYXAIOHIEI'O
KOJIEBATEJIBHOI'O ITPOLHECCA (YACTbD 1)

PaccmoTpeHs! 11enu 1 331241 B NCCIIEOBAHUAX JIOKAJIBHBIX AUCCUTIATUBHBIX MPOIIECCOB, MIPOSBISIEMBIX HA CIEKTPAX
BHYTPEHHETO TPEHHS B BHJE IMKOB MOTEPh, PACHONOKEHHBIX B PA3JIMYHBIX TEMIEPATYPHBIX WHTEPBAIAX U UMEIO-
IIMX KaK Pa3IMYHOE CTPYKTYPHOE MPOUCXOKICHHUE, TAK U PA3INYHbIA MEXaHU3M BHYTPEHHETO TPEHUSL.

Kn. ca.: cBoGonmHbBIE KOMeOaHHUs, JTorapuHMUIECKHIl TEKPEMEHT, TeMIIepaTypHas 3aBUCHMOCTb YacTOTHI, e(QeKT

MOAYJIA CABUT'A, IOI'PEITHOCTD U3MEPEHUA

BBEJIEHUE

B pa6ore [1] ObII0 TIpenCTaBIEHO YCTPOHCTBO IS
WCCIICIOBAHNS JIOKAJIBbHBIX IMCCUIIATUBHBIX HpOLIEC-
coB (BHYTPEHHETO TPEHHSA) B TBEPHAbIX MaTephaitax
Pa3INYHON XMMUYECKOU PUPOIBL, CTPOEHUS U CTPYK-
Typsl. BHyTpeHHMM TpeHHeM Ha3bIBaeTCsi MPOLECC
HEOOpaTUMOT0 paccesHUs B 00bEMe HCCIelyeMoit
CHCTEMbI YacTU 3HEPIHMM BHEIIHEro CHJIOBOI'O MEXa-
HUYECKOI'0 BO3JACHCTBUS, AehOPMHUPYIOLIETO 3Ty CHUC-
TEeMy.

JaHHOEe yCTpOMCTBO, MO3BOJISIIOIIEE KCCIEAOBATH
peakuuio Bcex 3JIEMEHTOB oOpasla marepuana B Au-
HaMHYECKOM PEXHME CBOOOAHO 3aTyXaroLIero Koje-
0aTenpHOTO Tpolecca, BO30OYKIaeMoro B HCCIEye-
MOi cucteMe (MaTepuale), IMpeacTaBisieT coboil Ma-
STHUKOBYIO KOHCTPYKLHUIO KaK FOPU30HTAJIBHOTO, TaK
1 BEPTUKAJIBHOTO UCIIOIHEHHUS.

Wzyuenne MHOrux (U3MKO-MEXaHHYECKUX Xapak-
TEPUCTUK B PA3IUYHBIX [0 XMMUYECKOW HPUPOIE,
CTPOEHMIO U CTPYKType MaTepHajax OCHOBAHO Ha HUC-
CIIEIOBAaHUN I1apaMETPOB IMEPEXOAHBIX IPOLIECCOB
OT OJHOTO PaBHOBECHOTO WJIM HEPAaBHOBECHOIO CO-
CTOSIHHS K JAPYIOMY PaBHOBECHOMY cocTosiHMIO. [lu-
HaMUYECKHE XaPAKTEPUCTUKH 3THX IEPEXOIHBIX MpO-
1IECCOB OIEHUBAIOTCS 110 KOA(PHUITHEHTaM TTepEeXOTHBIX
(YHKIHMH, TIPEICTABIBIIONINX COOOH PEaKIHI0 CHCTEMBI
KaKk Ha M3MEHEHWs] BHYTPH CaMOH CHCTEMBI, Tak
U Ha U3MCHEHHWE BHEIIHHUX BO3JCHCTBHUN Ha 3Ty CHC-
TeMy. 1lo MHTEHCHMBHOCTM HM3MEHEHHs MapaMeTpoB
NepexonHbIX (PYHKIMHA MOXKHO MOJIIYYUTH ONpeesIeH-
HYI0 MH(OpPMaLUI0 O CTPYKTYpE HCCIIEAyeMbIX CHC-
TeM. Hannuue nepexoqHbIX MPOLIECCOB OT HEpPaBHO-
BECHOTO K PaBHOBECHOMY COCTOSHHIO HEKOHCEpBa-
THUBHOW CHCTEMBI MNPHUBOJUT K TEPMOAWHAMHYECKOH
HEoOpaTHMOCTH JaHHOTO Ipolecca U, KaK CIIEICTBHE
BHYTPEHHEr0 TPEHUs, AMCCUIIALUK B HCCIELyeMOn
CHCTEME YacTH HEPTHH BHELIHETO CUJIOBOI'O BO3JIEH-
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cTBUs. KonnuecTBEeHHON XapaKTepUCTHKOM IuccuIia-
MW DHEPTHH B CHCTeMe siBiserca KodddummeHT mo-
riouieHust ¥, cBA3aHHBII C IPYrUMH JUCCUIIATUBHBI-
MU XapaKTEePUCTUKAMH CIECAYIOIINM COOTHOIIEHHEM

(1)

rae AW u W — Benn4uHbl HeOOPaTUMO PACCESIHHOM
U TOABEICHHOW K CHUCTEME JHEPIUU COOTBETCTBEH-
H0; O~ — BHyTpeHHee TpeHue; § — yron casura ¢a-
3bl MEKAY BHELIHUM BO3IEHCTBHEM U OTKIMKOM CHC-
TEeMBI Ha STO BO3AeWcTBHE — nedopMmaruen € 4 —
morapu(pMHUYECKUl JeKpeMEHT 3aTyXaHdhs Koieba-
TEJILHOI'O TpoLecca.

B kauyectBe Mepsl BHYTPEHHErO TPEHHUS B 3TOM
Cllydae MOXET OBITh WCIONIB30BaH JIOTapH(PMITIECKIit
JNEKPEMEHT A 3aTyXamouLero Koje0aTeabHOro Ipo-
mecca (puc. 1), 9TO TO3BONSET IKCIEPUMEHTAIHHO
MOJTY4UTh TEMIIEpaTypHbIE 3aBHCHMOCTH JUCCHIIA-
TUBHBIX TIOTepPb (CHEKTPhl BHYTPEHHEIO TpPEHUS

A=f(T)) u TeMIepaTypHblc 3aBUCHMOCTH H3MEHE-

Huss gactotsl v = f(T) CBOGOZHOrO 3aTyXaroLIero
Kosie0aTeTbHOTO Tpoliecca, Bo30YKIEHHOTO B 00pa3-
e wuccieqyemMoro Marepuana. Jlorapudmudeckuit
JNEKPEMEHT A BXOOUT B YpaBHEHHUE, ONMCHIBAIOILEE
KoJIe0aTenbHbIH MpoLecc, B BU/IE

P(1) = P exp " =, €XP —(ijt : 2)
T

raie ¢, 4 ¢(t) — aMILIMTYAHBbIE COOTBETCTBEHHO
MaKCHMAITbHOE M TEKYIIlee 3HAUCHHUS yIila 3aKpy4nBa-
HUS HE3aKPEIICHHOT0 KOHIA UCCIeyeMoro o0pasiia;

f — xoadduunent zatyxanus; € — nepuon koneda-
TEJILHOIO TIpoLiecca; ¢ — BpeMsl.
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Puc. 1. Cxema, onuceiBaronias B 00IIHX
yepTax CBOOOIHO 3aTyXaroummid Koieba-
TEJILHBIN npotiecc, BO30YyXKIaeMblii
B HccienyeMoM marepuaie [1].

a — BO30yKHeHHE KOJIeOaTeNpHOro
mpoliecca B UCClienyeMoM o0pasiie mpsi-
MOYTOJIFHOT'O TIOTIEPEYHOTO CEUCHHS;

0, B, T,  — SIIOPHI 3aTyXafOLIEro KoJe-
OaTenpHOrO mporecca

,C

P(1) = P EXP[—(ﬂﬁ')] = ,.x €XP —(%Jr
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U3 coorHomenus (2) MOXXeT OBITH OIMpEeeNeH Jo-
rapuMUYecKuid TIEKPEMEHT KoIe0aTebHOr0 MpoIiec-
ca B BHJE:

1
A =—ln Lo 3)
o o(t)
rie n — YHCIOo KolebaHWil MeXIy KoieOaHueM,

MMEIOIMM aMIunTyay ¢(7), u KomeOaHHeM, UMero-

UM aMIUIMTYOy @, . , BO BPEMEHHOM pa3BepTKe KO-

nebarenpHOrO mporuecca (puc. 1, B).

Jns xaxaoi Temneparypel I mccienoBaHus Oy-
JIeT UMETh MECTO CBOS BPEMEHHa s pa3BepTKa Koneba-
TENBHOTO Tporecca (cooTHomeHne (2) U cBoe 3Hade-
HUE JIorapu()MHUUECKOro IeKpeMeHTa A, a Takke
U CBOE 3HA4YEHHE YacTOThl V KOJIEOATEIBbHOIO Mpo-
1ecca, BO30yKJ1aeMoro B HiCCIenyeMoM oOpasiie. ITo
MO3BOJIIET TONYYUTh 3KCIIEPUMEHTAJIbHbBIE CIEKTPHI

BHyTpeHHero tperus A=/ (7T) u TemmepaTypHy:o
3aBHCHMOCTh YaCTOTHI KOJIeOAaTelbHOro TpOIECcca,
BO30y>K1aeMOro B ucciexyemom odpasue v = f (7).

