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METOAUKA UCCIEAOBAHUA BHYTPEHHEI'O TPEHUSA
B PEXXKUME CBOBOJHO 3ATYXAIOHIEI'O
KOJIEBATEJIBHOI'O ITPOLECCA.

Y. 2. TEOPETUYECKUM AHAJIU3 YKCHEPUMEHTAJBHBIX
PE3YJIBTATOB

[IpencraBneH TeOpeTHYECKUH aHAJIH3 SKCIEPUMEHTAIBHBIX PE3yIbTaTOB HCCICAOBAaHMSA CHEKTPOB BHYTPEHHETO
TPEHHUS W TEMIIEPATYPHBIX 3aBHCHMOCTEH YacTOTHI IS KaKIOTO JIOKAIBHOTO IO TeMIepaType JUCCHIATHBHOTO
MpoIIecca, TOyYeHHBIX B PEKHME CBOOOIHO 3aTyXalOIIEro KojebaTenpHOTo MpoIecca, Bo30yXKIaeMOro B Mccie-
JTyeMBIX CHCTEMaX Pa3INIHON XUMHIECKONW IPHPOIBI, CTPOCHHS U CTPYKTYPBI.

Kn. cn.: CHEKTPbI BHYTPCHHETO TPCHU, 3aTyxa}01uI/H71 KoJieOaTeIbHbIN npouecc, CTPYKTYPHO-KUHCTUYCCKUE

MOJACUCTEMBI, CTAHAAPTHOC JINHEWHOE TeJI0

BBEJEHUE

AHanu3 criektpoB BHyTpenHero tpenus A= f (7))

U TEMIIEPAaTYPHBIX 3aBUCUMOCTEH 4acTOThl V = f (T )

CBOOOJHOIO 3aTyXaroLlero KoseOaTelbHOro Mporecca,
B030Yy’KJaeMOro B McCIe yeMbIX 00pa3nax pa3iuaHOn
XUMUYECKON MPUPOABI, CTPOCHUSI U CTPYKTYphI [1,
puc. 2] B INPOKOM TEMIIEpaTypHOM HMHTepBaje MoKa-
3BIBAET, YTO BHYTPEHHEE TPEHHE KaK AMCCHUTIATHBHBIN
nporuecc o (pu3nveckoil cyTH mpencTaBisieT coOoi
ropasno 6ojee TIyOOKOe SBICHHE, KOTOPOE HE MOXKET
OBITh TOJHOCTBIO ONHMCAHO B pPaMKax MOJEIbHBIX
MIPEJICTaBIEHUI OJHOPOIHOTO CILIOIIHOTO TeNa.

Ora rinyOuHa o0ycClIaBIUBAETCA TEM, YTO CIIEKTPBI

A=f(T) must ogsoro kakoro-nuGo Marepuana (Win
KOHJIEHCHPOBAHHOM CHCTEMBI) B IIMPOKOM TeMIlepa-

TYpHOM  HWHTEpBalie (5 K<T< T()ecmp

) MPE/ICTABIISIOT

co00if enpIii Habop JOKATBHBIX 10 TEMIIepaTyPHBIM
MHTEpBajaM JUCCHUIIATUBHBIX IPOLIECCOB PA3IMYHON
WHTEHCHBHOCTH.

Kaxnpiii JOKanbHBIA AMCCUIATUBHBIA MpPOIIECC
Ha crekTpe A= f (T) MPOSIBIISIETCS. B BUJIE MUKA I0-
Tepb Pa3IMYHON MHTEHCHUBHOCTH, a Ha TeMIleparyp-
HOH 3aBHCHMOCTH 4acTOTHl V = f (T ) B BHJE aHO-
MaJIbHOTO MTOBECHNS 3TON 3aBUCUMOCTH.

Takum 00pa3zoM, peakius UCCIETYyEMON CHCTEMBI
Ha BHemrHee jaedopMupylollee BO3AeHcTBHE TpedyeT
paccMOTpeHUs TMPOIECCOB AUCCUTIAIIMHA C MOJIEIBHBIX
MPEJCTABICHUN aTOMHO-MOJIEKYJISIDHOTO CTPOEHUS
HCCIIeyeMBIX cucTeM. B aTom ciyuae Bcs uccrnenye-

Masi cHucTeMa MpPEACTaBiseT €000l COBOKYMHOCTh
CTPYKTYpPHO-KHHETHYECKUX MOJICUCTEM, KBa3UHE3aBU-
CUMO pearupyroux Ha BHEIIHee BO3JEHCTBHE. JTO
BO3JICHCTBHE OJHOBPEMEHHO BBIBOJUT BCE CTPYKTYp-
HBIE 3JIEMEHTHI (aTOMHO-MOJIEKYJISIpHBIE 00pa30BaHMs
WIH CTPYKTYPHO-KHHETUYECKHE TOJCUCTEMBI) U3 TIO-
JIOKEHUSI MEXaHWYECKOTO0 U TEPMOAMHAMUYECKOIO
paBHOBECHUSL.

Peaknus kaxxnoil CTpyKTYypHO-KMHETHYECKOM MOJ-
CUCTEMBI IIPU OJITHOHM TeMIeparype, paBHOM Juisl BCEX,
OyneT pa3nuyHON: OT YIpyrod (TyKOBCKOH) O HEYTI-
pyroi (MakCBEJIJIOBCKOI), UTO M OTPa)KaeTcsl Ha 3aBU-
cuMocTax A =f(T) HV =f(T) [2].

Meron BHYTPEHHETO TPEHUS, PacCMaTPUBACMBIN
B JUHAMHYECKOM PEXKHME CBOOOJHOIO 3aTYXaIOLIETO
K0JIeOaTeNIFHOTO TIpoliecca, BO30YKAaeMOro B OAHO-
POIHON HENpPEPBIBHOM CIUIOLIHOW cpene, U yIpyro
pearupyomei Ha BHEIIHEE BO3ACUCTBUE B U30TEPMHU-
yeckux ycioBusx (7 = const ), 6a3upyercst Ha OCHOB-
HOM ypaBHEHHUH IBUKCHHUS:

o’
P\ or =0, 0, 1)
e p — IUIOTHOCTb CPEMBL; (), — YTOJ 3aKpy4YnBa-
st 00pasia; o, — KOMIOHEHTEI TEH30Pa HalpsiKe-

HUSI COOTBETCTBEHHO, BO3HUKAIOIINE B HCCIIETyEMOM
Marepuaie MpH ero AehOopMHPOBaHMH HA BEIUYUHY
Ey-

Pemenne ypaBHenus (1) mpeacraBnsieTcs B BHIE

[2]:
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%o, no L0z, t—t
p| 22|35 | o) o U0 g,
ot o, Oz T,
rIe z — KOOPAWHATA TOMEePEYHOr0 CEUYCHHsS 00pas-
na. Bi — HOJIOKUTCIJIbHAA IMOCTOSAHHAsA, YAOBJICTBO-

n
psAroLLIas yCIOBUIO ZBI. =G, rne G — MOAyJb CIBUTA
i=1
BCEH CHCTEMBI, COCTOSIIEH W3 7 YUCIa CTPYKTYpHO-
KHHETHYECKUX TMOJCUCTEM; ! — TEKyIlee BpeMs KO-

1e6aTeNbHOro IMpolecca; f, — BpeMs NPHI0KEHUS
BHEILIHEr0 CKPY4YMBaWOIEro MomeHra M, ; t©, —

6H 2 i
BpeMsl peNakcaluu i-d CTPYKTypPHO-KMHETHYECKON
MTOJICUCTEMBI.
Ucnonrs3oBanue npeodpazoBanus Jlamraca — Kap-
coHa [3] mMo3BONAET MOJyUUTh PElIeHHe, KOTOPOe MPHU
{21, ONHCBIBAET IIPOLIECC 3aTyXaHUs KPYTHIHHBIX

KoJIe0aHUH ucciexyeMoro o0pasla OTHOCHTEIBHO
paBHOBecHOro 3HaueHus yrna ¢ =0 [1, puc. 1, B].

B sTOoM ciydae ompenensiercs norapuGMUUECKU
JIEKPEMEHT OCHOBHOM (IJIs1 OMpeneNeHHOW Temrepa-
Typbl) TAPMOHMKH KoJjebaTenapHOro mpouecca. M3me-
HEHUE TEMIIEpaTyphl BENET K U3MEHEHHMIO OCHOBHOM
TapMOHHMKH, T.€. K N3MEHEHHIO Tpeobiafaroniell B JaH-
HOM TEMIIEpaTypHOM UHTEpBAJle, JOMHHUPYIOLIEH
M0 JIICCUITATUBHOW CIIOCOOHOCTH, CTPYKTYpPHO-KHHE-
TUYECKOW mojacucTeMsbl (i-if moacuctemsl). Jlorapug-
MUYECKHI JEKPEMEHT KoJiebaTeNbHOrO Ipolecca,
BO30Y>KIEHHOTO B UCCIIEAYEMOH CHCTEME, COCTOSIIIECH
U3 1 4YHUCIA CTPYKTYPHO-KUHETUYECKUX IOJICHCTEM,
ONpEAETUTCS B BUJE:

A=
B, B, (B, T,
=7 + D0 Bl el INE)
Gort, Gor, T\ G )\ 1+w't;

rie @ — KpyroBasg (IHMKJIMYECKas) YacToTa;
T\, Ty ...y T; — BPEMEHA PEIAKCALMA IS KaXKIOH i-i
CTPYKTYpPHO-KMHETHYECKOH MOJICUCTEMB;
B, B,, ..., B, — TIOJ0XWUTEIbHBIE MTOCTOSTHHBIE, NME-

IOIIME Pa3MEPHOCTh MOJYJS CIBHUIA [H/M’] ans kax-
JIOM CTPYKTYPHO-KUHETUYECKOM MOJICUCTEMBI.

CormacHo  ()EHOMEHOJOTMYECKUM  MOJEIBbHBIM
npeacraBneHusM Makcpenna [4] U OCHOBHBIM IOJIO-
JKEHUSIMU T€OPUH BHYTpeHHero TpeHus [5—10], cBs3b
MEXIY BO3pACTalONIMM IO WHTEHCHBHOCTH (POHOM
BHYTpPEHHEro TpeHHus tgd, Jorapu@MUYECKUM JeK-
peMeHTOM A KO0JIe0aTenbHOro Ipolecca, KpyroBOM
4acTOTOM @ 3TOro mpoluecca U BPEMEHEM peJakca-
UUU T OMNPEIENSIETCS] COOTHOLIEHUEM

A=mtgs =" 4)
T

[lepBbie nBa cnaraeMblX B COOTHOIICHHHU (3) CBS-
3aHBl ¢ (OHOM BHYTPEHHETO TPEHUS CIEKTpa

A=f (T ), a TPeTUHl YJIeH 3TOr0 COOTHOIIECHUS —

C TTMKaMH TIOTeph, HAJIaTaeMBIMH Ha ¢GoH. B Momens-
HOM TIPEJCTaBICHUU COOTHOIICHHE (3) MOXKET OBITh
MPEJICTABIICHO B BHJIe 000O0IIeHHONW Monaenu Mak-
CBEJJIa C BBIPOXKIAIONIMMHUCS IIPH U3MEHEHUHU TeMIIe-
paTypsl BeTBSIMH [2], @ TpeTbe ciaraéMoe B COOTHO-
meHud (3) MOXeT OBITh 3amucaHo B MOJICIHHOM
MIPEACTABICHUN CTAHAAPTHOTO JIMHEUHOTO Tena [5]:

oT,
A’i = 2]/1-‘““ 1+ a)zfz-z ) (5)

rae A,

‘max

— MAKCHMaJIbHOC 3HAYCHHC J'IOl"apI/I(bMI/I‘Ie—

CKOTO JIEKPEMEHTa Ha CIIEKTPE BHYTPECHHETO TPEHUS
A=f (T ) JUTSL KaXJIOTO MUKA TUCCUMIATHBHBIX MOTEPh
[1, puc. 2, a].

Bpemst penakcanuu Ui 3JIEMEHTapHOW MOJICIH
MakcBemia CBA3aHO C (U3NKO-MEXaHHUYECKUMHU Xa-
PaKTEpUCTUKAMHU HCCHCHyeMOfI CUCTEMBbI U 3aBUCHUT
OT TEMIIEpPaTYPHI:

U
r=L =z exp-—, ()

G RT
rie G — MOoxynb ynpyroctu (CIBHra); 7, — Hpel-
9KCTIOHEHIUANBHBIN K03 dunuent; U — sHeprus

aKTHBallMM Tmporecca; 1 — Ttemmneparypa; R —
YHUBEpCaIbHAS Ta30Bas MOCTOSHHAS.

B »TOM ciywae ¢oH BHyTpeHHEro TpeHHs (COOT-
HomeHue (3)) ¥ UK AUCCUTIIATUBHBIX MOTEPh HA CIEK-

tpe A=f(T) (coornomenue (5)) OyayT 3aBHCETh

OT TeMIEepaTyphl.