Uccnenosanme QUCCHUIIATUBHBIX SBIIEHUH II0 aHa-
U3y CHIEKTPOB BHYTPEHHErO TPEHUS B Pa3IAIHBIX
M0 XMMHYECKON MpHUpO/ie MaTepuajax ITOKa3bIBaer,

4TO Ha CIeKTpax BHyTpeHHero tperust A= f(T) mo-

KeT HaONoaThCs KaK MOHOTOHHO BO3PacCTAOMINIT
(GOH IMCCUTIATUBHBIX MOTEPh (P TTOBBILICHUH TEM-
nepaTypbl), Tak U TUKU 1OTEpPhb, HAKJIAIBIBAIOIINECST
Ha Bozpacrtarommii ¢oH BHyTpeHHero tpenus (IIpu-
noxenwue, puc. [11-114).

®OPMYJIMPOBKA ITPOBJIEMbI

AHanu3 JKCHEPHMEHTAIBHBIX CTIEKTPOB BHYTpPEH-
Hero tperust A= f(7) nokassiBaer, 4To Hambolee

"mpocThIM" CHEKTPOM 007a1af0T YHuCcThIe Oe3nedeKT-
HBIE MOHOKPHCTAJUIMYECKHE METaJUIMYecKne MaTe-
pHaibl, JIs KOTOPBIX AWCCHUIANMUS YacTH SHEPrHH
BHEIIHEr0 CHJIOBOT'O BO3JCHUCTBHS NPEICTaBIISETCS
B BUjie ()OHa BHYTPEHHErO TPEeHUA. DTOT (OH MOHO-
TOHHO BO3pacTaeT MpU MOBBIIICHWH TEMIEPaTyphl

BIUIOTH 1O Temieparypsl (aszoBoro mepexoma 7T,
u pesko Bospacraer npu 7 >T7, [2-14] (Ilpunoxe-

Hue, puc. [11).

HccrenoBanne aHANOTMYHBIX 3aBUCHMOCTEN IS
OecIprMECHBIX, HO C Pa3IMYHBIMH ''CTPYKTYPHBIMH
neexTaMu" MOHOKPHCTAUTHYECKHX METallIoB, II0-
JUKPUCTAJUINYECKUX METAJUIOB U CIUIABOB, HEOPTaHU-
YECKUX KPHUCTAJJIOB, CTEKIOO0pa3HBIX HEOpraHuue-
CKHX M BBICOKOMOJIEKYJISIDHBIX IOJHMEPHBIX CHUCTEM
BBISIBJIICT HAJIMYHME i-T0 KOJIMYECTBA MAaKCHMYMOB

A, ToTepb Ha MOHOTOHHO BO3pacratoiieMm (oHe

lmax

BHyTpeHHero Tpennst A= f(T), u KoTopble pacrona-

raloTcs NP TeMIlepaTypax Kak TBEPJOro arperaTHoro
COCTOSIHUSI, TaK M KUAKOTO arperaTHoro COCTOSHUS
UCCIIEeAyeMBIX cHcTeM. To e caMoe OTHOCHTCS
U K BBICOKOMOJIEKYJISIPHBIM HOJUMEPHBIM CHCTEMaM,
HaxomauwMcs (1o onpenenenuto akaa. B.A. Kapruna)
B TBEPIOM U BA3KOTEKY4eM (DU3MUIECKHX COCTOSHHMSX.
ITpu 5TOM ClleryeT OTMETHTh, YTO IPOSBICHHE Ha-
JMYHS {-TO KOJMYECTBA MAKCHMYMOB ~ TIOTEPh Ha MO-
HOTOHHO BoO3pacTaronieM (oHe BHYTPEHHETO TPEHUS

A= f(T), KOTOpble PacIONArarTCs IpPH TEMIIEpATy-

pax TBEpPAOTro arperaTHoro cocrtosHus (puc. 2),
HE TO3BOJSIET JUIA ONHCAaHHA WX (HU3HKO-MeXa-
HUYECKUX XapaKTEPUCTHUK HCIOIB30BaTh OCHOBHYIO
JMCCHUTIATUBHYIO XapaKTEPHUCTHKY, a UMEHHO €€ TeM-

nepatypHoe usmenenue ssskoctu 1 = f (7).

Comnocrasnenne crnektpos A= f(T)(puc. 2, a)
C COOTBETCTBYIOIIMMH TEMIIEPATyPHBIMH 3aBHCHMO-
cramu Bsskoctn 7= f(T)(puc. 2, B) moKasbiBaer,

9YT0 HaOJrozaeMble B 3THUX CHCTEMax IHKH AWCCHIIA-
TUBHBIX TIOTE€Pb HAaXOAATCS NPHU TeMIepaTypax, MpH
KOTOPBIX HKCIEPHUMEHTAIbHOE 3HA4YEHUE BA3KOCTH ]

He ompeneneHo. OHO WMeeT 3HAYMTENHFHO OOoJbIlee
3HAYEHHE, YeM 3HAa4YeHHE, COOTBETCTBYIOIIEE Mepexo-
Ty CHUCTEMBI M3 BSI3KOTEKYYEro CTPYKTYPHO-KHIKOTO
COCTOSIHMSI B HEPaBHOBECHOE '3aMOpO)KeHHoe'", T.e.
TBeproe cocrosHue [15]. B ornuume oT BS3KOCTHBIX

xapakrepuctuk  uccnenyempix cucrem 1= f(7),
OKa3bIBAETCS BO3MOXKHBIM COTIOCTAaBIEHHE KaK CIIEK-
Tpa BHyTpeHHero Tperns A= f(T) cuCTeMBI B LIEIOM

(Mozenp OAHOPOOHOIO HENPEPBIBHOIO CIUIOLIHOIO
Tena), TaK ¥ COIOCTABIIEHHUE C JIOKAJIbHBIMU JANCCHIIA-
TUBHBIMH TIOTEPSMH, NPOSABISIEMBIMH HA ITHUX CIIEK-
Tpax B Pa3jIMUYHBIX MHTEpPBAlIax TEMIIEpaTyp B BHIE
MUKOB IOTEPh Pa3IMYHON HHTEHCHBHOCTH (MOZIEINb
aTOMHO-MOJIEKYJISIPHOI'O CTPOEHHS CHCTEMBI), B 4acT-
HOCTH C COOTBETCTBYIOIIMMH 3KCIEPHUMEHTAIbHBIMHU
TEeMIIepaTypPHBIMH 3aBHCUMOCTSMH M3MEHEHHS 4acTo-

1 v=f(T) (puc. 2, 6) CBOGOIHOrO 3aTyXarOLIEro

Kosie0aTeTbHOTrO Tpoliecca, BO30YKIEHHOTO B HCCIIe-
JyeMOU CUCTEME.

Kak n3BectHO, yacToTa KonedaTenbHOro mpouecca,
BO30YX/TaeMOro B 00pasIie ucciaeryeMoro MmaTepiana,
3aBHCHUT HE TOJBKO OT TIeOMeTpuu (T.e. MOMEHTa
nHepuuu [ ) 3Toro odpasma, HoO U OT MOIYJS yIPYTo-
cTi (MOAyNs CIBWTA) MaTepualia dToro oopasia, T.e.
G ~v’. KpoMe TOro, TepMOJIMHAMUYECKHE PACUETHI
TEMIIEPaTypHOH 3aBHCUMOCTH MOAYJS YHPYTOCTH
METaJJIOB [1OKAa3bIBAIOT, YTO MOIYJb YIPYTrOCTH (MO-
oynb capura () IpH IOBBILIEHUH TEMIIEPATyphl
OT KPUOI'CHHBIX 3HAYCHUH 0 TeMIepaTypbl KpUCTa-
nu3anmu I, MOHOTOHHO CHMKaercsa Ha 2—4% Ha Ka-

HAVYYHOE ITPUBOPOCTPOEHME, 2023, Tom 33, Ne 4
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xaele 100 rpamycoB TIOBBIMICHUS TEMIIEpPAaTypbl — HCCIEAyeMoro olOpasna HW3MEHSeTCs C H3MEHEHHEM
(puc. 2, 1, mrpuxoBas kpuBas 1) [16], T.e. G =  TeMmIepaTypbl HE3HAaYUTEIbHO, MOXKHO TIPUHSATE!

=f(1,v2, T). C y4eroM Toro, 4ro MoMeHT uHepuun G zf(Vz, T)-

n,Ila-c

S
~

>
/

K

Puc. 2. Cxematnueckoe 00001eHNE:

a — CIeKTpa BHYTPEHHErO TPEHHs JIA i-T0 KOJMYECTBA IHMKOB JIOKAJBHBIX AUCCHIIATUBHBIX
MOTEpB;

0 — TemmepaTypHOH 3aBHCHMOCTH YacTOTHI V , CBOOOJHOIO 3aTyXalOMIEro KOoie0aTeIhHOro
nporiecca, Bo30yXJaeMoro B HCCIEAyeMOM 00pasIie;

B — TEMIIEpaTypHOH 3aBUCHMOCTH BSI3KOCTH CHCTEMBI;

I — TeMIIepaTypHOU 3aBUCUMOCTH MOAYJIA ciBUra G MaTepHuaia HcciaeayeMoro oopasia

HAYYHOE ITPUBOPOCTPOEHME, 2023, Tom 33, Ne 4
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B obnactu temneparyp creknoanus 7, win T,

(s amopdHBIX MaTepranoB) HaOIOAaeTcss WHTEH-
CHBHOE yMEHBIIIEHHE BEIWYMHBI MOIYJS YIPYTOCTH

Ha TemrepaTypHoil 3aBucumoctd G = f (T ) Ipu

3TOM JUISI HU3KOMOJIEKYJISIPHBIX MaTepHaIoB 3HAUCHNE
MOyl YOPYTOCTH CHHJKAeTCS OT BEIWYMHBI, COOT-
BETCTBYIOIIEH 3HAYECHUIO MOJYJIS JJIsl TBEPJIOTO arpe-
raTHOTO COCTOSIHUS, IO BEJTMYMHBI, COOTBETCTBYIOMIEH
MOJTYJTIO YIIPYTOCTH (CABUTA) B KHUIKOCTH.

JIst BBICOKOMOJIEKYJISIPHBIX TOJMMEPHBIX Mate-

puanoB B obmactu Ttemmeparyp 7, (Temmeparypa

CTEKJIOBaHMS) TaK)Ke HAOIOMAeTCsl CHIDKEHUE BEJTH-
YHHBI MOJYJISl YIPYTrOCTH, HO HE JIO0 3HAYEHUS, COOT-
BETCTBYIOIIETO  MOJYJIO  YIPYrOCTH  KHJKOCTH,
a JI0 3HAYCHHS MOJYJISl YIIPYTOCTH BBICOKOJIACTUYHO-
ro cocrosuus Gy, , a MU JaJIbHEHIIEM MOBBIILICHUH
TEMITePaTyphl JI0 3HAUCHUS BA3KOTEKYUEH JKUIKOCTH.
Takum 00pa3oM, Ha TEMITEPATYPHBIX 3aBHCHUMO-
CTSIX 4acTOTHI (pHC. 2, 0) M COOTBETCTBEHHO MOIYJIS

G =f(T) (puc. 2, r) HaGIIONACTCS OTKIOHEHHE DKC-

MEPUMEHTANBHON KPUBOM YacCTOThI OT €€ TeopeTHue-
CKH pacCuMTaHHOro 3HaueHus. CienoBaTelbHO, Ha TEM-
NepaTypHOM 3aBUCHUMOCTH MOIYJSl YIPYIOCTH (CIOBH-
ra) Oymer HaONIONATHCS aHAIOTUYHOE OTKIIOHEHHE,
KOTOpOE COOTBETCTBYET PAa3HOCTH MOAyJeH ympyro-
CTH TBEPIOI'0 arperaTHOro M BBICOKO3JIACTHYECKOI'O
(hM3HUECKIX COCTOSHUN MTOTUMEPHON CHCTEMBI.

[anbHeillliee NOBBIILIEHUE TEMIIEPATYpPbl 0 TEM-
nepaTypsl Mepexoia U3 BhICOKORIACTUYECKOrO B BS3-
KOTEKydee COCTOSHHE NPUBOIUT KO BTOPOH TemIepa-
TYPHOI 30HE HHTEHCHUBHOI'O CHYKEHHS MOLYJISl yIIpY-
rOCTH.

Crnenyer oTMETHTh, YTO €CIIM TeMIepaTypa AecT-

pykuun 7, monumepa HHKe TEMIEPATYpPbI IEPEXoaa
B BsI3KOTEKy4ee cocrostiue Ty, T.e. (T, <T, ), T0 3aBHU-

cumocts G = f(T) B 9TOM MHTepBale TeMIepatyp
MOXKET OBITh OoJiee CIOXKHOW, YeM B CiIydae, Korja
(T,>T,).

B ob6macTtu TBepaoro arperatHoro cocrosiHus (7' <
« T,) (puc. 2, a) OCHOBHBIM MapaMeTPOM, XapaKTepH-
3yIOIIMM 3TO COCTOSHHE, SIBIISIETCS MOIYNb YIPYro-
CTH, KOTOPBIH B CaMoM OOIIeM ciydae Uil aHW30-
TPOITHBIX CHUCTEM MOKET ONpPEIesThCs 3aKOHOM [y-
Ka, IIPE/ICTAaBIISIEMbIM B BUJIE:

o, =G, €, 4)

ij ijkl
rae O-i/' — KOMITOHEHTBI TE€H30pa HaIlPsSHKEHHA COOT-

BETCTBEHHO, BO3HHUKAIOIIIE B UCCIELyEMOM MaTepua-
Je IpH ero AepOPMUPOBAHMM HAa BEIUYUHY &

G, — KOMIIOHEHTbI TEH30pa MOJLYJICH YIPYTrOCTH.

B o0macTH KHIKOTO arperatHoro COCTOSHHS
(T>T,) (puc. 2, a) wmn (T >7,) OCHOBHBIM Mapa-

METPOM, XapaKTEepU3YIOUIMM 3TO COCTOsHHE (pHcC. 2,
B), ABIISIETCSA BA3KOCTH, KOTOpAsi B CAMOM OOIIIEM CITy-
qae MOXKET OINpPEAeNAThCs M3 COOTHomeHus HaBbe —
Crokca (060o0menHoro 3akona HeroToHa) B BHIE:

Oy =Ny €us (%)
. de d .
rae | £, Uy = =&, £ — KOMIIOHEHTHI TeH-

30pa ckopoctH aehopManuud (CKOPOCTh CMEIIEHHS
OTHOCHUTEIBHO JAPYr JApyra CTPYKTYpHO-KHHETH-
YECKUX EIMHUI[ MCCIENyEMOTO MATEpUana); 1,
KOMIIOHEHTHI TEH30pa BSI3KOCTH.

[Tpu cTpemiieHHH KOMITOHEHTOB TEH30pa BSI3KOCTH

r’i/'kl —> 0 CKOpPOCTb CMCHICHHA OTHOCUTCIBHO OpYyT

Apyra CTPYKTYPHO-KMHETHYECKHUX CIMHHI[ UCCIIeTye-
MOro marepuana crpemutcs K &, — 0, T.e. moaBmx-

HOCTh CTPYKTYpPHBIX DJIEMEHTOB B JIaHHOH CHCTeMeE
IpeKpaIaeTcs.
Takum obpasom, npu temneparypax (7' <7, ) unu

(I'<T,), T.e. B 001aCTH TBEPAOrO arperaTHOro Co-
CTOSIHUS TIPH MOBBILICHHH TeMIepaTypsl ot 0 1o 7,

wim T, TeopeTHYecKU OIKEH HaOIoIaThesl BO3pac-

Tarouii GoH moTeps (puc. 2, a, MTPUXOBAS JIMHHS)
1 He HaOMIoaThCsl HUKAKUX ITHKOB I1OTEPb.

OnHako 3KCIepUMEHTaJbHBIC JAaHHBIE MOKa3bIBa-
10T, YTO TAKOE€ TUCCUIIATHMBHOE IIOBEIECHUE HCCIIEnye-
MBIX CHCTEM XapaKTepHO TONBKO i Oe3medeKTHBIX
MOHOKpUcTauinyeckux  meramwioB  (IIpunoxenue,
puc. I1l, xpuBas 1). Jlns Bcex Apyrux marteprajoB
B 3TOM HMHTEpBaje TEMIIEpaTyp MOXKET HaOII0AaThCS
or 1-2 no 10-12 nokanbHBIX MO TEMIIEPATYPHOMY
WHTEpBAJLy CBOErO IpPOSBJIECHUS IHUKOB JUCCHUIIATHUB-
HBIX TIoTeps [12-14, 17].

U3 storo ciemyer, yTo AJS ONMUCAHUS JOKAJIBHBIX
IMCCUIIATUBHBIX MPOLIECCOB, MPOSIBIISIOIINXCSA B JIaH-
HBIX MHTEpBaJlaX TeMIIepaTyp, UCIIOJIb30BaHUE BSI3KO-
cte (puc. 2, B) U MOAYIS YIPYrocTH E (Wil MOy
cagura (G ) Bcell CHCTEMBI, pacCMaTpHBaeMOll C MO-
JENBHBIX IPEICTABICHUN CIUIOIIHOW  OAHOKOMIIO-
HEHTHOM, Oe3/1eeKTHON M30TPOITHOM Cpelbl, He Mpe-
cTaBisieTcss BO3SMOXKHBIM. B TO ’xe Bpems kiaccuue-
CKasi TEeOpUsl PACHPOCTPAHEHHS YINPYrod BOJHBI
B CIUIOIIHBIX TBEPABIX U BS3KUX TEIUIONPOBOIHBIX
U CKMMAaeMbIX cpelax, B IEPBOM NPHUOIMKEHUH, CBS-
3pIBaeT KOX(PPUIMEHT MOrIomeHus (T.e. TUCCHIIA-
TUBHYIO XapaKTEPUCTHKY) MMEHHO C BSI3KOCTHBIMHU
xapakTtepucTukamMd (0OBEMHONW M CHABUTOBOW BS3KO-
cTb10), TeroeMkocTsio (C, u C,), TeIIONPOBOAHO-

cteio [18, 19].

HAVYYHOE ITPUBOPOCTPOEHME, 2023, Tom 33, Ne 4



METOJMKA MNCCIEAOBAHNMSA BHYTPEHHEI'O TPEHUA 65

BosHukaer BoIpoc 0 TOM, Kakue K€ AUCCUIIaTUB-
Hble U YIpyTHe XapaKTepUCTUKH HEOOXOAWMO HC-

noNb30BaTh  Opu  Temmeparypax (7'<7,) wnan

(I'<T,), T.e. B o0macTu TBEPAOTO arperaTHOro Co-

CTOSIHMS, JUI ONMCAHUS JOKAIbHBIX IUCCHUIIaTUBHBIX
MPOLIECCOB, HAOMIOAAEMbIX HA CIIEKTPaX BHYTPEHHErO

tpernst A= f(T), J1sl CUCTeM, KOTOPbIE HE SIBIISIOTCS

OJTHOKOMITOHEHTHBIMH, Oe37e(eKTHEIMI U W30TPOII-
HBIMU.

[Ipexxie yeM NPOBOAUTH TEOPETUUYECKUN aHAIN3
IpUPOAbl HAaOJIIOJAEMBIX Ha IOJYYEHHBIX CIIEKTpax

A=f (T ) Pa3IMYHbIX JIOKAJIBHBIX JUCCHUIATUBHBIX

MPOLIECCOB, ONPENEIUM IOTPEIIHOCTh H3MEpEHUH
JAHHOT'O YCTPONCTBA.