Cootnomenust (1)—(6) MOryT kauecTBEHHO Mpe.-
CTaBUTh BECh CIIEKTP BHYTPEHHETO TPEHUS B €I0 TEM-
MepaTypHO-4aCTOTHON 3aBUCUMOCTH M MPUMEHHMBI
KaK Ui aMOp(HBIX CTEKIO00pa3HbIX W KPHCTAJLTHIE-
CKHX, TaK W JUISl XKHUIKUX (CTEKIO00pa3yoLIHX U KpH-
CTAJUTH3YIOIINXCS) CHCTEM.

Kpome 3Tux mnosokeHWil cienyer OTMETHUTh TOT
¢axT, 9To M MoAyJb caura G ABISETCS XOTA U Cla-
0011, HO 3aBHCSAIICH OT TeMIEpaTypbl XapaKTEPHUCTH-
koi, T.e. G=f(T).

UccnenoBanns BHYTPEHHETO TPEHUS MOHOKpPH-
ctasuimueckux cucreM [1, puc. II1] moxaseiBaroT:
Ha CIIEKTpaxX BHYTPEHHETO TPeHHS HAOII0JaeTcs BO3-
pacratomiuii GOH ¥ MOHOTOHHBIH CIIaJ MOAYJISl CIIBU-
ra, KOTOPBIH MO0 TEOPETUUYECKUM pacueTaM COCTaBIISIET
~2+4% mna xaxzasie 100 TpamycoB TemmepaTypsl
[11].

Crnaxg Monysst cABWra MHTEHCUPHUIUpPYETCS B 00-
JIACTH TeMITepaTyp TUIaBieHuUs (KPUCTAJUIN3ANNN) IS
KPUCTAIIMYECKUX CHCTEM WIIM B 00JIaCTH TEMIIEepary-
PBI CTEKIIOBAHUS 7151 aMOP(HBIX CHCTEM.
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OnHako I 3TUX XK€ KPHUCTAJUIMYECKUX CHCTEM,
HaXOJUIIUXCS B MOJUKPUCTAIIINYECKOM CTPYKTYPHOM
COCTOSIHUM, Ha (DOH BHYTPEHHErO TPEHHs IPH TeMIIe-
paTypax HMXe, ueM TeMIepaTypa KpHUCTalUIM3aluu
(T <T,), nHaknaznplBaeTCsl BO3HUKIIUM MUK JUCCUIa-

TUBHBIX TOTEPh (OJIHA M3 KOMIIOHEHT TPEThEro cia-
raeMoro COOTHOIIEHHS (3).

Crenyer OTMETHTh, YTO M Ha TEMIEpaTypHOH 3a-
BUCUMOCTHU MOAYJId CABUTa B 3TOM XKC HHTCPBAJIC
TEMIIepaTyp HAYMHAET MPOSBISTHCA aHOMAIBHOE OT-
KIIOHGHUE 3HaueHUi Moaylisi G OT TUIaBHO MOHOTOH-

HOW TemnepaTypHo# 3aBucumoctd G = f (T) .
OTH U3MEHEHUs B criekTpax A= f (T ) U 3aBUCH-

Moctax G = f(T) MIpoOU30LIIN B PE3YyJIbTAaTC U3MCHC-

HUSl BHYTPEHHEW CTPYKTYPHI COOTBETCTBYIOUINX MOJI-
CHCTEM, TIOCTPOEHHBIX M3 TE€X € CTPYKTYpPHBIX 3Je-
MEHTOB, KaK U COOTBETCTBYIOIIINE€ MOHOKPHCTAJLIBI.

HccnenoBanus 3aBucuMocTeil At aMOp(HBIX CHC-
TEM TaKKE BBIBISIIOT aHAIOTHYHBIE SPQeKTsl [1,
puc. [12-T14].

AHAJIA3 COBOKYITHOI'O JEMCTBUS
CTPYKTYPHO-KUHETHYECKUX
COCTAB/AIOIUX NOACUCTEM

Bce paccmoTpenHoe BbIIIE JaeT OCHOBAaHHE IPU
rIIyOOKOM TEOPETHYECKOM aHAIM3€ PEaKIMH HCCIe-
JIyeMbIX MaTepuanoB (CHUCTeM) B AMHAMUYECKHX pe-
JKUMax CBOOOJHO 3aTyXaroIUX KOJeOaTeIbHBIX MPO-
1eccoB, BO30YKAaEMbIX B HUX, YYUTBHIBATh HE TOJBKO
TEeMIepaTypy M 9acToTy, HO ¥ aTOMHO-MOJIEKYJISIPHOE
CTPOEHHE UCCIIEYEMOM CUCTEMBI.

[Ipu »TOM cama mcciemyemas cucTeMa IMPEICTaB-
JNSeTCsT B BUAE  COBOKYNMHOCTH  CTPYKTYpPHO-
KHHETHYECKUX (ATOMHO-MOJICKYJISIPHBIX) TIOJCUCTEM
C pa3HbIMH (DUBHKO-MEXaHMYECKUMHU U (DHU3HUKO-
XUMHUYECKUMH XapaKTEPUCTUKAMH, KBa3MHE3aBHUCHMO
pearnpyronx Ha OJMHAKOBbIE BHEUIHHE BO3IEHCT-
BUS, BBIBOASIIME BCE 3JIEMEHTBHI 3THX IOACHCTEM
W3 COCTOSIHHS MEXaHWYECKOT0 M TePMOAMHAMUYIECKO-
ro paBHoBecus [12].

Paccmotpum cityuait, xorzma ucclieayemblii oOpa-
3ell MaTepuaia COCTOWT W3 TPEX CTPYKTYPHBIX MOJI-
cUCTeM (Hampumep, U3 3BEHBEB 1T MaKPOMOJIEKYJIbI
momMepa — ToJIcucTeMa I, U3 CerMEHTOB 3TOH Iie-
nu — noacucrema Il u HagMonekynspHBIX 00pa3oBa-
Hut — moxcucrema I11).

HuddepennuansHoe ypaBHEHHE B MOAEIBHOM
MpejcTaBlieHud MakcBeiuia il JaHHOM CHCTEMBI
OyIeT UMeTh BUI:

G4 GGy Gng_ (G +G,+Gy)y, (D
Uh T T

o+
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. o
rae sz— — CKOpPOCTb HM3MCHCHHUA HAIPAKCHUA
t

. d
Ha BCEH CHCTEME; yzd—y — CKOpPOCTh H3MEHEHHs
t
Aedopmanuy CIBUra; ¢ — HalpshKeHHe Ha 00pasle;
M, My U Ny — JUCCHIATHBHBIE (BA3KOCTHBIE) Ma-
pamerpsl noacucrem I, T u III; Gy, Gy n Gy — Mo-

nynu casura nogcuctem 1, I1 u 111

B nanHOM cnmyuae peakuueil MOJICHUCTEMBI, 00pa-
3yromieil (POH BHYTPEHHETO TPEHUS Ha CIIEKTPE, MOXK-
HO npeHeOpeyb, NPUHSB €€ YHCTO YNPYToil T'YKOBCKOM
peaxiei, TUIIeHHOW HEyNnpyrux cBoWcTB. Criemyer
OTMETHUTbh, YTO 3TO JOMYIIEHUE SBISIETCS JIUIIb Kade-
CTBEHHBIM, T.K. BeTTMUMHA (DOHA WMEET ONpeieTIeHHOEe
3Ha4YeHHE JaKe MPH KPUOTEHHBIX TeMIepaTypax, YTo
CBUJICTEILCTBYET O TOM, YTO (DOH MOTEpPh HA CIIEKTpPE
TaK)Ke SBIISIETCS TUCCUITATUBHBIM IIPOIIECCOM IIPOSIB-
JICHUSI HEYIPYTOCTH, XOTS U ¢ OECKOHEUHO OOJIBIIUM
BPEMEHEM peJaKcanud, 9To OyAeT pacCMOTPEHO HH-
Ke.

Pemennem ypaBHenus (7) SBISIETCS COOTHOIICHUE

(2]:

t t
O-(t)zGI Y max €XP _T_ +GII Vinax CXP| —— +

I TII

t
+GIII ymax exp R ) (8)

T

rae ¢t — Bpems, ¢ [1, puc. 1].

B sToMm ciydae umeeT MecTo TpH BPEMEHH pelak-
caly, T.e. KaXAas CTPYKTYpPHO-KMHETHYecKas MOJ-
CHCTEMa XapaKTEepPHU3yeTcs CBOMMHM DEIaKCALOHHbI-
MU XapaKTepUCTUKAMHU:

7 :%; Tn :%; T :%, ©)
I it 1

CootHomienne (8) MOXeT OBITH MPEoOPa3OBaHO
K BUALY:

G(1), o (1)

=——==G, exp —ﬁt +
}/max 771

G G
+G, exp| -t |+ Gy, exp| ——¢ |, (10)
Ny Ui

rae G(f) — penaKchpyIOLIHii MOy JIb C/IBHTa.

;

YunTeiBas, 9TO Kakaas dIeMeHTapHas (peHOMEHO-
JoTWYecKass MOJENs MakcBeia XapaKTepu3yercs
cBOeW (YHKIMEW penakcaiuy, UMEIoIIed B cTaThde-
CKOM H30TEPMHUYECKOM PEKUME BHEIIHEr0 BO3JCUCT-
BUSI BUJ
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o, (t)=exp L =exp —gt , (11)
T

i i
MOJKHO TIPHHSTH, YTO OOIIMI TpoIlecc perlakcanuu
BCEH TPEXKOMIIOHEHTHOH cHcTeMbl OyaeT ompene-
JIATHCSI COOTHOLLIEHHEM

(pf([):(/)l(t)+§011(t)+€011|(t)a (12)
a peaKkCUpPYIOIMUA MOTYJIb:
G(t), =G, ¢I(Z)+GH Py (t)+GIH (Dm(t)- (13)

Crenyer OTMETUTbH, YTO BpEMs PeNaKCalluu T, T
U T, KaXIOH CTPYKTYPHO-KMHETHYECKOM IOICHCTEMBI

3aBUCUT OT TEMIEpPaTypbl HCCIEIOBAHUS; I103TOMY,
yuuTbIBasg CTpykrypHOe pasznuuue I, II u I nmoxcuc-
TeM, Kaxaas IMojacucTeMa OyAeT XapaKTepH30BaTbCs
CBOEH TeMIIEpaTypHOM 3aBUCUMOCTBIO BPEMEHHU pe-

JJakcalluu 7. = T , a CJIeaoBarciIbHO, U CBOHMMMH
1

(DU3BUKO-MEXaHUYECKUMU U (PU3UKO-XUMHYECKUMU
xapakTepuctukamu (dHEprust aktuBaruu U, ; BUI

1
(GYHKUMHM peraKkcaliu (pl.(t); BpeMsl pENlaKCallUUT, ;
HpPEIIKCIIOHCHINANBHBIN KO3 UUUeHT 7, U T.1.,
cootHomienus (6) u (11).

B »TOM cnywae mpm ogHUX TeMIeparypax Huccle-
JoBaHuil (Hampumep, temneparype I,  [1, puc. 2])
BpeMsl peJlakcally OJHOW CTPYKTYPHO-KMHETHYECKON
MOJCUCTEMBI (HapuMep, MOoACUCTEMBI [) MOXKeT ObITh
3HAYUTEIHFHO MEHBIIE, YeM BpeMs peJaKcalii BTO-
PO CTPYKTYpHO-KMHETHYECKOH MOJICUCTEMBI IPH TOH
ke Temneparype I,  (KaueCTBEHHO TeMIlepaTypHas
3aBHCHMOCTb BPEMEHH pelaKCcallud COIJlacyercs

C TeMIepaTypHON 3aBUCHUMOCTBIO BSI3KOCTH TOW HWIIU
WHOW CTPYKTYpHOU nojcucTeMsl [ 1, puc. 2, B]), T.€.:

(14)

Ha puc. 1, a, nmpeacraBnensl 4 Moaenu uccienye-
MO CHCTEMBI JIJIs1 HHTEPBAJIOB TEMITEPATYP:

@ —71<71,_; Q—r=~1,
@—1=~7,

@ —r~7_;
u ux Tpancdopmarmu puc. 1, 6, B; [1, puc. 2].

T, K T, K T, -

max II max

B Ilpunoxxenun Ha puc. I1 gana obmas cxema.
B oGmactu Ttemneparypel T <7,  cmekTpa

A=f (T ) [1, puc. 2, a] umeeT MecTo POH BHYTpEHHE-

ro TpeHusi, B 00pa3oBaHUU KOTOPOTrO MPUHUMAIOT yII-
pyroe ydacTue BC€ TPH CTPYKTypHO-KMHETHYECKHE
noacuctemsr: I, 11, III.

Bce nuccunatuBHble (HEympyrue) MpOIECCHI
B OTHX TOJCHUCTEMax TPEeHeOPEeKUTENbHO Mallbl,

MMO3TOMY 3THU MMOJACUCTCMbI 6yZ[yT XapaKTCpHU30BaATHCA

3HauUeHUEM '3aMOpOXKEHHOH" BsazkocTH 77, (0003HaA-

AT
()

o ps
YeHHOH Ha puc. 1 U 2 CUMBOJIOM ).