O TOYHOCTH U3MEPEHUI

Meron BHyTpenHero tpenus (BT) B pexxume cBo-
00IHO 3aTyXarIero KoiedaTeNpHOro Iporecca sB-
JSIeTCS BBICOKOUYBCTBUTEIBHBIM METOZOM, YTO TO-
TBEP)KIAETCA SKCHEPHMEHTAIBHBIMH HCCIIEI0BAHUS-
mu A=f(T) u v=/f(T) CIpyKTypHBIX IIEPECTPOCK
npu (a3oBBIX TEPEXoiax B CErHETORIEKTPUYECKHX
KpUCTAIUTHYecKnX cucremax [7]. OmeHka YyBCTBH-
TEIbHOCTH METOJa B CAMOM OOIIEM BUAE MOXKET ObITH
npoBezieHa Ha 0a3e MONyYeHHBIX IMHKOB JHCCHITATHB-
HBIX  TIOTepb, NPEACTABIEHHBIX HAa  CIIEKTpe

O = f(T) ans turanara 6apus BaTiO, (puc. 3).

-150 -50 50

Puc. 3. Criekrp BHyTpennero tpenus Q' = f(T) u Tem-
nepaTypHas 3aBHCMMOCTh 4acTOTBI CBOOOIHO 3aTyXaro-
mero mpouecca f*=f(T) ama BaTiO, (1m0 nanHBIM
pabortsr [7])
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HOHY‘ICHHOC OKCIIEPUMEHTAJIIBHOEC 3HAYCHHUC [JId
IINKOB JUCCHUIIAaTUBHBIX IOTEPH Ha CIICKTPE

Q"' =f(T) (puc. 3) nexur B UHTEpBaIC 3HAYCHHI

O'=tgd A 10 +107°, nosToMy, y4uThIBas 00-
n

111ee COOTHOMIEHHE JIIsl XapaKTEPUCTHKU BHYTPEHHErO

TpeHus B Buje [8]:

ImG (i0)  G"(®) _ &gy

ReG'(iw) G'(iw) ¢

(6)

ynp

rie G (iw), G'(w), G"(®) — KOMIIEKCHBIH MOTYITH
CIIBUTa, MOAYJb CIABUIa U MOAYJb IOTEPh COOTBETCT-
BEHHO; &,,,., &,, — HEYNPYyras W ynpyras KOMIIO-
HEHTHI e opMaluy oopasia.

Ammuntyna ymnpyrod aedopmammm obpasna mpu
ero 3aKpyYMBAaHMM OTHOCHUTENIBHO MPOAOJIBHOH OCH
Ha yron ¢ =1° (puc. 1, a) cocrasiser

-5 —6
Ymp ~ Epmp =107 =107 [1], cnenosarensHo, u3 coor-
-2 -5 -7
~ &y 107107 =107
[TonyyeHHO€e 3HaYEHHE YYBCTBUTEIBHOCTU YCTPOUCT-
Ba (¢, ~107) mo3Bonser pUKCUPOBATH HEYIPYTHE

HomleHus (6) cienyer y, ..

Heynp
nedopmManu KpUCTAINIMYECKOM PELIeTKH, CBsI3aHHbIE
C TIOABUXKHOCTBIO ATOMOB U MOJIEKYJI IIPH UX PEAKLIUH
Ha BHEIITHEE BO3JICHCTBHE.

Ha npumepe nomnmermnverakpunata (IIMMA)
[12]; [20, c. 43] paccMOTpeH pEKHM aMIUIUTYIHO-
He3zaBHcUMOTo BHyTpeHHero Ttperus (AHBT) mpum
pa3INYHBIX AMIUIMTYIHBIX 3HAYEHUSAX yria ¢, - 3a-
Kpy4MBaHUs 00pa3la M MOIy4aeMbIX IPU 3TOM BEJH-
YUH OTHOCHTEIBHOW nedopmanuu y, . W BEITHYHHBI

HANPSKCHUH Oy, BOSHUKAIONIMX TPH 9TOM B Irpa-
HUYHBIX IIJIOCKOCTSIX MCCIEAYeMOoro oopasua:

Prax =1% Vo =1.5:1075 0 =1.5-10°TIa;

Py =0.5% 7, =7.5-10%; 0 =7.5-10"Tla.

Ur

(7

Kpome paccMOTpeHHBIX BEIWYMH MOIPELIHOCTH
1 4yBCTBUTEIBLHOCTH JAHHOI'O METOJIA, CIEAYeT TaKxKe
MPOBECTH AHAIM3 BEJIWYMHBI IOTPELIIHOCTH H3Mepe-
Huii BT, BbI3BaHHON mnepenanom Ttemmnepatyp AT
Ha BHYTPEHHUX M BHEIIHUX I'PaHHULAX HCCIELYyEeMOr0
oOpasma, T.e. TIO TIONIEPEYHOMY CEUYEHHIO 00pasia,
3a(pMKCUPOBAHHOTO B 3a)KMMaxX KoieOaTemsHOW CHC-
TeMbl ycTpoiictBa. JlaHHBIA aHanmM3 OBLI TIPOBENEH
Ha CErHETORJIEKTPUKAX Ul HCCIENOBAaHUN BHYTpEH-
Hero TpeHus ()a30BOro MexaHHW3Ma IUCCUIATHBHBIX
noreps [7]. [Ipu aTOM KBazpaTHOE TIOIIEpEYHOE cede-
HUEe (C Ienpl0 YIPOIIEHHS pPacyeToB) 3aMEHSIIOCHh
B pacdeTax TEOPETUYECKUM CEUYEHHEM B BHJE OKPYXK-
HOCTH ¢ pamuycoM r=1.5 mMm. Hanmuwme mepenana
temrepatyp AT 1o paauycy HONEPEYHOrO CEYEHUS
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o0pasia JIOKHO MPUBOIUTH K TOMY, UTO MHKH IO-
Tepb Ha crektpe A= f(T'), cBssaHHble ¢ (pa3oBbIMU

CTPYKTYPHBIMH TI€pEXOJaMH Ha BHEIIHHX CIOSX 00-
pasna, OyAyT MPOUCXOAWTH paHbIle, 4eM (Ha3oBbIe
TIpeBpaIIeHns] Ha BHYTPEHHUX O0JACTIX. DTO MOXET
NPUBECTH K PACIIMPEHHUIO TEMIIEPaTypHOTO MHTEpBa-
Ja TpPOSBICHUS TIMKAa JHCCHIATUBHBIX IIOTEPh
Ha CIIEKTpe, YTO, B CBOIO OYepelb, NMPHUBEAET K pac-
MIMPEHNIO HETPEPHIBHOIO CIIEKTpa BPEMEH pelakca-

win H(7) storo mpouecca. Ilepenan Temmeparyp

OTIpeNeNnsyics Ha MpuMepe KepaMuku  (puc. 3) 1o co-
OTHOIICHUIO:

ro2
AT~1T7 Losec, (8)
2 x
2
e [T:d—Tj, z=7-10" S R TeMIiepaTy-
ds c
. . K
ponpoBogHocts kepamuku BaTiO,, T=20 — —
MUH
CKOPOCTh HM3MEHEHHUSI TEeMIIePaTyphl OKPYKarolei

Cpenpl.
YuuTeiBas, 4TO TEMIEPATypHbIH HMHTEpPBaJ IHUKA
IUCCUIIATUBHBIX MOTEPh HA CIHEKTPE BHYTPEHHErO

tpenust (puc. 3) npu mnepexoxe cucrembr BaTiO,

U3 TeTpasapuueckoii (4mm)B TpUroHabHYIO (m3m)

¢dazy cocraBuser ~100 °C, momyueHHBIH TMepemna
temriepaTyp A7 NpPaKTHUYECKU HE OKA3bIBAET BIUSHHS
Ha BECh TEMIIEPATypHBIH HMHTEPBaJ CTPYKTYPHOI'O
¢azoBoro nepexona Il pona, T.x. 7 >> AT.

OnHako MOJYYEeHHBIH mepenaj — TeMmiepaTyp
AT = 0.5 °C MOXeT BbI3BaTh NOSABICHUE TEPMOYIIPY-
rux geopmanuii €,, BO3HHMKAIOIIUX B 00BEME HC-
cieqyemoro obpasma. OreHka BIMSHAS BO3ZHUKIIHX
TEPMOYNPYrux aedopManuii &, Ha MaKCHMAIbHOE

3Hauenue neopmanun obpasuma y,  ~10~ mpu ero
3aKpy4YMBaHUM Ha Yron ¢, =1° B MOMEHT BpeMEHU

t, (puc. 1) MoxeT OBITH OmIpeneneHa 1Mo COOTHOILE-
HUIO:

& z%aTATz6-10‘7, ©9)

e a, =2.5-107 [rpan‘l] — BermunHa Kod(uIm-

eHTa JnuHelHoro pacmmpenus BaTiO, nns unTepsa-
na temneparyp +50 + 4200 °C.

[ToryueHHOe 3HaYeHHE TepMOYNpPYrux nedopma-
U &, BCIIEICTBHE MAJOCTH CBOETO 3HAUCHUS HPHU
dasosom mepexoge (4mm)—>(m3m) npakTHgecKHn

Ha YeThIpe MOpsAKa MEHbIIEe HA4aJbHOTO aMIUIUTY-
HOI'O 3HAuYCHHs 3aKPyYMBAHMS HMCCIIELYEeMOro oOpas-

1a, 9YTO HE MPUBOJMUT K 3aMETHOMY BIIMSHHIO TEPMO-
ynpyrux neopMmanuii Ha BeCh KOJIeOaTeNbHBIA MPo-
1ecc.