B obGmacrn rtemmeparypel T'~7;  cmekrpa

A=f (T ) Ha4YMHAET MPOABIATHCS MUK | quccunaTus-

HBIX moTepb [l, puc. 2, a], 4TO CBHJETENBCTBYET
O TMPOABICHUH HEYNPYrol JOKAIbHOW MOJBHXKHOCTH
3JEMEHTOB | CTpYyKTypHO-KMHETUYECKON IOACHUCTE-
MBI, T.€. BEJIMYMHA BS3KOCTU JTOH IOJICUCTEMBI 77,

(0o6o3HaueHHO# Ha puc. | cUMBOJIOM 0€3 OKPYKHO-
CTH, T. €. | ) CTaHOBHUTCS MEHBIIIE '"3aMOpOKEHHO-
ro" 3HaueHus 7, <17, .

B sTom ciiydae mozens TpaHcopMHUpyeTcs U3 HO-
JIOKCHHS (puc. 1, a) B oJIoXXeHIE 8 (puc. 1, a).

Bcnencreue Toro, 4To OcTaBIIMECS ''3aMOPOXKEH-
Hble" BS3KOCTH 17, U 1), HE OKA3BIBAOT BIUSHUS
Ha JUCCHUIIaTUBHBIN mpouecc | B o0nactu temnepatyp
T'~T, , OHH MOTYT OBITb OIYIICHbI U3 MOJIEIBHOIO
TIpeACTaBIIeHNs Beeil cuctemsl ((ur. @ Ha puc. 1, 0),
a ynpyrue snementsl noacucteM Il u I moryTt ObITH
IpPEACTaBIE€Hbl  OOLMM  YIPYTUM  3JIEMEHTOM
(GH + Gm) (ur. @ Ha puc. 1, B), a Bcad MOJIeNb Iie-
pPEXOAUT B MOJAEIb CTaHAAPTHOTO JIMHEMHOIO Tena
(¢ur. Ha puc. 1, B).

AHaNoruuHO OCYHIECTBISIETCA U NpeoOpa3oBaHue
Mozienu npu Temneparypax ' >7, (ur. (5 U

Ha puc. 1). Onnako npu 7 =1,  3Ha4YeHUE BA3KOCTH

7, CTpeMuTCs K Hymo, T.e. 1, &> 0 u ympyras Kom-
noxHenra G; — 0, nosromy BeTBb Mozenu #; — Gy yT-
pauuBaercs (puc. 1, a, ur. @ ).

B ob6nactu temneparyp 7 =1, u3 obueil Mmoxe-

JM OCTAeTCs JIHIIb MOJEINb C BSI3KOCTBIO 7], M MOZY-
nem casura Gy, T.e. BCAI MOJENb TPaHC(HOPMHUPYETCs
B IpOCTyI0 Mozelbs MakcBemia (puc. 1, a, ¢pur. @).

B obmactu Temneparypsr 7; - mepBasi CTPYKTyp-

HO-KMHETHYECKas MOJCHCTEMA MpPOSABISET JUCCHUIA-
THBHBIE BS3KOCTHBIE XapaKTEPUCTUKH BCIIEACTBHE
Toro, uto 1, <10” I3 [1, puc. 2, B].

B mepBoM mpuOIMKEHUN >IEMEHTapHas MOJAETb
Makcgemna (II mogcucTeMa) BEIpOXKAACTCSA B YIIPYTYIO
(KBa3UyNpyTyI0) TYKOBCKYIO MOJIEJIb, BCIIEICTBUE Ye-
ro 0000IIeHHas, COCTOSIIIAs U3 IBYX MaKCBEJJIOBCKUX
BeTBeH Mozens [puc. 1] mpeobpasyercs B peHOMEHO-
JIOTHYECKYIO MOJIENb CTaHAAPTHOTO JIMHEHHOTO Tena
C OJTHUM BpeMeHeM pefnakcauuu [2, 12—-15]:

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1
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a ) 1),
% iy Ty > 7

1[:_‘; ‘Hz ‘P?]]]E

?Gu Gy, G'“%

[

OOl 11

AG= Gm_w G, =0
¢

G = OOy

AG=G;, ~Gy+Gyy)

ooy

:>{ G" _>0} :AGZGM’EM; !

GIII
G, G +G

Il i

Puc. 1. Cxemarnueckoe 0000IIEHNE M TEOPETHYECKUH aHAIN3 COOTBETCTBYIOMIMX (PEHOMEHOIOIHYECKUX
MOJICITBHBIX TPEACTABICHHI I KaXKI0TO M3 4 TEMIIEpaTypHBIX MHTEPBANOB CIIEKTpa A = f ( ) u3 [1

puc. 2]
G GG B JIMHAMHYECKOM PEKXMME BHEIIHETO BO3IEHCTBHS
6+—0=(G +G,)y+——Ly= B BHIE
Uy 1 .
Gn }/(t) = ¥ max e (16)
—G+—=(G +Gy )y +—Ly. (15)
3 3

muddepeHaTsHoe ypaBHEHHE MOJIENN CTaHAApPTHOTO

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1
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JTUHEeHOTo Tena (cootHomeHue (15)) npencrasnsiercs
B BUJIC

o"+i0': (GI+GH)ia)+ GiGn Vo €7 =
m m

. G ;
—6+Z= (G +Gy)io+— |7 €. (17)
TI TI

Pemennem ypaBuenwust (17) sBisieTcsi ypaBHEHHE

T,

Ay =22 (18)

=o'

MEXAHUW3M BHYTPEHHEI'O TPEHUSA

HccnenoBanue TemnepaTypHbIX M YacTOTHBIX 3a-
BHCHUMOCTE! BHYTPEHHETO TPEHUS U TEMIEPATYPHBIX
3aBHCUMOCTEIl 4acTOTbI CBOOOAHO 3aTyXaroOIIETO KO-
ne0aTeabHOr0 Ipolecca, Bo30y)XIaeMoro B pasiuy-
HBIX 110 XUMUYECKOU MPUPOJE, CTPOCHUIO U CTPYKTY-
pe MaTepuanax (CUCTEM), TO3BOJISIET MIPEACTABUTH 3TH
pe3ybTaThl B BUAE HEKOTOpOH 0000IIEHHOH KpHUBOM
JIUCCUIIATUBHBIX IOTEPh B HHTEPBAJE TEMIIEPATyp

or ~10 K no ~700 K — A=f(T) [1, puc. 2, a]
1 0000IIEHHON KPUBOW TeMITepaTypHOU 3aBUCUMOCTH
YacTOTBI V =f(T) [1, puc. 2, 6].

Ha cnektpax A= f (T ) HaOII01aeTcsl HeNnpephIB-

HBIH, €1a00 ¥ MOHOTOHHO BO3pacTArOMUK (WJIH T0-
CTOSTHHBIM MO BEJMYMHE) NMPH MOBBIILIEHUN TEMIIepa-
Typbl A0 TeMIepaTypsl M3MEHEHHUS arperaTHoro co-
crostHus cucteMsl (7 K Ty) [1, puc. 2, a] yyactok Ab
(mTpuxoBas auHKA) U ydacTok b/l (crutomiHas auHusA)
SKCMOHEHITHAIIFHO BO3pacTaromiero (oHa BHYTpeHHE-
0 TpeHus mpu temmeparypax I'>7, .

Ha ¢on nmuccunarusubix noreps npu I <T,

B Pa3IMYHBIX TEMIIEPATYPHBIX yYacTKaX CIIEKTpa
A=f (T ) HAKJIAAbIBAIOTCS IMKH JUCCUIIATUBHBIX

MOTEPh ﬂ,l.“m [1, puc. 2, a].

Kak ObL10 OTMEUYEHO BBIIIIC, ITMKW OUCCHIIAaTHUBHBIX
noTepb OOYCIIOBIICHB! NMPOSBICHUSAMH (IIPH H3MEHe-
HUU TEMIEpaTyphl) BO3pACTAIOIIEH BO3MOXKHOCTH JIO-
KaJbHOW MOJBMKHOCTH 3JIEMEHTOB, 00pPa3yroIInX
pa3iu4HBIE CTPYKTYPHO-KMHETUYECKHUE ITOJICUCTEMBI,
KBa3MHE3aBUCHMO U HEOJMHAKOBBIM 00pa3oM pearu-
pylolue Ha OJWHAKOBBIE BHEIIHHE BO3IEHCTBHUA,
U 00pa3yolMX B COBOKYIHOCTH BCK AaTOMHO-
MOJIEKYJIApHYIO CTPYKTYypy BCEH HCCleqyeMoil cuc-
TCEMBI.

Takum 00pa3oMm, 3TH NUKU AWUCCHUIIATHBHBIX IIO-
T€pb HMMEIOT Pa3IMYHOE CTPYKTYPHO-KUHETHYECKOE

MIPOUCXOXKJICHUE, PA3TMYHBI MEXaHU3M BHYTPEHHETO
TPEHHS U PA3TUYHYI0 HHTEHCUBHOCTb.
Kpome TOro, Ha TemiepaTypHOil 3aBHCHMOCTH

qactotsl v = f(T) CBOGOAHOIO 3aTyXarOLIEro Kole-

OarenpHOTO Tporecca [1, puc. 2, 6] HaOmogarOTCH
AHOMAJIBHOCTH 3THUX 3aBUCUMOCTEH, MPOSIBIISIONIUECS
B TEMIIEPATypHBIX HMHTEPBAIAX MUKOB JAUCCHIIATHB-

HBIX [I0TEPb A, ~ Ha CIIEKTpe A = f(T) [1, puc. 2, a].

OTH aHOMaJIBHOCTH 3aKJIIYEHbl B OTKJIOHEHUSX
(B TOW MM MHOW CTENEHM) OT TEOPETUIECKOU KPUBOI

Voo = f(T) (wrrpuxosas muamusa (1) [1, puc. 2, 6]),

mex

paccuMTaHHOM MO TeMIIEpaTYpPHOH 3aBUCHMMOCTH MO-
nyns ynpyroctu G, = f (T ) [1, puc. 2, r] (wTpu-
XOBas JINHUA).

Pacuer Teopernyeckoii 3aBHCUMOCTH V= f° (T ) npo-

BEJICH B COOTBETCTBUH C MOJOXEHHUEM (QH3UKH TBEp-
Joro tena [11], cormacHO KOTOpOMY MOJYJb YHPYro-
CTH HCCIeIyeMON CHUCTEMBI JOJDKEH YMEHBIIATHCS
Ha (2+4)% npu yBennueHnu temieparypsl Ha 100 rpaz.
70 TeMIepaTypsl Mepexoja CHCTEMBI U3 TBEPAOIO
B JKHJKO€ arperatHoe COCTOSHHWE, T.e. B HMHTEpBaJe

temnepatyp ~10 K < T < T, 3aBucumocts G = f (T )

MpeAnosaraeTcs JMHEHHOM.

JlJis TMHAMUYECKHUX PEKUMOB HCCIICJOBAHUS pa3-
JIMYHBIX MAaTEPUAJIOB, HAXOAIIUXCSI B TBEPAOM arpe-
TaTHOM COCTOSIHUHM, UMEETCS CBSI3b MEXIY MOJIYyJIEM
YOPYTOCTH MaTepuajga M 4acTOTOH KoJe0aTeIbHOro
mporiecca, Bo30yKJaeMOro B HCCIEIyeMOM oOpasiie
B Buje [16]:

G=f(I, v.T)=>G~(IV) (19)
rae [ — MOMEHT MHEpIIMHU UCCieayeMoro oopasia.

Taxkum 06pazoM, MOIYNb yIPYyTOCTH (COBUTA) 3a-
BHCHUT HE TOJIBKO OT TEMIIEPaTypbl, HO U OT YacTOTHI
(ipu ycnoBuu [ = const ), T.€.

AG(T, v)=Av*(T) (20)
TEMIIEpaTypHOEe W3MEHEHHE YacTOTHl V TIO3BOJISIET
ONpPENCIUTh U TEMIEPaTypHOE HW3MEHEHHE MOy
C/IBHTa, YTO TEOPETHYECCKH MOXKET OBbITh IPEICTaBIIC-
HO B BHJIE IITPUXOBBIX JHHHUN 3aBUCHMOCTEH
Ha [1, puc. 2, 6] u[l, puc. 2, r].

AHOMAaJTBHOCTH 3KCIIEPUMEHTAIBHBIX PE3YIbTATOB
v=f(T) u, cnenoBarensro, G = f(T), nposiBisie-
Masi B pa3UYHBIX TEMIIEPATYPHBIX MHTEPBAJIaX CIEK-
pa A=f (T), MOXXET OBITh OIHCaHa MPH BBEACHUH

nousTus aedexra monyna AG [16]:

Gy (1,)-G/(1) _vi (1)~ (1)

1 1

G, (1) vo (T3)

AG = 1)
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XapakTep OTKJIOHEHHH (aHOMANbHOCTB) AV’ (T ),
a ClIeI0BaTEILHO, B AG(T ) JUISL pa3JIMYHBIX JOKAJIb-

HBIX TI0 TeMIIepaType y4acTKOB crlekTpa A= f (T)

B OJTHOW UCCIIEAYEMOW CHCTEME MOXET OBITh pa3iud-
HBIM, 3aBHUCANIAM OT  CTPYKTYPHBIX  aTOMHO-
MOJICKYJIIPHBIX 00pa30BaHUil B KAKIOW CTPYKTYpPHO-
KMHETUYECKON mojicucteMe. To ecTh 3HaueHUsS aHO-
MaJBHOCTH MOTYT OBITh B BHJIE Avi>0 u AG>0

v B Buae AV’ <0 u AG <0 (IpH ycJIOBHH HOBBIIIE-
HUS TeMIIepaTypbl HCCIIEyeMON CHCTEMBI).

Paznuume B 3nakax medekra moxyns AG mo3Bo-
JSIeT TPOBECTH YCJIOBHYIO KJIacCU(HUKALMIO JIOKalb-
HBIX AMCCUIIATHBHBIX MPOILIECCOB B COOTBETCTBYIOIINX
TEMIEPaTypHBIX HMHTEpBAJIAX CIEKTpa BHYTPEHHETO

TpeHUS ﬂ,zf(T):

(Av2 >0; AG> O)+T — peraxcail. MeX.,

(Av?<0; AG<0)  — dasossiii mex., (22)

(sz ~0; AG~ O)+T —> THCTepe3. Mex.,

rae +7 — HHIEKC, YKa3blBalOIU HAa HarpeBaHUE;
penakcal. — pelakCalMOHHBIA; MEX. — MEXAHM3M;
TUCTEPE3. — FUCTEPE3UCHBIM.
B cityuae oxnaxneHus Oyaer oOpaTHasi KapTHHA.
Taxum 06p330M, MUKW JUCCHUITATUBHBIX IIOTEPH
MOTYT MMETh pellaKCallMOHHBIA WiIM (a3oBbIi Mexa-
HU3MbI BHYTPEHHCTO TPCHUS, a (1)OH JUCCHUIIaTHUBHBIX

NoTeph Ha crekTpe A= f (T ) MMEET TUCTEPE3UCHBIN

MEXaHW3M BHYTPEHHETO TPEHHS BIUIOTH IO TEMIepa-
Typ I' K 1.

®OH JNCCUITATUBHBIX ITIOTEPH HA CITIEKTPE
A=f(T)

Hamnune na cnekrtpax A= f (T ) OTJIMYHOTO OT

HyJs GoHa moTepb A, # 0, UMEIUIero 3HaYUTEILHO

OH

MCHBIIYIO MHTCHCHUBHOCTH, YE€M IIMKHU IOTCPh, Halia-

raroIuecs: Ha 3TOT QOH (l K A ), O3BOJISAET

Max g,

OTHECTH Tiporiecc oOpa3oBanus (oHA K SIBICHUSM He-
YIPYroCcTH rUcTepe3ucHoro tumna [17-34].

IIposiBnenue sBJICHUN HEYNPYTOCTH TUCTEPE3UC-
HOI'O THUIA, KaK MpaBUIO, HAOIIOAAeTCcs B PEXHUMAax
BHEIITHETO Je(QOPMHUPYIOIIETO BO3JCHCTBUS, NMPU KO-
TOPOM HamNpsDKEHWsT O, BO3HHMKAlOUIMe B o0Opa3max
WCCIIEyEMBIX CHCTEM, He MPEBBIIAIOT Mpeesia ypy-
ToCTH O, !

ynp

(23)

np ynp?
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rae o,, — Hpelel NPONOPUHOHATBHOCTH, IYKOBCKasI

MT'HOBEHHO-O/THO3HAaUHAs (HE 3aBHCSINAS OT BPEMEHH)
B3aUMOCBSI3b  (HampsokeHne  —  Jedopmarius)

("o—y"# f(t) ); ©,, — Tpenesn ynpyroctu (ympy-
TOBSI3Kast HEYIIpyTasi B3auMOCBs3b "o —y "= f (t) ).

B unTepBane HanpspkeHudt (23) peakuus CUCTEMBI
Ha BHEIIHEE JePOPMHUPYIOIIEe BO3ICHCTBUE, BBIBO-
JISIIee 3Ty CHUCTEMY U3 COCTOSHUS MEXaHWYECKOIrO
H TEPMOAMHAMHUYCCKOI'O pPaBHOBECHSA, MOXKET ObLITH
onucana (eHOMEHOJIOTHUECKON Mojienbio KenbBiHa —
Ooiirra [4]:

o =Gy +ny. (24)

OZIHaKO IIpU  HaAIPSKCHUAX O'<(Tnp WMHTCHCHUB-

HOCTh ()OHA IVCCUTIATHUBHBIX IOTEPh HE CTPEMHUTCS

K HYJIIO, a IPAKTUYECKU HE M3MEHSETCS, YTO CBUIE-

TEIBCTBYET 00 OINpenereHHOl TI00aIbHON IuCcCHUIa-

THBHOCTHM OTKJIMKA CHUCTEMBI Ha BHEIIHEE BO3ICHCT-

BHE BO BCEM TEMIICpAaTypPHOM WHTEPBAJIC CYIIECTBOBA-

HUS KOHACHCUPOBAHHOTO COCTOSTHUSI ATOM CUCTEMBI.
JTO OTKIIOHEHHE OT TYKOBCKOW pEaKIInu

o=/(7),

Yoen =0, | MrHOBEHHOE B3aMMHO-OJTHO3HAYHOE 25)
o# f(t), cootcTBeTBHE "0 — )",

r# /(1)

o= f(}/)a

Yoem =0, | He MrHOBeHHOE (3aTsHYBIIEECS 26)
o = f(t),| Bo Bpemenu) coorcreerBHE "0 — )"
y=/(1)

peructpupyercsi Ha auarpamme "o —y" B BHIE 3II-

JMIICOUHBIX TEeTeNIb TUCTepe3Kca, I1e IIomals ner-
T TUCTEpE3Hca ONpeJeIsieT AUCCUIIATHBHBIC TOTEPH
B HCCIEAYEMOH CUCTEME.

B oOpazoBannu ¢QoHa IUCCHIIATUBHBIX IOTEPD

Ha crekTpe A= f (T ) NPUHUMAIOT Yy4acTHue CTpyK-

TypHO-KHHETHYECKHE JIEMEHTHI BCEX MOJICUCTEM: KaK
arperaTHoOM, Tak M psAla MOAUQHUIMPYIOMINX IOACUC-
Tem [12].

Bxnan xaxaod U3 JaHHBIX MOJACHCTEM B 00paso-
BaHME (pOHA 3aBHUCHUT OT TEMIIEPATypPhl K MOXKET OBITh
HE3HAYUTEIbHBIM [0 HWHTEHCHBHOCTH, HO OOLIMH
CyMMapHBI{ BKJaJa OyJeT ompeaensaTh OOIIyr0 UHTEH-
CHUBHOCTH (hoHa Ha criekTpe [1, puc. 2, a].

Takum o0pazom, KaX 101 CTPYKTYpPHO-
KHMHETHYECKOH TMojcHucTeMe OyIeT COOTBETCTBOBATH
CBOW THCTEPE3UCHBIN METEJbHBIN 3JUTUIIC ONpEIeICH-
HOW TUIOIIAA, KOTOpash U XapaKTepu3yeT IUCCHIIa-
TUBHBII BKJIaJ JAaHHOW MOJCUCTEMbI B HHTCHCUBHOCTD
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0611[61"0 (1)0Ha JAUCCUIIATUBHBIX MOTCPbL Ha CIHCKTPC

A=f(T) [2].
CTpyKTypHO-KMHETHYECKHE MOJCUCTEMBI MOTYT
OBITh  00pa3OBaHBl  pa3IMYHBIMA  ATOMHO-MOJIE-

KYJSIPHBIMA O0OPa30BaHUSMHU HCCICIyEMOH CHCTEMBI.
Hampumep, mist KpUCTaTNIMYECKUX HU3KOMOJIEKYJISIP-
HBIX CHUCTEM, CTPYKTYPHO-KUHETUYECKUE MOJACUCTEMBI
MOTYT OBITh 00pPa30BaHbI MUCIOKAIMSIMU MU TOYCU-
HBIMH JiepeKTaMH (aTOMBI BHEAPEHUS, aTOMBI 3aMe-
uieHus u T.1.). [Iporecc B3auMOAECMCTBUS 3TUX Biie-
MEHTOB TIPH WX CTPEMJICHUH 3aHSITH MPU MU3MEHECHUHU
TEMIIEPaTypPHO-YACTOTHBIX PEXKUMOB BHELIHETO BO3-
nedcTBUg OoJiee BBITOAHBIC JJIA JAHHBIX YCIOBUU
SHEPreTUYECKUE MOJIOKEHUSI NPUBOJUT K IMPOTUBO-
JIEHCTBUIO CO CTOPOHBI AJIIEMEHTOB IPYTHX IOJICHC-
TE€M, SHEPreTUYECKOE IMOJOKEHUE KOTOPBIX €lle He
MO3BOJISIET COBEPINATh Mo00HbIe Tiepexosl [13—15].
B wactHOCTH, TIpomecc B3aUMOJEHUCTBUS KOJIEOIIO-
IIMXCS JIUCIIOKAIIMOHHBIX 00pa30BaHUN CTPYKTYpPHI
C TOYCYHBIMU Je(PEKTaMU MOXKET OBITh TPEICTaBICH
KaK IpoLEecC B3aUMOJAEUCTBHS OJHON CTPYKTYypHO-
KHHETHYECKONH  MOIUQGUIUPYIOIIEH  MOJCHUCTEMBI
C JIpyroi, 4To NPEACTaBUTCS KaK AMCIOKAIlMOHHBIN
BKJIaJ] B MHTCHCHBHOCTH (DOHA IUCCUIATHUBHBIX II0O-

Teph Ha CIIeKTpe A = f (T ) JaHHbIi1 mpouecc xapak-
TEepU3YyEeTCs KaK THCTEPE3UCHBIH MEXaHW3M BHYTpEH-
Hero TpeHus B oOpa3oBaHMM (OHA HA CIEKTpe
A=1(T).

HecMoTps Ha KauecTBEeHHYIO MPOCTOTY 00OCHOBA-
HUSl TIOSIBJIGHHWA Ha CIHEKTpPe BHYTPEHHETO TPEHUS

A=f (T ) (hoHA IUCCHUIIATHBHBIX MOTEPb, KOJINYECT-

BEHHOE OIMCAaHUE TEMIIEPaTypHOH, YaCTOTHOH U aM-
TUINTYJHOM 3aBUCHMOCTEH JMCCHIIATHBHBIX MOTEPb
Jutst 3Toro (hoHa mpeAcTaBIseT cOOOH CIIOKHYIO MPO-
Oyemy, TpeOyromyto OOINBIIOr0 MaccuBa JKCIEPH-
MEHTAIBHBIX JAaHHBIX.

Crnenyer oTMETUTh, YTO HA4ajo MOJO0OHBIM HCCIe-
JIOBaHUSAM OBLIO TIOJOXEHO B paborax [17-32], B ko-
TOPBIX ~ HCCleJyeMas CHCTeMa paccMaTpUBaliach
B paMKax (EHOMEHOJOTMYECKHX MOAEIeH OIHOPOA-
HOT'O HETIPEPBIBHOTO CILIONIHOTO Tela.

B Oonee nmo3gHux paboTax rUCTEPE3UCHBIH Mexa-
HU3M o00pa3oBaHUsl (oHAa JUCCUNATUBHBIX MOTEPh

Ha CIEKTpax BHYTPEHHEro TpeHus A= f (T ) pac-

cMaTpuBaeTCs Ha 0a3e MOMETHHBIX NPEICTaBICHUI
00 aTOMHO-MOJIEKYJIIPHOM CTPOEHHH HCCIIEAYEMBIX
marepuanos [10, 33-35].

Peaknus mcciiegyeMoil cucTeMbl KakK HETpPEpHIB-
HOTO OJTHOPOJHOTO CILIOIIHOTO Teld, B COOTBETCTBUU
¢ ycnoBusiMu (26), KOraa BA3KOCTh 1) * 3TOW CUCTEMBI

n*>» 10" MMac —» o (n* — Bs3KOCTH "3aMOPO-

>keHHOM" moacuctemsl) [1, puc. 2, B], U B TO K€ BpeMs
MMEIOTCSI INCCUITATUBHBIC SIBIICHUS B JTOU CHCTEME,
T.e. AW #0, He MO3BOJSET HEMOCPEIACTBEHHO HC-

MOJIb30BaTh B ONMHMCAHUU 3TOM PEaKUUU MOJEIbHBIC
npenctasienuss KensBuna — ®oiirra m Makcsemia
(BcimeactBue ycioBus n*—oo0) [4]. B arom cinyuae
HEOOXOJMMO MPUHATH THIIOTE3Y, YTO (PEHOMEHOJIOTH-
YECKHM ONHCATh JUCCUIIATUBHBIC THCTEPE3UCHEIC SIB-
JICHUsI TIPU YCIOBUAX (26) BO3MOXKHO B Cilydae, Koraa
(heHOMEHOJIOTHYECKAsT MOJENb KaKIOH CTPYKTYPHO-
KHHETUYECKON TOJCUCTeMBbI OyJeT paccMaTpHUBaTHCS
KaK KBa3WyIpyras MoJelb, BKIIoUYaomas B ce0s Tpu
KOMIIOHEHTHI (puc. 2):

1) anmeMeHT 3aMOpOKEHHON BA3KOCTH BCell Mccie-
IyeMO CUCTEMBI 7] * >> 10" IMa-¢c — o0;

2) momynb casura G; (sl KaKIOW TOICHCTEMBI
pa3InyHBIN);

3) moKaIBHBINA TUCCUTIATUBHEIN dJIeMeHT 7; # () pu
0 < 0,p, PA3IMYHBIA I Pa3HBIX CTPYKTYypHO-KHUHE-
THUYECKHUX ITOJCUCTEM.