3AJJAYH 1 HEJIN UCCJIEJOBAHUSA

Lenbto 1aHHON paOoOTHI SIBIAETCS ONMUCAHUE METO-
UK pacyeToB (U3NKO-MEXaHUYECKUX H  (PHU3HKO-
XMMUYECKUX XapaKTEePUCTUK PAa3JINYHbIX ANUCCHIIA-
THBHBIX TPOIIECCOB, MOTyYaeMbIX Ha ycTpouncTse [1]
U TOPOSBISEMBIX Ha CHEKTpax BHYTPEHHErO TPEHMS

A=f (T ) M Ha TEMITEpaTYPHBIX 3aBHCHMOCTSIX Yac-

totsl v =f(T) cBOGORHOro 3aTyxaroumero Koueba-

TENBHOTO Tpolecca, Bo30yKaaeMoro B ooOpasmax uc-
CIEyeMbIX MATEpPUAJIOB pPAa3IUYHOM XHMHUYECKOU
MPUPOABI, CTPOCHUSI U CTPYKTYPBHl B PA3HBIX TeMIIe-
patypHbIX HHTepBanax (ot —150 mo +500 °C).

s _mocTrkeHus TOCTABIEHHOW LEAM TPEACTaB-

JNeHbl 3KCIepUMeHTanbHble pesynstatel A= f(T)

u v =f(T) ans pasIMuHbIX 10 XUMHYECKON PHPOIE

MaTepuaoB, PacCMOTPEHBI OCHOBHBIE ()EHOMEHOIO-
TMYECKHE MOJIeIbHBIC TIPE/ICTaBICHNs, Ha 0a3e KOTo-
pPBIX TPOBOOHUTCS pacyeT Ppa3IWYHBIX  (HU3UKO-
MEXaHUYECKHX W (HU3UKO-XHUMHUECKUX XapaKTepH-
CTUK JIOKQJIBHBIX II0 TEMIIepaType IUCCHITaTHBHBIX
MPOLIECCOB, KOTOPbIE MOTYT UMETh Pa3IMYHbIE MeXa-
HU3MBI BHYTPEHHETO TpEHUs (TUCTEepEe3UCHBIH, (azo-
BBIH, peNaKkCalMOHHBIH ).

SKCINEPUMEHTAJIbHBIE CIIEKTPBI
BHYTPEHHET'O TPEHUS /. = £ (7)
U TEMIIEPATYPHASI 3ABUCUMOCTb YACTOTbI
v=£(T) AJISI PA3JIMYHBIX IO XUMHYECKOM
MPUPOJE MATEPHAJIOB

B Ilpunoxenun Ha puc. 111-114 npencraBieHsl
B Ka4ecTBE IpuUMepa SKCIEPUMEHTAIbHbBIC Pe3ybTa-
Thl, TOJIyY€HHbIE KaK pPa3IMYHbIMU aBTOPaMH, TaK
¥ aBTOpaM# JTaHHOH PabOTHI.

Crnenyer OTMETUTb, YTO HCCIIEIOBAHUE CIIEKTPOB
BHYTPEHHETO0 TPEHHS BecbMa OypHO IPOBOIMIIOCH
B cepelrHe U KOHIle XX B., 0COOEHHO Ha MeTajllax
pasnMyYHBIX criaBax [2-8, 17].

OnHako KOHCTPYKTHUBHAs MPOCTOTA YCTPOICTB,
peau3yIoUMX METOJ BHYTPEHHEro TPEHHs, Morja
NPUBECTH K pe3yjibTaTaM, KOTOPbIE CYIECTBEHHO
pa3nuYaKch.

Hanpumep, ¢uxcanuns mapamMeTrpoB 3aTyXarolero
KPYTHJIBHOI'O KOJIe0aTEeIbHOI0 IPOLEcca OCYIIECTB-
JSTach € MOMOINBIO ""CBETOBOrO 3aiiumKka’, a Mepuon
KoJe0aHUH — € TIOMOIIBIO OOBIYHOTO MEXaHUYIECKOIO
cekyHIoMepa. Bce 3To BHOCMIIO OONbIIyr0 CyOBeK-
THUBHYIO IOTPEIIHOCTD MOTY4YaeMbIX PE3YIbTATOB.

VYcnoxxHeHne KOHCTPYKIUN YCTPOMCTB U KOMITbIO-
Tepu3amys B TMOMydeHHH U 00paboTKe JKCIepruMeH-
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TaJIbHBIX pe3ysbTaToB B XXI B. MO3BOJIWIM MOTy4YaTh
nocroBepHbie cektpsl A = f(T) ocobeHHo B obnacTu

HU3KUX TEeMIeparyp, TIJe OOHapyKHBAIOTCS ITHKU
JMCCHUTIATUBHBIX TOTEPh MaJlol MHTEHCHBHOCTH, KO-
TOpbIe 3HAYUTENIHHO HIDKE MHTEHCHBHOCTH JWCCHIIA-
THBHBIX TOTEPh, HAOMIOMAEMBIX B 00JacTd TeMmIiepa-

Typ crekinoBanust 7, (amopdHble MaTepHasbl) WM

B oOmacTu Kpucraumsanuu 7, (KpUCTaLIM4ecKue

MaTepuabl).
YuuteBas, 4TO MpOIECcChl, HaOIIOmaeMbie B 00-

JNACTSX TEMIeparypsl CTekioBaHus 7T,, MMEKT pe-

JIAKCAITMOHHBIA MEXaHW3M BHYTPEHHETO TPEHHS, BEK-
TOp WCCIIEOBAHUIA CMECTHJIICS TOIBKO B HAIIPABICHHUH
3TOTO O-TIPOIecca B PEKUME BBIHYKIEHHBIX THHAMH-
YeCKHX KOoleOaTeNbHBIX MPOIECCOB, YaCTOTa KOTOPBIX
MOXET BapbHpPOBaThes B Auanasone ot 1072 0 10° I,
OpHako MMEHHO BBIHYXKIEHHBIH TPOIECC CMENESHUS
CTPYKTYPHO-KUHETHUECKUX EIWHHI] HCCIEAYEMBIX
cucreM (MaTepHaliOB) HE TO3BOJWI NAaHHBIMA METO-
JaMu  AMHAMAYECKOrO0 MEXaHMYECKOTo  aHam3a
(JIMA) mpoBoauTh HCCIENOBaHUS TOHKHX CIIEKTPOB
BHYTPEHHETO TPEHUs, Ha KOTOPBIX KaXKJasi CTPYKTYp-
HO-KMHETHYecKas TOACHCTeMa pPe30HaHCHO (Ha co0-
CTBEHHOHM 4YacTOTE) W B OINpPENEIeHHOM TeMIIepaTyp-
HOM WHTEpBaJie MOXKET MPOSBUTHCS B BUIE HU3KOWH-
TEHCHBHBIX JIOKAIBHBIX JUCCUTIATHBHBIX MTPOIECCOB.
[Ipu »TOM crnexyer 0coOEHHO OTMETHTHh MHOHEp-
CKHe paboThl TIO WCCIIENOBAHHUSIM TOHKHX CIIEKTPOB

BHYTPEHHETO TPEHMS B CETHETOIACTHKAX M CETHETO-
KepaMUKax, IMOJYyYEHHBIX B PEKUME CBOOOIHO 3aTy-
XarolIero xKoedarenpHoro mpomecca, mpod. C.A. I'pua-
HeBa [7].

Tonpko B TmOCHEOHME TOABI HCCIEIOBAHUSAMHU
mpod. .M. bapreneBa OBIT BOCCTAaHOBIIEH HWHTEpPEC
K PElmIeHHI0 OCHOBHOW 3a/aud (hPM3MKO-XUMHUIECKOM
MEeXaHWUKH, KoTopas Obuta chopMymupoBaHa axaj.
[LA. Pebunnepom u un.-kopp. M.B. Bombkenmreii-
HOM B BHIE: "XUMHYECKas IPUPOAA, CTPOEHUE,
CTPYKTYpa — (PU3UKO-MeXaHUIeCKHUE M (PH3UKO-XUMH-
YEeCKUE XapaKTEePUCTUKU — CHHTE3 MaTepualoB C 3a-
nmaHHeIME cBoricTBamu' [10, 11].

3AK/IIOYEHHUE

Hannune auccunaTUBHBIX IMPOLIECCOB Pa3IMYHON
WHTEHCUBHOCTH, MPOSBIISIEMBIX B BHJE ITUKOB MOTEPh
Ha CIIeKTpax BHYTPEHHErO TPEHUS B PA3JINUYHBIX TEM-
NepaTypHBIX HMHTEpPBAJIAX, U COOTBETCTBYIOIIEIO UM
aHOMAJIPHOI'O W3MEHEHHs YacTOThl CBOOOIHO 3aTy-
Xa[oWero KoyuedaTelbHOro IpPOoLecca, IO3BOJISIIOT
pa3paboTatb METOJ M METOAMKY TEOPETUYECKOro
aHajM3a 3TUX IPOLECCOB M OLIEHUTH IOTPELIHOCTh
9THX UCCIIEIOBaHUI.

JlaHHast cTaThs SBISIETCS BCTYIUTENHHON B padore,
COCTOSIIEH M3 Tpex YacTel, KOTopble OymyT Omyonmn-
KOBaHBI I103K€ B 3TOM K€ JKypHaJIe.