JUcCUNaTUBHBIA 3JE€MEHT 7, COEJUHEH Hapai-
JIEIBHO C YIPYTUM 371eMeHTOM G,, YTO II03BOJIAET
paccMaTpuBaTh TUCTEPE3HCHBIA MEXaHW3M BHYTpPEH-
HETO TPEHHs U OTCYTCTBHE OCTATOYHBIX Ae(opMarui
BO Bcell cucreme 7, =0.

Mopens mogoOHOTO THITa OBUTA TpEJIOKEHA aKa-
nemMukoMm KapruuplM mnpu omnucaHuu aedopmanuii
THOKO2JTACTHYHBIX TOJMMEPOB, COCTOSIIUX W3 JJTUH-
HBIX Lienell Makpomodieky [36].

JMCCUIIATUBHBINA 3JIEMEHT 7, MOXKET OBITh MPUHAT

B Ka4eCTBE XapaKTEPHUCTHYECKON CHIIBI BHYTPEHHEIO
HEYIIPYyTroro CONpOTHBIEHUS [, , KOTOpas HMpPOTHUBO-

JEeUCTBYET JI000MYy IEPEeMELICHNIO0 3JIEMEHTOB -
CTPYKTYPHO-KHHETHUYECKOM MOACUCTEMBI.

7 —00

o

Puc. 2. denomenonornueckass MOJENb IS OIMMCAHUS
THCTEPE3NCHOTO MEXaHW3Ma BHYTPEHHETO TPEHUS, TPO-

ABNAeMas Ha crekTpax A = f (T) B BuJe (hoHa Juccu-

IMMaTUBHBIX IMMOTCPHb

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1
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NmenHo sta cuna F, W sABisieTCs MPUYUHON BO3-

HUKHOBEHHS DJUIMITUYECKOW TUCTEPE3UCHOW IETIU
¢ obxBaroM miomanu S, =AW, , paBHOIl BenuunHe
JUCCHNIApyeMOoW sHeprun AW, 3a OZMH IEpHOI KO-
1e6aTebHOro Mpolecca Ipu U30TEPMUIECKOM PEXH-
me T'=const, npu ¢ <o, , rie o, — Hpeael npo-

MOPLUOHANBHOCTH  I-H  CTPYKTYpHO-KMHETHYECKOH

MOJICHCTEMBI.

Jlnst ompeneneHus Cuiabl F, OBIIO TPEIOKEHO
nBe teopuu [17-32]:

1) cuna F, 3aBHCHT OT CKOpPOCTH (YacTOThl @)
aedopmanuu y , 1.€. F, =f(;?);

2) cuna F 3aBUCHUT OT aMIUIMTYJbl IeopMariu
ymax (gDmax)
E =f(ry), uma F, =f(p,), t1€ @,
TYIHBIN yTOJ 1e(OPMALUOHHOTO CBUTa.

B wgactoTHOl 3aBucuMocTU F, = f (a)) paccmar-

KoJIe0aTeIbHOTO mpounecca, T.C.

— aMIlIu-

pUBaeTCs Kak JIMHEWHas CBA3b, TaK W HEJIUHEHHasd
CBSI3b MEXKIY CHJIOH JIOKaJIbHOI'O HEYNPYroro Compo-
TUBICHUA  F| BJIEMEHTOB  i-I  CTPYKTypHO-

KUHETHYECKOH MOACUCTEMBl U YacTOTOH KojeOaTesb-
HOT'O Iporecca, Bo30yKaaeMoro Kak B i-il MMoJIcHcTe-
Me€, TaK U BO BCEH CUCTEME B LICIIOM.

B ammmuryznHoit 3aBucumoctn F. = f ((omax) TaK-

K€ paccMaTpuBaeTcs IBa HaIlpaBIICHUS: JIMHEHHas
Y HeNMHEHHas 3aBUCHMOCTH.

[Ipu cBOOOAHO 3aTyXaromieM KojedaTeIbHOM TIpo-
necce, B030yxaaeMoM B 00pa3nax HCCiIeqyeMOon cuc-
TEMBI, JWANa30H YacTOT COCTaBISICT OT 107! I'n
1o ~10 T'y mpu 3ajaHHBIX TE€OMETPUUECKHUX pa3Mepax
00pasmoB mys ycrpoiictBa [16], mo3TOMYy OCHOBHOE
BHUMaHHE B ATOM CiIy4ae YAENSETCS BBITOJHEHHUIO
ycaoBus ¥, =const, T.e. ¢, =const, U BBIIOJIHE-

HUIO YCJIOBHS aMIUIMTYIHO-HE3aBUCUMOTO BHYTPCH-
HETO TPEHUS JUTsl KAKJOW - TIOJICHCTEMBI:

c<o,,
’ (27
ﬂ’i # f((pmax)’
rae o,, — Mpeen NPONOPIHOHAIBHOCTH i-H CTPYK-

TYPHO-KMHETUYECKON TOJICUCTEMbI, BXOJAIICH B 00-
L[YI0 CUCTEMY UCCIEyEMOro MaTepuaia.

Takum oOpa3om, B oOpa3zoBaHue ()OHA BHYTPCHHE-
TO TpPEHUS BHOCAT CBOM BKJAA BCE CTPYKTYPHO-
KHHETHUYECKOU MOJICUCTEMBI UCCIIEYEMON CUCTEMBIL.

Bxian xaxmod moiacucTeMbl B (DOH paszIUucH
U OIlpeAenserca TEeMIEpaTypod HUCCIEeNOBaHUs, IO-
3TOMy Hambosee CTaOWIBHBIM M OTHOCHTEIBHO IIO-
CTOSIHHBIM B IIMPOKOM TEMIIEPATYpPHOM PEXKUME HUC-

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1

cnegoBanuid A = f (T ) aBysiercsi (OH BHYTPEHHETO

TpeHUs arperaTHOU (popMOOOpa3yIOIIECH MOACUCTEMBI
[13-15].

@oH BHYTPEHHErO TPEHHS ISl CHCTEMBI, COCTOS-
el U3 OJHOU CTPYKTYPHO-KMHETHYECKOU MOJCHUCTE-
MBI, KOTOpasi B 3TOM Cllyyae SIBJSIeTCS arperaTHOMN
u ($opMooOpasyoIei MOACUCTEMON, HAallpUMep IS
0e31eEeKTHBIX MOHOKPUCTAUIMYECKUX CcUCTeM |1,
puc. 2, a; puc. I11], cocrouT u3 AByX TeMrepaTypHbIX
oOmacTei:

1 — nuHelHas 3aBUCUMOCTb OT TEMIIEpPaTyphl,
obnacte Ab [1, puc. 2, a];
2 — HenvHeNHas 3aBHCHUMOCTHh OT TeMIIepaTypHl,

obnacte B/ [1, puc. 2, a].

B sToMm cnywae uccneqoBaHusl CIEKTPOB BHYTPEH-
HEero TPeHUs B LIMPOKOM TEMIIEpaTypHOM HMHTEpBajie
HEOOXOAMMO TPOBOJUTH B TaKWX pPEXKUMax, YTOOBI
CBECTM K MHUHUMYMY BIIMSHHE YaCTOTHO-3aBUCHUMOM
COCTaBJISIONIEH BHYTPEHHETO TPEHHS M aMILTUTYIHO-
3aBHCHMOM COCTAaBIISIONIEH C BBIOJHEHHEM COOTHO-
menuit (27).

Pexxumbr gactotHo-He3aBucumoro (HHBT) u am-
TUINTYTHO-HE3aBUCUMOTO  BHYTPEHHETO  TpPEHUs
(AHBT) B nanHOM MeTOJe MCHONB3YIOTCS U TOTO,
4TOOBI OBUIM CO3JaHBI YCIIOBHS Hepa3pylLIeHUs oOpa-
30BaHHBIX B CHCTEME CTPYKTypHO-KHHETHYECKHX
MOJICUCTEM U BO3MOYKHOCTH KOPPEKTHOT'O HCIIOJIB30-
BaHUSI COOTHOIIEHUH (DEHOMEHOIIOTHYECKIX MOJEINb-
HBIX NPEICTaBICHUM U MOJOXKEHUN TEOPUU JIMHEWUHON
Ba3Koymnpyroctu bonsiimana — Bonsreppa [37].

[Ipu 3TOM crienyeT OTMETUTD, YTO AK€ BBINOIHE-
Hue ycnosuit YHBT u AHBT He sBngercs npensTcr-
BHEM JUII CMEHBl MeXaHW3Ma BHYTPEHHETO TPEHUS

(oHa TUCCUTIATUBHBIX MTOTEPh HA CHEKTpe A = f (T ) :
— JI0 TeMnepatyp crekinoBauus I, wim Kpucrai-

mu3anuu [, arperaTHoOd CTPYKTYPHO-KMHETHYECKOMI
noncuctemsl ([ 1, puc. 2, a] — yyactok AB) mexaHu3m
BHYTpPEHHETO TPEHUS SBISETCS TUCTEPE3NCHBIM;

— mocne temmeparyp 7 >7, wm T >T, Mexa-

HU3M BHYTpEHHEro TpeHus wusmensercs ot UHBT
TUCTEPE3UCHOrO TUIA HA PEJaKCAlUOHHBIA MEXaHHU3M
C YaCTOTHOM 3aBUCUMOCTBIO U BBIIIOJIHEHUEM YCIOBUM
MPUHIMIA TEMIIEPATYPHO-BPEMEHHON CYIEPIIO3ULINH.

Wrak, rucrepe3sucHbIi MeXaHU3M BHYTPEHHETO
TpEeHHd, ONpeAETAEMBI IO TEeMIEPATypHBIM CIIEK-
TpaM BHYTpEHHEro TpeHuss A= f (T ) B MHTEpBaJe

temneparyp a0 temneparyp 7'<7, wm T <T, (rme
T, v T, — TeMreparypbl M3MEHEHHSI arperaTHoro

COCTOSIHHSI BCEH CUCTEMBI MJIM arperaTHoil popmMoo0-
pasyromell TOACUCTEMBI), SBISETCS aMIUIUTYIHO-
U YaCTOTHO-HE3aBHCHMBIM B PEXUME HUCCIIEIOBaHUHN
METOJIOM CBOOOJIHO 3aTyXaroIlIero KoJeOaTenbHOTO
npolecca B JUana3oHe 4acToT OT ~107! I'm o 10 IT'g
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MpH BO3SHHKHOBEHUU B 00paslle MCCICIYyeMOM cucTe-
MBI HANpPsDKCHWHM, MEHBIIUX IMpeiesia MPOMOPIHO-

HQJIBHOCTU O,,, W XapakTepusyer (pOH AMCCUIIATHB-

HBIX MMOTeph Ha cmektpe ([1, puc. 2, a] — ywacTok
AB).

B obnactu rucrepesncHoro MexaHu3ma (ona
BHYTpCHHEro Tpenns Ha cnekrpe A = f(7') Temnepa-

TypHOE M3MEHEHHE YaCTOThI CBOOOIHO 3aTyXaroIlero
KOJIe0aTeNILHOTO Tpoliecca, BO30YKISHHOTO B 00pas-
e, MPOUCXOJUT MOHOTOHHO 0€3 aHOMallbHOCTEeH
u cocraBisieT ~(2+4)% nHa xaxasie 100 rpamx. Teme-
paTypsl.

B o6nacrtu temneparyp 7 >7, win T>T, ¢on

JIUCCHUITATUBHBIX TOTEPh Ha cHekTpe A= f (T ) 0es3-

Je(heKTHOW MOHOKPHCTAININYECKON CUCTEMbl HAYMHA-
eT pe3ko Bo3pacrath ([1, puc. 2, a] — cruromntHas Ju-
HUS).

AHanornyHoe W3MEHEHHE (DOHA ITUCCHUIIATHBHBIX
MoTeph Ha CHeKTpe A= f (T ) XapaKTepHO U JAJIs ar-

peratHOl (hopMOOOpa3yIOIIe IMOACHCTEMBI MHOTO-
KOMIOHEHTHOH cucteMbl ([1, puc. 2, a] — yd4acTok
Bl).

Ecnu qnig aToro teMneparypHoro HHTEpBaa CIek-
Tpa ([1, puc. 2, a] — yuactok bJl) paccmarpuBath
pa3BepTKy KoiebarenpHOTO Tporecca [1, puc. 1, B]
gozf(t), TO B KoopauwHaTax "o —y" OymeT UMeTh
MECTO COBOKYITHOCTb HE3aMKHYTBIX 3JUIMIITHYECKHX
KpUBBIX (pHc. 3).