INPAJIOKXEHHUE
< i
th‘lo ‘ﬁ‘ a
300 0.4 ¢
i 0.3 |
2 0_2 L
180+ .." '\.\ s
1 -/ \1 c,. 0.1}
I -/ 200 0 100 . 200 T, °C
60} /
| 1
O O §— = Q=0 =& =7
0 300 450 I.K
Puc. 1. Kpusbie ko3(pduiiieHTa MOrIOUICHUs
¥ = tg 0 B pyHKUUH OT TEMIEPATYpPhl Ui MOHO-
KpucTauuaeckoro (1) ¥ MOTUKPHUCTAIITHYECKOTO
(2) 6ecancnoxanmonaoro onosa (99.99% Sn), mo- S ¥ + + ' + £
Jydennsie pu gacrote v =3-10> Tt [2, 17] -100 0 100 200 T,°C
Puc. I12. CnekTpsl BHYTPEHHETO TPEeHHS (a) U TeMIiepa-
TypHBIE 3aBUCHMOCTHA 4YacTOTHI (0) 0Opa3loB XHTO3aHA|
B cosieBoii (1) u ocHOBHOI# (2) opmax [21]
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A a v, ' 0
04 r ) 5 =
tfw'ﬂ-\ b
£ W
03 | jo s
r'; ‘ 4 i\“"f“‘mmém
02 + \ 2N
r'f .'x ] ,‘
/r'w‘ / ‘l. 2 L ’ L\\.v“-""\-
ol T % S/ \ e
“m.,./\./w/ '|W T, OC T OC
0 1 1 1 0 ‘ | s
-150 -50 50 150 -150 .50 50 150

Puc. I13. Criektp BHyTpeHHETO TPEHU (a) U TeMIIepaTypHas 3aBUCUMOCTB YacTOTHI (0) 00pa3oB nonmyTrieHa [ 14]

Puc. 4. Cnextp BHyTpeHHEro TpeHus (a)
1 TeMIepaTypHas 3aBUCHMOCTh 4YacTOTH (0)
00pasios JIUKBUPYIOIINX CTEKOI
xNa20-25B203-(757x)Si02 [8]

1, 1" —3%;2,2° —6%; 3,3 — 10%; 4 —
25% Na,O mo1%

3

1 4
Q107 3 q\:
i

320 400 480 560 640 720 800 7,°C

HAYYHOE I[TPUBOPOCTPOEHUE, 2023, Tom 33, Ne 4



10.

11.

12.

13.

14.

HAYYHOE ITPUBOPOCTPOEHME, 2023, Tom 33, Ne 4

METOJMKA MNCCIEAOBAHNMSA BHYTPEHHEI'O TPEHUA

CIIMCOK JIMTEPATYPbI

. Jlomosckou B.A. YcTpOHCTBO AJSl KCCIEAOBAHUS JIOKAb-

HBIX JIMCCHUIIATUBHBIX MPOIECCOB B TBEPIABIX MaTepHasax
pa3IUYHON XUMUYECKOW MPUPOABI, CTPOCHUS U CTPYKTY-
pel // Hayunoe mpuGopoctpoenue. 2019. T. 29, Ne 1.
C. 33-46. URL: http://iairas.ru/mag/2019/abst1.php#abst5

. llocmnuxose B.C. BHyTpenHee TpeHue B MeTamiax. M.:

Meramnyprus, 1969. 330 c.

. Kpuwman M.A., I'onosun C.A. BHyTpeHHee TpEHUE U CTPYK-

Typa MeTaiioB. M.: Meramnyprus, 1976. 376 c.

. Mewrxos C.HU. Bsi3koynpyrue CBOMCTBa MeETaIoB. M.:

Meramnyprus, 1974. 192 c.

. BHyTpenHee TpeHHe B METaINIMYECKUX MaTepuanax. Me-

XaHWU3Mbl BHYTPEHHETO TpeHHs: c0. craTeil / OTB. pen.
akan. @.H. TaBanze u ap. M.: Hayka, 1970. 208 c.

. BayTtpennee TpeHue B MeTaiiax, MoaylnpoOBOJHUKAX, JTH-

JJIEKTpUKax U (heppoMarHeTvkax: cO. craTei / OTB. pel.
akana. @.H. TaBamze u ap. M.: Hayka, 1978. 234 c.

. I'puones C.A. MexaHu3Mbl BHYTPEHHETO TPEHHUSI B CETHETO-

ANIEKTPHUKAX U cerHerodnactukax. Boponex, 1983. 360 c.

. MexaHuzmbl peIakCallMOHHBIX SIBJICHUH B TBCPABIX TCIAaX:

¢0. crareii / orB. pen. B.C. IloctHukoB u ap. KayHnac:
KIIH, 1974. 364 c.

. bapmenee I'M., bapmenesa A.I". PenakcaniuoHHble CBON-

ctBa noiauMepoB. M.: Xumus, 1992. 384 c.

Pebunoep I1.4. N36pannbie Tpyabl. [IOBEepXHOCTHBIC SB-
JIEHUsI B TUCIIEPCHBIX CUCTEMax: (pU3NKO-XUMHUYecKas Me-
xanuka. M.: Hayka, 1979. 384 c.

Bonvkenwmeiin M.B. KoudurypalnyoHHasi CTaTUCTHKA
nonumepHbix enerd / [lox pen. C.E. Bpecnep. Jlenun-
rpan: Axagemust Hayk CCCP, 1959. 466 c.

Jlomosckou B.A. PenakcanyioHHble SIBJICHHSI B IIOJHMeE-
TunMeTakpwiate // TOHKHE XMMHUYECKHUE TEXHOJIOTHH.
2015. T. 10, Ne 3. C. 5-49. URL: https://www.finechem-
mirea.ru/jour/article/view/235?locale=ru RU

Jlomoscxou B.A., Abamyposa H.A., Jlomoeckas H.FO.,
Xneonurxosa O.A. CrieKTpbl BHYTPEHHEIO TPEHHS IOJIHU-
BHHUJIOBOTO CIHPTa PAa3JIMYHOW MOJICKYJISPHOW Macchl //
BMC. Cepus A. 2015. T. 57, Ne 2. C. 120-127. DOIL:
10.7868/S2308112015020091

Lomovskoy V.A., Shatokhina S.A., Chalykh A.E., Mat-
veev V.V. Spectra of Internal Friction in Polyethylene //
Polymers (Basel). 2022. Vol. 14, no. 4. Id. 675. DOI:
10.3390/polym14040675

15.

16.

17.

18.

19.

20.

21.

69

Jlomosckoti B.A. TIpobnembl cTpyKTypooOpa3oBaHusl B JIUC-
nepcHbIX cuctemax // CoBpeMeHHbIC MpoOaeMbl (u3nve-
ckoii xumuu: cOopHuk / Poccuiickas akan. Hayk, WH-T
¢u3. xumun. M.: Mza. Tom "T'panuna”. 2005. C. 193—
209.

®dusznueckas sHIMKIONeAus / mox pen. A.M. ITIpoxoposa.
M.: Bonbmas Poccutickas sHIukioneaus, 1992,
Ilocmnuxos B.C. TemnepaTypHas 3aBUCHIMOCTh BHYTPEH-
HEro TPEHHs YMCTHIX METAJIJIOB U CIU1aBoB // Ycnexu (u-
3mueckux Hayk. 1958. T. 66, Ne 1. C. 43-77. DOI:
10.3367/UFNr.0066.195809b.0043

®dusnueckas akyctuka / mog pea. Y. Mazon. M.: Mup,
1966. T. 1-7. 1974 c.

Muxaitinos U.I'., Conosves B.A., Cvipnuxos FO.11. OcHOBBI
MOJIeKYJISIpHOH aKycTukH / mon pen. N.I'. Muxaiinos. M.:
"Hayka", 1964. 514 c.

CrexioobpasHoe cocrosinue: ¢0. matepuaioB VII Beeco-
103. coseil. / mox pen. E.A. Topai-Komm. Jlenunrpan:
Hayxa, 1983. 214 c.

Jlomosckou B.A. Abamyposa H.A., Jlomosckas H.IO., I'a-
aywro T.b. PenakcanioHHbIE SIBICHHUS B TUIEHOYHBIX Ma-
TepUalax U3 XUTO3aHa Pa3IUYHBIX XUMHYECKHX (opMm //
BMC. Cepus A. 2019. T. 61, Ne 1. C. 52-58. DOIL:
10.1134/S2308112019010188

Hucmumym puzuueckoit xumuu u 31eKmpoxumuu
um. A.H. ®pymkuna PAH, Mockea, Poccus

Konrakrer: [llamoxuna Ceemaana AnexcanoposHa,
svetlanka.mazurina@mail.ru

Martepuan noctymmi B pemakuuio 10.10.2023



ISSN 0868-5886

NAUCHNOE PRIBOROSTROENIE, 2023, Vol. 33, No4, pp. 60-71
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The study of local dissipative processes, which appear as loss peaks in the internal friction spectrum at vari-

ous temperature ranges and have a variety of structural sources as well as internal friction mechanisms, is the
focus of this work.
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INTRODUCTION

In [1], a device was presented for studying local
dissipative processes (internal friction) in solid mate-
rials of different chemical natures, compositions and
structures. Internal friction is the process of irreversi-
ble dissipation of part of the energy of an external me-
chanical force occurring in the volume of the system
under study and deforming this system.

This device is a pendulum device of both horizon-
tal and vertical design that allows the study of the
reaction of all constituents of a sample material in the
dynamic mode of a free-damped oscillatory process
excited in the system (material) under study.

The study of many physical and mechanical cha-
racteristics in materials of different chemical nature,
composition, and structure is based on the study of the
parameters of transient processes from one equili-
brium or non-equilibrium state to another equilibrium
state. The dynamic characteristics of these transient
processes are assessed by the step response coeftfi-
cients, which represent the system’s response to both
changes within the system itself and to changes in ex-
ternal influences on this system. Based on the intensi-
ty of changes in the parameters of step responses, one
can obtain certain information about the structure of
the systems under study. The presence of transition
processes from a non-equilibrium to an equilibrium
state of a non-conservative system leads to the ther-
modynamic irreversibility of this process and, as a
consequence of internal friction, the dissipation of part
of the energy of the external force influence in the
system under study. A quantitative characteristic of
energy dissipation in a system is the absorption coef-
ficient ¥, which is related to other dissipative charac-
teristics by the following relationship:

Y=— =0 =tgs==,, (h

where AW and W are the values of irreversibly dissi-
pated and supplied energy to the system, respectively;
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Q7' is internal friction; § is the phase shift angle be-
tween the external influence and the system’s re-
sponse to this influence (deformation ¢); 4 is the loga-
rithmic decrement of the damping of the oscillatory
process.

The logarithmic decrement A of a damping oscil-
latory process can be used as a measure of internal
friction (Fig. 1), which makes it possible to experi-
mentally obtain the temperature dependences of dis-
sipative losses (internal friction spectra A= f(T))
and the temperature dependences of the change in the
frequency v=f(T) of a free damping oscillatory

process, excited in a sample of the material under
study. The logarithmic decrement A is included in the
equation describing the oscillatory process in the form

P(1) = Qo XD " = ., XD {— (%H : )

where ¢ and ¢(¢) are the amplitude, respectively,
maximum and current values of the angle of twist of
the loose end of the test sample; f is the attenuation
coefficient; 6 is the period of the oscillatory process;
¢t is time.

Fig. 1. A diagram describing, in general terms, a free-
damped oscillatory process excited in the material
under study [1].

a — excitation of the oscillatory process in the sample
of rectangular cross section;

0, B, 1, 1 — diagrams of a damped oscillatory process

From relation (2) the logarithmic decrement of the
oscillatory process can be determined in the form:

1. @
A == |n Lmax 3)
no o)




B. A. JOMOBCKOI, 0. B. UYT'YHOB, C. A. IIATOXHNHA

where #n is the number of oscillations between an os-
cillation having an amplitude ¢(¢)and an oscillation

having an amplitude ¢_, in the time sweep (Fig. 1,
B).

Each temperature 7 of research has own time
sweep of the oscillatory process (relation (2) and its
own value of the logarithmic decrement A, as well as
own value of the frequency v of the oscillatory
process excited in the sample under study. This makes
it possible to obtain experimental spectra of internal

friction A= f(T) and the temperature dependence of

the frequency v =f(T) of the oscillatory process

excited in the sample under study.

The study of dissipative phenomena by analyzing
the spectra of internal friction in materials of various
chemical natures shows that the spectra of internal

friction A= f(T) can show both a monotonically

increasing background of dissipative losses (with in-
creasing temperature) and loss peaks that overlap an
increasing background of internal friction (Appendix,
Fig. [T11-114).

FORMULATION OF THE PROBLEM

Analysis of the experimental spectra of internal
friction A= f(T) shows that the most “simple” spec-

trum is possessed by pure, defect-free monocrystalline
metallic materials, for which the dissipation of part of
the energy of the external force action is a background
of internal friction. This background increases mono-
tonically with increasing temperature up to the phase
transition temperature 7, and increases sharply at
T>T, [2-14] (Appendix, Fig. IT1).

The study of similar dependencies for pure. but
with various “structural defects” monocrystalline met-
als, polycrystalline metals and alloys, inorganic crys-
tals, glassy inorganic and high-molecular polymer
systems reveals the presence of the i-th number of loss
maxima against a monotonically increasing back-
ground of internal friction, they are present at temper-
atures of both the solid state of aggregation and the
liquid state of aggregation of the systems under study.
The same applies to high-molecular polymer systems
existing (as defined by academician V.A. Kargin) in
solid and viscous-flow physical states.

It should be noted that the primary dissipative cha-
racteristic—its  temperature change in viscosi-
tyn = f(T')—cannot be used to characterize the phys-
ical and mechanical properties of the i-th number of
loss maxima, which are present at temperatures of the

solid state of aggregation against a monotonically in-
creasing background of internal friction (Fig. 2).

Fig. 2. Schematic summary:

a — spectrum of internal friction for the i-th number
of peaks of local dissipative losses;

6 — temperature dependence of frequency V of free
damped oscillatory process excited in the sample
under study;

B — temperature dependence of the viscosity of the
system;

r — temperature dependence of the shear modulus G
of the material of the sample under study

Comparison of spectra A= f(T) (Fig. 2, a) with
the corresponding temperature dependences of viscos-
ity n=f(T) (Fig. 2, ¢) shows that the peaks of dis-
sipative losses observed in these systems correspond
to temperatures at which the experimental value of
viscosityn7 is not determined. It has a significantly
greater value than the value corresponding to the tran-
sition of the system from a viscous-flow structural-

liquid state to a non-equilibrium “frozen”, i.e., solid
state [15]. In contrast to the viscous characteristics of

the systems under study 7= f (T ), it turns out to be
possible both to compare the spectrum of internal fric-
tion of the system A= f(T) as a whole (model of

a homogeneous continuous solid body) and to com-
pare with local dissipative losses manifested in these
spectra in various temperature ranges in the form of
peaks losses of varying intensity (model of the atom-
ic-molecular structure of the system), in particular the
corresponding experimental temperature dependences
of the change in frequency v = f(T) (Fig. 2, 6) of
a free damped oscillatory process excited in the sys-
tem under study.

As it is known, the frequency of the oscillatory
process excited in a sample of the material under
study depends not only on the geometry (i.e., moment
of inertia /) of this sample but also on the elastic
(shear) modulus of the material of this sample, i.e.,
G ~v’. In addition, thermodynamic calculations of
the temperature dependence of the elastic modulus of
metals show that the elastic (shear) modulus G in the
case of increasing temperature from cryogenic values
to the crystallization temperature 7, monotonically
decreases by 2—4% for every 100 degrees of tempera-
ture increase (Fig. 2, 1, dashed curve 1) [16], i.e. G =

=f (I,vz,T ).Taking into account the fact that the

moment of inertia of the sample under study changes
slightly relative to temperature, we can accept

G=f(v’.T).

HAVYYHOE ITPUBOPOCTPOEHME, 2023, Tom 33, Ne 4
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In the region of glass-transition temperatures 7,
(or T, for amorphous materials) the temperature de-
pendence shows an intense decrease in the value of
the elastic modulus G=f (T ) For low-molecular

materials, the value of the elastic modulus decreases
from a value corresponding to the value of the mod-
ulus for the solid state of aggregation to a value cor-
responding to the elastic (shear) modulus in a liquid.
For high-molecular polymer materials in the tem-

perature range 7, (glass transition temperature),

a decrease in the elastic modulus is also observed, but
not to a value corresponding to the elastic modulus of
the liquid but to the value of the modulus of elasticity
of a highly elastic state G,,, and with a further in-

crease in temperature to the value of a viscous fluid.
Thus, the temperature dependences of the frequen-
cy (Fig. 2, ©6) and, accordingly, the modulus

G =f(T) (Fig. 2, r), show a deviation of the experi-

mental frequency curve from its theoretically calcu-
lated value. Consequently, the temperature depen-
dence of the elasticity (shear) modulus will show
a similar deviation, corresponding to the difference in
the elasticity modulus of the solid aggregate and the
highly elastic physical states of the polymer system.

A further temperature increase up to the tempera-
ture of transition from a highly elastic to a viscous-
flow state leads to a second temperature zone of in-
tense reduction in the elastic modulus.

It should be noted that if the polymer decomposi-

tion temperature 7, is lower than the transition tem-
perature into a viscous flow state T, ie. (7,<T,),

then the dependence G = f(T) in this temperature

range may be more complex than in the case when
(T,>T,).

In the region of the solid state of aggregation (7 <
« T, (Fig. 2, a) the main parameter characterizing
this state is the elastic modulus, which, in the most
general case for anisotropic systems, can be deter-
mined by Hooke’s law as:

0, = Gi/kl € “4)

where o, are the components of the stress tensor,

respectively, arising in the material under study when

it is deformed by an value ¢,; G, are the compo-

nents of the tensor of elastic moduli.
In the region of the liquid state of aggregation

(T>T,) (Fig. 2, a) or (T'>T,) the main parameter
characterizing this state (Fig. 2, B) is viscosity, which
can be determined from the Navier — Stokes relation
(generalized Newton's law) in the most general case:
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Oy =M ‘ék/’ Q)

de
dt
of the strain rate tensor (the rate of displacement of
the structural and kinetic units relative to each other);
N, are the components of the viscosity tensor.

As the components of the viscosity tensor tend to
N, —> ©, the rate of displacement of the structural-

kinetic units of the material under study tends to
g, — 0 relative to each other, i.e., the mobility of
structural elements in this system stops.

Thus, at temperatures (7' <7, ) or (T <T,), i.e., in

the region of the solid state of aggregation, as the
temperature increases from 0 to 7, or 7, theoretical-

ly, an increasing background of losses (Fig. 2, a,
dashed line) and no loss peaks should be observed.

However, experimental data show that the dissipa-
tive behavior of the systems under study is characte-
ristic only of defect-free monocrystalline metals (Ap-
pendix, Fig. II1, curve 1). For all other materials in
this temperature range, from 1-2 to 10-12 local peaks
of dissipative losses can be observed [12—14, 17].

It follows from this that the use of viscosity (Fig. 2,
B) and elastic modulus E (or shear modulus G ) of
the entire system, considered as a continuous single-
component, defect-free isotropic medium, is not poss-
ible to describe local dissipative processes manifested
in given temperature ranges. However, the classical
theory of elastic wave propagation in continuous solid
and viscous heat-conducting and compressible media,
to a first approximation, connects the absorption coef-
ficient (i.e., dissipative characteristic) precisely with
viscous characteristics (volume and shear viscosity),
heat capacity (C, and C,), thermal conductivity [18,
19].