IIpu TeopeTHyeckOM aHaJIW3€ 3TOrO SIBJICHUS
C JHEPreTHYECKUX IMO3ULUHN CeIyeT, YTO MOTEeHIIH-

albHasl SHEPrHs CHUCTEMbI B [-M Iepuojie kojeba-
tenbpHOrO npouecca ([1, puc. 1, r]; puc. 3) onpenens-
€TCsl COOTHOIIICHUEM:

2
U =61
2

Hus (i +1)-ro nepuonia NOTEHIMATbHAS SHEPTHUS:

(28)

2

i
Uy = G222,

i =G (29)

PaccmatpuBaemblil 3aTyxarouuidi KoJjeOaTeIbHbIH
mporiecc (puc. 3) ¢ SHEPreTHUECKUX IMO3UINH oTIpee-
JsieTCsl BeMunHOW 3Heprun U, cooOraeMoii cucreme
B K&l MEpHOJ KoJieOaTenbHOTo IMpolecca, a Be-
muurHa U ompenendercs MIOMIANbI0 3JUIMIICOUIHON
MeTJIN KaX/I0T0 KoJebaHusl.

Jnst onpenenenuss U, kaxaoro mepuoja koneOa-
TEJBHOrO Tporecca (T.e. IUIOMAAW HETIH THcTepe-

3UCHOM KpUBOHI ("G—y")i) HEOOXOAMMO TPHHATH
CJIEAYIOIIUE IOy ICHHUS:

1) HE3aMKHYTOCTBIO METJIHN THCTEPE3UCHBIX MOTEPh
ULl KaXKA0To I-ro IepuoAa KojeOaHWH MOXKHO Ipe-
HeOpeyb;

2) YMCHBIICHHUC aMIIIUTYAbL A}/ SHAYUTCIIbHO

MEHBIIE BEMUMHBl CAMHX AMIUTHTYIL ¥ V(1) -+

KaXaoro nepuoaa KOJIe0aTeILHOTO mpounecca:

Ay Ly, KL Vi) Koo (30)

Puc. 3. Cucrema »IIHMNTHYECKUX He-
3aMKHYTBIX TIE€TEJb, XapaKTEPU3YIOLINX
JIUCCUTIATUBHBIE TOTEPH JUIS KaXKIOTO
MEpUOoJIa 3aTyXaIoIIero KoJeOaTeIbHOrO
mporecca, Bo30yXISHHOTO B UCCIIEoye-
MO CHCTEME

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1
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Takum obpaszom, pasHocth AU Mexay mepuoja-
MH KOJICOATENBHOTO Ipolecca OYyJIET COOTBETCTBO-
BaTh JUCCHITMPOBAHHOW 3a MEPUOJ BEIHMYMHE DHEP-
Tuy, T.€.:

G
AU =U, _U(m) :5(7’1'2 _7(2i+1)) ~G(7, 'AVi)' €2))

Ilmomaas HE3aMKHYTOM THCTEPE3UCHOW TMETIIH,
COOTBETCTBYIOIICH aMIUIUTYIE ¥,, OIPEHEIAETCS CO-
oTtHoleHueM [18-20]:

S.=2kR y,, (32)

rae k — xoabdunrent popmsl newm; 2 R, — Hau-
OoJbIas MUPHHA METIIN THCTEpEe3nca.
Koadpoumment dhopmbel onpenensercss COOTHOIIE-

HueM [18-27]:
2
k= 1—(1J .
vi

Ecnn npuHATE, 4TO cmna F, HEyNpyroro compo-
TUBJIEHUS MaTepuaia HCCJIeAYyeMOM CUCTEMBI IMpO-
MOpPIUOHANBHA MIUPUHE TETIN R, NI n-H CTENECHH

(33)

AMIUIUTY AbL }/i , Toraa:
F ~R, «(r,) =b(r),

rac RO- — Ha4dajibHasg MNOJYIIHMPUHA NETIU TUCTCPC-
i

(34)

3uca, b — k03P PUIUEHT, € — CHUMBOJI MPOMOPLHO-
HAJILHOCTH.

W3 cootHomennii (32) u (34) cnenyer:

S, =2kb (7). (35)

Takum o6pazom, u3z coornomenuit (31) u (35)
CIIC/IyeT:

AU, =S8, = G(%‘ 'Ayi)zzk b (7i)n+1 )

2k b (y,)" \ (36)
Ay, =" =a(y,),
e (7.)
2k b
rac a= T — XapPaKTCPUCTHKA KECTKOCTH 06pa3ua.

U3 cootHomenus (36) cienyert, 4To €Ciau cuia He-
YIPYTOIO CONPOTUBICHUA F, SABIAETCA MAJIOW U IIPO-
MOPLMOHAIBHOW n-H CTENEeHU aMIUIMTYyIbl Aedopma-
mun (cootHomenue (34)), To yObIBaHHE aMILIUTYIbI
negopmanu Ay, Taxoke IPONOPLUOHAIBHO K-I cTe-

IIEHU aMIIUTY bl (}/1 )n .

Ecnu paccmatpuBath auddepeHiuaipHoe ypas-
HEHHE OTHOAIONIeH 3aTyXaromero KoiebdaTenbHOro

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1

mpomiecca ([1, puc. 1, B, T, A, ITPUXOBAsT JTUHUS)
B BHJIC

dy.
Ay =—0—L, 37
Y y (37)
rie 0 — mnepuoia KojeOaHHS, TO 3TO YpaBHEHUE

¢ yuetoM cooTHomeHus (36) MOkeT OBITh IpeIcTaB-
JICHO B BUJIE:

dy,

ay,) =0 (38)

Wnrerpupys ypasuenue (38) MeTo oM paszeneHus
NIEPEMEHHBIX U C YCIOBUEM, YTO 7 # 1, momy4daeM co-
OTHOLIICHUE:

(]—ﬂ)
i at
(r.) =——+C.
1-n 0
[TocTostarast maTerpupoBanus C B ypapHeHHUH (39)
omnpeesieTcs IPU HaYallbHBIX YCIOBHSIX

(39)

_ (1-n)
{t =0 o lm) (40)
Vi = Vmax l-n
Takum ob6pazom:
(1-n) (1=n)
i 1 max
I

Otkyna ypaBHeHHE OruOaromiedl pa3BepTKH 3ary-
XaloIero KoJeOaTelbHOro Ipolecca OHpeeseTcs
B BHUJE!

7/[ — }1/mﬂx .
(n—l\)/1+ (ng )a (?/max )('H)t

Hus cnywass n=1 ypaBHenue (38) mpuHHMaeT
BUJI:

(42)

a(yi)z—eﬂzﬂz_a(%)j
dr dr a]
d}/ a a
L =——dt=>Iny,=——1+C,
v, 0 =7 (43)

rae mNOCTOsIHHasA UWHTCTPHUPOBAHUA C OIpPEACIUTCA

B BHUJIC:
{t =0,
yi = ymax

Takum oOpazom, u3 cootHomeHuit (43) u (44)
CIIC/IyeT:

= C=lny,,. (44)
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t
——a=
0

i _

Iny,

t
=——a+In =In
9 ymax

max

t
—a

= yi = ymaxe ¢ ° (45)

CoorHomieHue (45) mpencraBiser coboit (yHK-
[IUI0 PeJlaKcalliy BA3KOYIPYTrod peakinuu (eHOMeHO-
JIOTUYECKON Mozaenu MakcBelia, rJie BpeMs peiakca-
IIUU COBIIAJIAET C MEPHUOIOM KOJIeOaTEITFHOTO MPOIIec-
ca, .. T=60 [4].

Takum o0pa3oM, (OH BHYTPEHHETO TPEHHS INPU
temneparypax 7 > T, wiu T >> T, MOXKET OBITh OIH-
caH B paMKax TEOpUHM Heynpyroctu bonblimana —
Bonbreppa kak BA3KOYNPYTHHA pelaKCallMOHHBIA IIPO-
ecc.

OnHOBPEMEHHO C BO3pacTaHMEM HHTEHCHBHOCTH

(oHA ITHUCCUMATHUBHBIX MOTEPh Ha criekTpe A = f (T )
B 9TOM € MHTEpBaJIe TEMIIEPAaTyp Ha 3aBUCHMOCTSIX
moynsi casura G = f(T) ¥ 4acTOTHI KoJeGaTe/bHO-

ro mpomecca V= f (T ) HaOIIONaeTCsl OTKJIOHEHHE

B. A. JOMOBCKOI1, [0. B. UYTYHOB, C. A. INATOXWUHA

OT TEOPETUYECKUX KPHBBIX JISI 3TUX XaPAKTEPUCTHK
[1, puc. 2, 6, T].

3TO OTKJIIOHEHHE XapakTepusyercs: AeHEeKToM Mo-
nyisi (cootHouienue (21)) u npencrariser codou pe-

JIAKCAllMOHHBIA MOMYJIb G(z‘)r ONHUCBIBAEMBIA COOT-

momenneMm (13) ¢ mpocToir  ApOOHO-IKCIIOHEH-
IUANbHON (DYHKIMEH pelakcaluu ¢, (t) — MAakcCBelJl-

JIOBCKOHM OJKCIIOHEHTOH, aHAJIOTMYHOM 3KCITOHCHIIU-
QIBHOM (DYHKIIMM M3MEHEHUs OTHOAlolIell pa3BepTKU
3aTyXaromiero KoxedaTeTbHOro Mmporecca.

3AKJIIOYEHUE

[IpencraBieH METO TEOPETUYECKOTO aHam3a (hu-
3UKO-MEXaHWIECKUX U (HPU3UKO-XUMHUECKUX XapaKTe-
PUCTUK Pa3IUYHBIX JUCCUIATUBHBIX MPOLECCOB, MPO-
SIBJSIEMBIX Ha CIEKTpaxX BHYTPEHHETO TPECHUS U TEM-
MepaTypHO-4YaCTOTHBIX 3aBHCHUMOCTEH, C MCIIOJIb30Ba-
HUEM TIpeACTaBIeHUH 00 HcciIenyeMoM MaTepualie
KaK COBOKYITHOCTH KBa3WHE3aBUCUMBIX CTPYKTYpPHO-
KHHETHYECKUX TIOJICUCTEM, COCTABJISIIOIINX B COBO-
KYITHOCTH HCCTIEyeMYIO CUCTEMY .

INPUJIOKEHHUE

Bepiaoe

=y

—

I
S
T
T a@' Py
“}f r,‘,fﬁﬁf u}% 6363
1)

)
=G+G,+

G
oy

- o

i r
“.-Jf GGt

i

|

1) AG=C, A Cy+Cy
G y .
i =G 0j=AG=G -G,
G G, Gy
&)

5

"oy

=G+ Gy

(B

Puc. Il. CxemaTrueckoe 00OOIIECHHE CIIEKTpa
BHYTPECHHETO TPCHUA [JId IMHUKOB JIOKAJBHBIX
JIUCCUIMIATUBHBIX MOTEPb.

IToctpoeno na [1, puc. 2] u puc. 1
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A theoretical analysis of the experimental results of studying the spectra of internal friction and temperature

dependences of frequency for each dissipative process local in temperature, obtained in the mode of a freely
damped oscillatory process excited in the studied systems of different chemical nature, composition, and struc-
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INTRODUCTION

Analysis of the spectra of internal friction
A=f (T ) and temperature dependences v = f (T ) of

the frequency of a free-damped oscillatory process
excited in the studied samples of different chemical
nature, composition, and structure [1, Fig. 2] over
a wide temperature range shows that internal friction
as a dissipative process in its physical essence is
a much deeper phenomenon that cannot be fully de-
scribed within the framework of model concepts of
a homogeneous solid body.

This depth is due to the fact that the spectra

A=f(T) for any material (or condensed system)

seonr)
represent a whole set of dissipative processes of vary-
ing intensity and belonging to different temperature
ranges.

Each local dissipative process appears in the spec-
trum A=f (T ) as a loss peak of varying intensity,
and on the temperature dependence of the frequency
v=f(T) — in the form of the anomalous behavior

over a wide temperature range (SK <T<T

of this dependence.

Thus, the response of the system under study to an
external deforming influence requires consideration of
dissipation processes as model representations of the
atomic-molecular structure of the system under study.
In this case, the entire system under study is a set of
structural-kinetic ~ subsystems that react quasi-
independently to external influences. This effect si-
multaneously removes all structural elements (atomic-
molecular formations or structural-kinetic subsystems)
from the position of mechanical and thermodynamic
equilibrium.

The reaction of each structural-kinetic subsystem
at the same temperature, equal for all, will be differ-
ent: from elastic (Hookean) to inelastic (Maxwellian),

which is reflected in the dependences A= f(T) and
=/(T) 2]

The internal friction method under consideration in
the dynamic mode of a free damped oscillatory
process excited in a homogeneous continuous medium
and elastically responding to external influences under
isothermal conditions (7 =const), is based on the
basic equation of motion:

p[azw'j 5,0, (1)

or’

where p is the density of the medium; ¢, is the angle
of twist of the sample; o, are the components of the

stress tensor, respectively, that arise in the material
under study when it is deformed by an amount.