The question arises about what dissipative and
elastic characteristics should be used at temperatures

(T<T,)or (T'<T,), i.e, in the region of the solid
state of aggregation, to describe local dissipative
processes observed on the spectra of internal friction
A= f(T) for systems that are not single-component,

defect-free, and isotropic.
Before conducting a theoretical analysis of the na-
ture of the various local dissipative processes ob-

served in the obtained spectra A= f(T), we deter-
mine the measurement error of this device.

. d) .
where | €, =v, =—= ga , &, are the components

ABOUT MEASUREMENT ACCURACY

The method of internal friction (IF) in the mode of
a freely damping oscillatory process is a highly sensi-
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tive method, confirmed by experimental studies
A=f(T)and v=f(T)of structural rearrangements
during phase transitions in ferroelectric crystalline
systems [7]. The sensitivity of the method in its most
general form can be assessed on the basis of the ob-
tained peaks of dissipative losses presented in the

spectrum Q™' = f(T') for barium titanate (Fig. 3).

Fig. 3. Spectrum of internal friction Q™' = f(7')and
temperature dependence of the frequency of a free
damping process f* = f(T) for BaTiO, (according
to [7])

The obtained experimental value for the peaks of
dissipative losses in the spectrum Q™' = f(T') (Fig. 3)
lies in the range of values Q' =tgd N 1072 <107,

n

therefore, taking into account the general relationship
for the characteristic of internal friction [8]:

Im G* (la)) _ G”(a)) ~ gHeynp
ReG (iw) G'(iw) &

, (6)

ynp

where G (i), G'(w), G"(w) is the complex shear
modulus, shear modulus, and loss modulus, respec-
tively; €,,,,, €, are inelastic and elastic compo-
nents of sample deformation.

The amplitude of elastic deformation of a sample
when it is twisted relative to the longitudinal axis by

angle ¢, =1° (Fig. 1, a)is 7, ~¢,, =107 +107

[1], therefore, ¥, ~ &, 107107 =107 follows
from relation (6): The obtained sensitivity value of the
device (gﬁeynp ~107") allows us to record inelastic de-
formations of the crystal lattice associated with the
mobility of atoms and molecules during their reaction
to external influence.

Let’s use polymethyl methacrylate (PMMA) as an
example [12], [20, p. 43] to consider the regime of
amplitude-independent internal friction (AIIF) in the

cases of various amplitude values of the angle ¢ of
twist of the sample, the resulting values of relative
deformation y,,, ,and stress values o, thatarise in

the boundary planes of the sample under study:

Prax =1% Vo =1.5:1075 0 =1.5-10°TIa;
(7)

Py =0.5% 7 =7.5-10%; 0 =7.5-10"Tla.

Ur

In addition to the considered error values and the
sensitivity of this method, it is also necessary to ana-
lyze the magnitude of the IF measurement error
caused by temperature differences AT on the internal
and external boundaries of the sample under study,
i.e., along the cross section of the sample fixed in the
clamps of the oscillatory system of the device. This
analysis was carried out on ferroelectrics to study the
internal friction of the phase mechanism of dissipative
losses [7]. The square cross section (in order to simpl-
ify calculations) was replaced in calculations with
a theoretical cross-circle section with a radius
r=1.5 mm.The presence of a temperature difference
AT along the radius of the cross section of the sample
should lead to the fact that spectrum loss peaks

A= f(T) associated with phase structural transitions

on the outer layers of the sample will occur earlier
than phase transformations in internal areas. This can
lead to an expansion of the temperature range for the
manifestation of the peak of dissipative losses on the
spectrum, which, in turn, will lead to an expansion of

the continuous spectrum of relaxation times H (z) of

this process. The temperature difference was deter-
mined using ceramics as an example (Fig. 3) accord-
ing to the ratio:

)
AT~ Losec, (8)
2 x
2
where [T :i—Tj, x=7-10" {CM } is the thermal
t C

conductivity of ceramics BaTiO,, and T = 20 X is
MHH

the rate of change in ambient temperature.

Considering that the temperature range of the peak
of dissipative losses on the spectrum of internal fric-
tion (Fig. 3) during the transition of the sys-
tem BaTiO, from the tetrahedral (4mm)to the trigon-
al (m3m) phase is ~100 °C, the resulting temperature
difference AT has practically no effect on the entire
temperature range of the second-order structural phase
transition, since 7 > AT.

However, the resulting temperature difference
AT =~ 0.5 °C can cause the appearance of thermo-

elastic deformations &, that occur in the bulk of the
sample under study. An assessment of the influence of
the resulting thermoelastic deformations &, on the
maximum value of the sample deformation
Vow ©10°  when twisting it through an angle
®,.. =1° at a moment in time ¢, (Fig. 1) can be de-
termined by the relation:
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& z%aTATz6-10‘7, ©9)

where o, =2.5-10° [grad‘l] is the value of the

BaTiO, linear expansion coefficient for the tempera-

ture range +50 ++200 °C.
Due to the smallness of its value during the phase

transition (4mm)—>(m3m), the obtained value of

thermoelastic deformations ¢, is almost four orders

of magnitude less than the initial amplitude value of
the twist of the sample under study, which does not
lead to a noticeable influence of thermoelastic defor-
mations on the entire oscillatory process.

OBJECTIVES AND GOALS OF THE STUDY

The purpose of this work is to describe methods
for calculating the physical-mechanical and physical-
chemical characteristics of various dissipative
processes obtained using the device [1] and mani-

fested on the spectra of internal friction A= f (T ) and
on the temperature dependences of the frequency
v=f(T) of the free damped oscillatory process ex-

cited in samples of the studied materials of different
chemical natures, compositions, and structures in var-
ious temperature ranges (from —150 to +500 °C).

To achieve this purpose, experimental data on

A=f(T) and v=f(T)for materials of different

chemical natures are presented; the main phenomeno-
logical model concepts are considered and served as
the basis for the calculation of wvarious physical-
mechanical and physical-chemical characteristics of
dissipative processes, local in temperature, and having
different mechanisms of internal friction (hysteresis,
phase, relaxation).

EXPERIMENTAL SPECTRA
OF INTERNAL FRICTION /. = £ (7)
AND TEMPERATURE DEPENDENCE
OF FREQUENCY v = (7) FOR MATERIALS
OF DIFFERENT CHEMICAL NATURE

As an example, experimental results obtained by
both the authors of this work and various researchers
are presented in the Appendix in Figs. I[T11-114.

It should be noted that the studies of internal fric-
tion spectra were carried out very vigorously, espe-
cially on metals and various alloys [2—8, 17], in the
middle and end of the 20th century.

However, the simplicity of the design of devices
implementing the internal friction method could lead
to results that differed significantly.
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For example, the parameters of a damping torsion-
al oscillations were recorded using a light flash, and
the oscillation period was recorded using a conven-
tional mechanical stopwatch. All this introduced
a large subjective error in the results obtained.

The increasing complexity of device design and
computerization in obtaining and processing experi-
mental results in the 21st century made it possible to

get reliable spectra A = f(T'), especially in the region

of low temperatures, where one can detect peaks of
dissipative losses of low intensity, which are signifi-
cantly lower than the intensity of dissipative losses
observed in the region of glass transition temperatures

T, (amorphous materials) or in the region of crystalli-

zation 7, (crystalline materials).
Considering that the processes observed in the
glass transition temperature 7, regions have a relaxa-

tion mechanism of internal friction, the vector of re-
search has shifted only toward this a-process in the
mode of forced dynamic oscillatory processes, the
frequency of which can vary in the range from 10 to
10° Hz. However, it was precisely the forced process
of displacement of the structural-kinetic units of the
systems (materials) under study that did not allow to
use methods of dynamic mechanical analysis (DMA)
to conduct studies of fine spectra of internal friction,
in which each structural-kinetic subsystem is resonant
(at its own frequency) and in a certain temperature
range can manifest itself in the form of low-intensity
local dissipative processes.

It should be especially noted the pioneering work
by prof. S.A. Gridnev on the fine spectra of internal
friction in ferroelastics and ferroelectric ceramics ob-
tained in the mode of a free-damped oscillatory
process [7].

Only in recent years, research by prof. G.M. Barte-
nev restored interest in the solution to the main prob-
lem of physical-chemical mechanics, which was for-
mulated by acad. P.A. Rebinder and corresponding
member M.V. Volkenstein as "chemical nature, com-
position, structure — physical-mechanical and physi-
cal-chemical characteristics — synthesis of materials
with specified properties" [10, 11].

CONCLUSION

The presence of dissipative processes of varying
intensity, manifested in loss peaks on the spectra of
internal friction in different temperature ranges, and
the corresponding anomalous change in the frequency
of the free-damped oscillatory process, make it possi-
ble to develop a method and technique for the theoret-
ical analysis of these processes and evaluate the error
of these studies.
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This work is an introduction to a study consisting
of three parts; the publication will be continued later Fig. I13. Internal friction spectrum (a) and tempera-

in this journal. ture dependence of frequency (6) of polyethylene
samples [14]

APPENDIX

Fig. IT4. Internal friction spectrum (a) and tempera-
ture dependence of frequency (6) of xNa,O-25B,0;
(75—x)Si02 liquid glass samples [8].

I, 1" —3%; 2,2° — 6%; 3,3 — 10%; 4 — 25%
Na,O mol%

Fig. I11. Curves of the absorption coefficient ¥ = tg §
as a function of temperature for monocrystalline (1)
and polycrystalline (2) dislocation-free tin (99.99%
Sn), obtained at a frequency v = 3- 10 Hz [2, 17]

Fig. I12. Internal friction spectra (a) and temperature
dependences of frequency (6) of chitosan samples in
salt (1) and basic (2) forms [21]
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