The solution to equation (1) is presented in the
form [2]:

p(a go[j: n j.a (p(2z,z exp{(t;to)}dt, )

0z

where z is the coordinate of the cross section of the
sample; B, is a positive constant that satisfies the

condition ZBi =G, where G is the shear modulus of
i=l1

the entire system, consisting of #» number of structur-

al-kinetic subsystems; ¢ is current time of the oscilla-

tory process; f, is time of application of external

twisting moment M _ ; 7,is the relaxation time of the

i-th structural-kinetic subsystem.

Using the Laplace-Carson transform [3] allows us
to obtain a solution that describes the process of
damping the torsional vibrations of the sample under
study relative to the equilibrium value of the angle
=0 at r>1¢, [1, Fig. 1, B].

In this case, the logarithmic decrement of the main
(for a certain temperature) harmonic of the oscillatory
process is determined. A change in temperature leads
to a change in the fundamental harmonic, i.e., to a
change in the predominant structural-kinetic subsys-
tem (i-th subsystem) in a given temperature range,
dominating in terms of dissipative ability. The loga-
rithmic decrement of the oscillatory process excited in
the system, consisting of n number of structural-
kinetic subsystems, will be determined as:

j} 3

A=
. B _),[_B +Z(§j or,
Gort, Gor, S\ G )\ 1+o°t]
circular (cyclic) frequency;
7,, T,, ..., T, are relaxation times for each i-th struc-

where @ is the

tural-kinetic subsystem; B, B,, ..., B, are positive
constants having the dimension of shear modulus
[N/m*] for each structural-kinetic subsystem.
According to Maxwell’s phenomenological model
concepts [4] and the basic principles of the theory of
internal friction [5-10], the relationship between the
increasing intensity of the internal friction background
tgo, the logarithmic decrement A of the oscillatory

process, the circular frequency @ of this process and
the relaxation time 7 is determined by the ratio

A=rmtgs =" @)
T

The first two terms in relation (3) are associated
with the background of internal friction of the spec-



trum A= f (T ) , and the third term of this relation —

with loss peaks superimposed on the background. In
the model representation, relation (3) can be presented
in the form of a generalized Maxwell model with
branches that degenerate with temperature changes
[2]; the third term in relation (3) can be written in the
model representation of a standard linear body [5 ]:

T,
A’i = 22'imax m, (5)

where A, is the maximum value of the logarithmic

decrement in the internal friction spectrum A = f (T )

for each peak of dissipative losses [1, Fig. 2, a].

The relaxation time for the elementary Maxwell
model is related to the physical and mechanical cha-
racteristics of the system under study and depends on
temperature:

n U
T=—=T,eXp—, 6
G o pRT (6)

where G is the elasticity (shear) modulus; 7, is pre-

exponential coefficient; U is activation energy of the
process; T is temperature; R is universal gas con-
stant.

In this case, the background of internal friction (re-
lationship (3)) and the peak of dissipative losses in the

spectrum A= f (T ) (relationship (5)) will depend on

the temperature.

Relations (1)—(6) can qualitatively represent the
entire spectrum of internal friction in its temperature-
frequency dependence and are applicable both for
amorphous glassy and crystalline systems, and for
liquid (glass-forming and crystallizing) systems.

In addition to these provisions, it should be noted
that the shear modulus G is, although weak, a tem-

perature-dependent characteristic, i.e. G = f(T).

Studies of internal friction of single-crystal sys-
tems [1, Fig. [11] show: there is an increasing back-
ground and a monotonic decrease in the shear mod-
ulus, which, according to theoretical calculations,
is~ 2 +4% for every 100 degrees of temperature [11]
in the spectra of internal friction.

The decline in shear modulus intensifies in the re-
gion of melting (crystallization) temperatures for crys-
talline systems or in the region of glass transition
temperatures for amorphous systems.

However, for these same crystalline systems, being
in a polycrystalline structural state, the resulting peak
of dissipative losses (one of the components of the
third term of relation (3)) is superimposed on the
background of internal friction at temperatures lower
than the crystallization temperature (7 <7, ).

It should be noted that the temperature dependence
of the shear modulus in the same temperature range
begins to show an anomalous deviation of the mod-
ulus values G from the smoothly monotonic tempera-

ture dependence G = f(T).
These changes in the spectra 4 = f(7') and depen-

dencies G = f(T) occurred as a result of changes in

the internal structure of the corresponding subsystems,
built from the same structural elements as the corres-
ponding single crystals.

Studies of dependencies for amorphous systems al-
so reveal similar effects [1, Fig. [12-114].

CUMULATIVE ACTION ANALYSIS
STRUCTURAL AND KINETIC
COMPONENT SUBSYSTEMS

Everything discussed above provides the basis to
take into account not only the temperature and fre-
quency but also the atomic-molecular structure of the
system under study when conducting a deep theoreti-
cal analysis of the reaction of the materials (systems)
in dynamic modes of freely damped oscillatory
processes excited in them. The system under study
itself is presented as a set of structural-kinetic (atom-
ic-molecular) subsystems with different physical-
mechanical and physical-chemical characteristics, qu-
asi-independently reacting to the same external influ-
ences, which remove all elements of these subsystems
from a state of mechanical and thermodynamic equili-
brium [12].

Let us consider the case when the sample of the
material under study consists of three structural sub-
systems (for example, subsystem I — of links of a
chain of macro-polymer molecules, subsystem II — of
segments of this chain and subsystem III — of supra-
molecular formations).

The differential equation in Maxwell's model re-
presentation for this system will have the form:

6496401 G, =(G,+G,+Gy)y, (D
7,Il 7711 77[[1

. do
where o =—

py is the rate of change of voltage

throughout the system; y = ((11—}; is the rate of change of

shear strain; o is sample voltage; , n,, n, and 1
are the dissipative (viscosity) parameters of subsys-

tems I, Il and III; G,, G, and G, are the shear mod-

uli of subsystems I, II and III.

In this case, the reaction of the subsystem that
forms the background of internal friction in the spec-
trum can be neglected, accepting it as a purely elastic



Hookean reaction devoid of inelastic properties. It
should be noted that this assumption is only qualita-
tive because the background value has a certain value
even at cryogenic temperatures, which indicates that
the loss background in the spectrum is also a dissipa-
tive process of manifestation of inelasticity, albeit
with an infinitely long relaxation time, which will be
discussed below.
The solution to equation (7) is the relation [2]:

O-(Z) = GI ymax eXp |:_i:| + GII }/max exp|:—L:| +

3 Tn

t
+ GIII }/max eXp|:__:| > (8)

Tll[

where ¢ is time, s, [1, Fig. 1].

In this case, there are three relaxation times, i.e.,
each structural-kinetic subsystem is characterized by
its own relaxation characteristics:

3 :i; Tn zﬂ; Tm :h‘ )

GI GII GIII

Relation (8) can be transformed into the form:

G(1) = o) =G, exp[—it] +

ymax I

G G
+ Gy exp[——”tJ+G1H exp(—it} (10)
M N

where G(7) is the relaxing shear modulus.

Considering that each elementary phenomenologi-
cal model of Maxwell is characterized by its own re-
laxation function, which has the form in the static iso-
thermal mode of external influence

t G
o (1)= exp[——j = exp{——’tj ,
7 U

we can assume that the general relaxation process of
the entire three-component system will be determined
by the relation

(11

0,(1)= 1 (1) +ou (1) + ou (1), (12)
and the relaxing module by the relation:
G([),. :GI (Dl(t)—i_GII Dy (t)+GIII (Dnl(t)- (13)

It should be noted that the relaxation time of 7,, 7,
and 7, of each structural-kinetic subsystem depends

on the temperature of the study; therefore, taking into
account the structural difference of subsystems I, II
and III, each subsystem will be characterized by its

temperature dependence of the relaxation time
t,=f(T), and, consequently, by its physical-
mechanical and physical-chemical characteristics (ac-
tivation energy U, ; type of relaxation function ¢, (t) ;
relaxation time r,; pre-exponential coefficient 7,
etc., relations (6) and (11).

In this case, at certain research temperatures (for
example, temperature 7;  [1, Fig. 2]), the relaxation
time of one structural-kinetic subsystem (for example,
subsystem I) can be significantly less than the relaxa-
tion time of the second structural-kinetic subsystem at

the same temperature 7,  (qualitatively the tempera-

ture dependence of the relaxation time is consistent
with the temperature dependence of the viscosity of
one or another structural subsystem [1, Fig. 2, B]), i.e.:

(14)

In Fig. 1a, 4 models of the system under study are
presented for the temperature ranges:

@O —1<7_; @ — T=71,_;
@ _TzTI,,m; @ — TzT}IImX

and their transformations Fig. 1, b, B; [1, Fig. 2].

T, < T, < T, -

Fig. 1. Schematic generalization and theoretical anal-
ysis of the corresponding phenomenological model
concepts for each of the 4 temperature ranges of the
spectrum from [1, Fig. 2]

In the Appendix, a general diagram is given in
Fig. I1.
In the temperature range 7' <7,  of the spectrum

A=f(T) [1, Fig. 2, a] there is a background of inter-
nal friction, in the formation of which all three struc-
tural-kinetic subsystems take an elastic part: I, II, II1.
All dissipative (inelastic) processes in these sub-
systems are negligibly small, therefore, these subsys-
tems will be characterized by the value of “frozen”
viscosity 77, (indicated in Figs. 1 and 2 by the symbol

AT
(HH)

)

In the temperature region 7 ~7,  of the spectrum

A=f(T), peak I of dissipative losses begins to ap-

pear [1, Fig. 2, a], which indicates the manifestation
of inelastic local mobility of elements of the first
structural-kinetic sub-system, i.e. the viscosity value
of this subsystem 7, (indicated in Fig. 1 by a symbol



without a circle, i.e.,
13 ’ *
frozen” value n, <7, .

In_this case, the model is transformed from posi-
tion (1 ) (Fig. 1, a) to position @(Fig. 1, a).

Due to the fact that the remaining “frozen” viscosi-
ties 17, and 17;, do not affect the dissipative process I

' ) becomes less than the

in the temperature range 7'~ 7, , they can be omitted

from the model representation of the entire system
(position in Fig. 1, 6), and the elastic elements of
subsystems II and I1I can be represented by a common
elastic element (position in Fig. 1, B), and the en-
tire model goes into the model of a standard linear
body (position @ in Fig. 1, B).

The transformation of the model at temperatures
T'>T, is carried out similarly (position @ and @

in Fig. 1). However, when the viscosity value 1,
tends to zero at T ~7; ,ie. n, — 0 and the elastic

component G, — 0, , therefore the branch of the mod-
el i1~ G is lost (Fig. 1, a, position (3) ).
In the temperature range, 7'~ 7;;,  only the model

with viscosity and shear modulus remains from the

general model, i.e., the entire model is transformed

into a simple Maxwell model (Fig. 1, a, position@).
In the temperature region 7; , the first structural-

max

kinetic subsystem exhibits dissipative viscosity cha-

racteristics due to the fact that n, <10" P [1, Fig. 2,
B].

To a first approximation, the elementary Maxwell
model (subsystem II) degenerates into an elastic (qua-
si-elastic) Hookean model, as a result of which a ge-
neralized model consisting of two Maxwellian
branches [Fig. 1], is transformed into a phenomeno-
logical model of a standard linear body with one re-
laxation time [2, 12—15]:

G . GG
6+—L0=(G +G,)y+—Ly=
U Uy

. O . G
=0+T—=(GI+G“)7/+T—H7/. (15)

I I
In the dynamic mode of external influence, in the
form

}/(t) = ymax eiwt (16)

differential equation of the standard linear body model
(relation (15) is represented as

G . GG, i
c+—to ={(GI +GH)1a)+[ e ﬂ;/max & =

Ui Un

s+ %= {(GI N Gll)iw+i} v e (17)
T

7 1

The solution to equation (17) is the equation

T,

“ 1+ o°t]

M =22 (18)

INTERNAL FRICTION MECHANISM

The study of temperature and frequency depen-
dences of internal friction and temperature depen-
dences of the frequency of a free damped oscillations
excited in materials (systems) of different chemical
nature, composition, and structure allows us to present
these results in the form of a certain generalized curve
of dissipative losses in the temperature range from

~10 K to ~700 K — A= f(T) [1, Fig. 2, a] and a ge-
neralized curve of temperature dependence of fre-
quency v = f(T) [, Fig. 2, 6].

The spectra A = f(T) show a continuous, weakly

and monotonically increasing (or constant in magni-
tude) section Ab (dashed line) when temperature is
increased up to the temperature of change in the ag-
gregate state of the system (7 < Ty) [1, Fig. 2, a] and
the section BJ] (solid line) of an exponentially increas-
ing background of internal friction at temperatures
T>T,.

Peaks of dissipative losses 4, — overlap against the
background of dissipative losses at 7' <7, in different

temperature regions of the spectrumA = f (T ) [1,
Fig. 2, a).

As noted above, the peaks of dissipative losses are
caused by the manifestations (when temperature
changes) of the increasing possibility of local mobility
of elements forming various structural-kinetic subsys-
tems that react quasi-independently and differently to
the same external influences and forming together the
entire atomic-molecular structure of the entire system
under study.

Thus, these peaks of dissipative losses have differ-
ent structural and kinetic origins, different mechan-
isms of internal friction and different intensities.

In addition, the temperature dependence of the fre-

quency v=f(T) of a free damped oscillatory

process [1, Fig. 2, 6] shows anomalies of these depen-
dences, manifesting themselves in the temperature



ranges of the peaks of dissipative losses A, in the

spectrum A =f(T) [1, Fig. 2, a].
These anomalies are contained in deviations (to
one degree or another) from the theoretical curve

v —f(T) (dashed line @ [1, Fig. 2, b]), calculated

meop —
from the temperature dependence of the elastic mod-
ulus G, = f(T) [1, Fig. 2, r] (dashed line).

meop ~
The calculation of the theoretical dependence
v=f (T ) was carried out in accordance with the pro-

visions of solid state physics [11], according to which
the elastic modulus of the system under study should
decrease by (2+4)% with an increase in temperature
by 100 degrees to the temperature of transition of the
system from solid into a liquid state of aggregation,
i.e., in the temperature range ~10 K < 7' < T, the de-
pendence G = f(T) is assumed to be linear.

For dynamic modes of studying various materials
in a solid state of aggregation, there is a relationship
between the elastic modulus of the material and the
frequency of the oscillations excited in the sample
under study [16]:

— - 2
G=f(L, v, T)=>G~(1*) , (19)
where [ is the moment of inertia of the sample under
study.

Thus, the elasticity (shear) modulus depends not
only on temperature but also on frequency (provided
I =const), i.e.

AG(T, v)=Av*(T) (20)
the temperature change in frequency makes it possible
to determine the temperature change in the shear
modulus, which can theoretically be presented in the
form of dashed lines of the dependences in [1,
Fig. 2, 6] and [1, Fig. 2, 1].

The anomaly of the experimental results v = f(T')
and, therefore, G=f (T ) manifested in different

temperature ranges of the spectrum A= f (T ) can be

described by introducing the concept of modulus de-
fect AG [16]:

G\(1)~G/(T) _vi(1,)-v!(T)
G, (1) V(@)

The nature of the deviations (anomaly) Av’(T),

AG =

21

and therefore, and AG(T) for various local tempera-

ture sections of the spectrum A= f (T ) in one system

under study can be different, depending on the struc-
tural atomic-molecular formations in each structural-
kinetic subsystem. That is, the anomaly values can be

in the form Av? >0 and AG>0, as well as in the

form Av’ <0 and AG <0 (subject to an increase in
the temperature of the system under study).

The difference in the signs of the module defect
AG allows us to carry out a conditional classification
of local dissipative processes in the corresponding
temperature ranges of the internal friction spectrum

A=f(T):

(Av2 >0; AG> 0) — relaxation. mech.,

+T

(Av2 <0; AG< 0) . —>phase mech., (22)

(Av2 ~0; AG~ O)M — hysteresis. mech.,

where +7" is an index indicating heating; mech. is
mechanism.

In the case of cooling the picture will be the oppo-
site.

Thus, the peaks of dissipative losses can have re-
laxation or phase mechanisms of internal friction, and
the background of dissipative losses in the spectrum

A= f(T) has a hysteresis mechanism of internal fric-
tion up to temperatures 7 << T..

BACKGROUND OF DISSIPATIVE LOSSES
IN THE SPECTRUM A = f(T)

The process of background formation can be clas-
sified as an inelasticity phenomenon of the hysteresis
type [17-34] due to the presence of a non-zero loss
background A, #0, having a significantly lower

OH

intensity than the loss peaks superimposed on this
background (/1 < /limx) in the spectrad = f (T)

max g,

The manifestation of hysteresis-type inelasticity
phenomena, as a rule, is observed in modes of exter-
nal deforming influence, when the stresses o arising
in the samples of the systems under study do not ex-
ceed the elastic limit o,

O, <o < O o

(23)

where o,, is the limit of proportionality, the Hookean

instantaneously unambiguous (time-independent) rela-

tionship (stress - strain) ( ); o, — elastic limit (elas-

tic-viscous inelastic relationship "o —y"= f'(¢)).

In the stress range (23), the system’s response to an
external deforming influence, which removes this sys-
tem from the mechanical state and thermodynamic
equilibrium, can be described by the phenomenologi-
cal Kelvin-Voigt model [4]:



o=Gy+ny (24)

However, under voltages, o <o, the intensity of

the background of dissipative losses does not tend to
to zero, but practically does not change, which in-
dicates a certain global dissipativity of the system’s
response to external influences throughout the entire
temperature range of existence of the condensed state
of this system.
This is a deviation from the Hookean reaction

Yon =0, | instant one-to-one matching
(25)

o# f(t), "o —7",
r /(1)
o=1(7):
Yoem =0, | non-instant (time-drawn-out)

. (26)
o= (z‘), matching "o — "
7=/1(1)

is recorded on the diagram "o —y" in the form of el-

lipsoidal hysteresis loops, where the area of the hyste-
resis loop determines the dissipative losses in the sys-
tem under study.

In the formation of the background of dissipative

losses in the spectrum A = f (T ) , structural and kinet-

ic elements of all subsystems take part: both aggregate
and a number of modifying subsystems [12].

The contribution of each of these subsystems to the
background formation depends on temperature and
may be insignificant in intensity, but the total contri-
bution will determine the overall background intensity
in the spectrum [1, Fig. 2, a).

Thus, each structural-kinetic subsystem will have
its own hysteresis loop ellipse of a certain area, which
characterizes the dissipative contribution of this sub-
system to the intensity of the general background of

dissipative losses in the spectrum A = f(T) [2].

Structural-kinetic subsystems can be formed by
various atomic-molecular formations of the system
under study. For example, for crystalline low-
molecular systems, structural-kinetic subsystems can
be formed by dislocations or point defects (interstitial
atoms, substitution atoms, etc.). The process of inte-
raction of these elements, when they strive to occupy
energy positions that are more favorable for given
conditions when the temperature-frequency regimes
of external influence change, leads to opposition from
elements of other subsystems, the energy positions of
which do not yet allow such transitions [13—-15]. In

particular, the process of interaction between oscillat-
ing dislocation formations of the structure with point
defects can be represented as a process of interaction
of one structural-kinetic modifying subsystem with
another one, what will appear as a dislocation contri-
bution to the intensity of the background of dissipative

losses in the spectrum A = f (T ) This process is cha-

racterized as a hysteresis mechanism of internal fric-
tion in the formation of a background in the spectrum

2=f(T).
Despite the qualitative simplicity of the justifica-
tion for the appearance of a dissipative loss back-

ground in the internal friction spectrum A= f (T ),

a quantitative description of the temperature, frequen-
cy, and amplitude dependences of dissipative losses
for this background is a complex problem that re-
quires a large array of experimental data.

It should be noted that similar studies began in
works [17-32], in which the system under study was
considered within the framework of phenomenologi-
cal models of a homogeneous continuous solid body.

In later works, the hysteresis mechanism for the
formation of a background of dissipative losses in the
spectra of internal friction is considered on the basis
of model concepts of the atomic-molecular structure
of the materials under study [10, 33-35].

The reaction of the system under study, as a conti-
nuous homogeneous solid body, in accordance with
conditions (26), when the viscosity 77* of this system

n*>» 10" Pas — o (n* is the viscosity of the “fro-

zen” subsystem) [1, Fig. 2, B8], and there are dissipa-
tive phenomena in this system, i.e., AW #0 does not
allow direct use of the Kelvin—Voigt and Maxwell
model concepts in the description of this reaction (due
to the condition n* — o) [4]. In this case, it is neces-
sary to accept the hypothesis that it is possible to phe-
nomenologically describe dissipative hysteretic phe-
nomena under conditions (26) in the case when the
phenomenological model of each structural-kinetic
subsystem is considered a quasi-elastic model, includ-
ing three components (Fig. 2):

1) element of frozen viscosity of the entire system
under study 7 *> 10" Pas — oo;

2) shear modulus G; (different for each subsystem);

3) local dissipative element r; # 0, different for dif-
ferent structural-kinetic subsystems at o < g,,,.

Fig. 2. Phenomenological model for describing the
hysteresis mechanism of internal friction, manifested

in the spectra A = f (T ) as a background of dissipa-
tive losses




The dissipative element 7, is connected in parallel
with the elastic element G,, which allows us to con-
sider the hysteresis mechanism of internal friction and
the absence of residual deformations in the entire sys-
tem 7, =0.

A model of this type was proposed by Academi-
cian Kargin when describing the deformations of flex-
ible elastic polymers consisting of long chains of ma-
cromolecules [36].

The dissipative element 7, can be taken as a cha-

racteristic force of internal inelastic resistance F, ,

which counteracts any movement of the elements of
the i-th structural-kinetic subsystem.

It is this force Fr that causes the appearance of an

elliptical hysteresis loop with a girth of area
S ... =AW, equal to the amount of dissipated ener-

ecucm

gy AW, during one period of the oscillatory process at
0<0,,,
i-th the structural-kinetic subsystem.

Two theories have been proposed to determine

force F, [17-32]:
1) the force F, depends on the speed (frequency

where o, is the limit of proportionality of

) of deformation y ,i.e.; F, = f(7),
2) the force F, depends on the amplitude of the
deformation y__ (¢, ) of the oscillatory process, i.e.

F, =f(7,).0r F, = f(¢,), where ¢, is the ampli-
tude angle of the deformation shift.
The frequency dependence F, = f (a)) considers

both a linear relationship and a nonlinear relationship
between the force of local inelastic resistance £ of

the elements of the i-th structural-kinetic subsystem
and the frequency of the oscillatory process excited
both in the i-th subsystem and in the entire system as
a whole.

The amplitude dependence F, = f ((pmax) also con-

siders two directions: linear and nonlinear dependen-
cies.

With a free-damped oscillatory process excited in
samples of the system under study, the frequency
range is from 10™" Hz up to ~10 Hz for given geome-
tric dimensions of samples for the device [16], there-
fore, the main attention in this case is paid to fulfilling
the condition y_ = const,ie., ¢, =constand fulfil-

ling the condition of amplitude-independent internal
friction for each i-th subsystem:

{G <0, an
A’i * f(q)max )’

where Ty,

structural-kinetic subsystem included in the general
system of the material under study.

Thus, all structural-kinetic subsystems of the sys-
tem under study contribute to the formation of the
background of internal friction.

The contribution of each subsystem to the back-
ground is different and is determined by the tempera-
ture of the study, therefore, the most stable and rela-
tively constant in a wide temperature regime of the

study A= f (T ) is the background of internal friction

of the aggregate form-building subsystem [13—15].

The background of internal friction for a system
consisting of one structural-kinetic subsystem, which
in this case is aggregate, and a form-generating sub-
system, for example, for defect-free single-crystal sys-
tems [1, Fig. 2, a; Fig. I11], consists of two tempera-
ture regions:

1 — linear dependence on temperature, Ab region
[1, Fig. 2, a];

2 — nonlinear dependence on temperature, BJ] re-
gion [1, Fig. 2, a].

is the limit of proportionality of the i-th

In this case, studies of the spectra of internal fric-
tion in a wide temperature range must be carried out
in such modes as to minimize the influence of the fre-
quency-dependent component of internal friction and
the amplitude-dependent component with the fulfill-
ment of relations (27).

The modes of frequency-independent (FIIF) and
amplitude-independent internal friction (AIIF) in this
method are used to create conditions for the non-
destruction of structural-kinetic subsystems formed in
the system and the possibility of correct use of the
relationships between phenomenological model con-
cepts and provisions of the Boltzmann — Volterra
theory of linear viscoelasticity [37].

It should be noted that even the fulfillment of the
conditions of FIIF and AIIF is not an obstacle to
changing the mechanism of internal friction of the
background of dissipative losses in the spectrum

A=f (T ):

— the internal friction mechanism is hysteresis up
to the glass transition 7, or crystallization 7, tem-
peratures of the aggregate structural-kinetic subsystem
([1, Fig. 2, a, — AbB section);

— above temperatures 7'>7, or T>T, the me-
chanism of internal friction changes from a hysteresis-
type FIIF to a relaxation mechanism with frequency
dependence and fulfillment of the conditions of the
principle of temperature-time superposition.

So, the hysteresis mechanism of internal friction,
determined from the temperature spectra of internal
friction A= f (T ) in the temperature range up to tem-



peratures TSTg or T'<T, (where T,or 7, are the

temperatures of change in the aggregate state of the
entire system or aggregate form-generating subsys-
tem), is amplitude- and frequency-independent in the
research mode by the method of a free- damped oscil-
latory process in the frequency range from ~107" Hz to
10 Hz when voltages appear in the sample and are less

than the limit of proportionality o,,, the hysteresis

mechanism characterizes the background of dissipa-
tive losses in the spectrum ([1, Fig. 2, a] — section
AB).

In the region of the hysteresis mechanism of the
background of internal friction in the spectrum
A= f(T), the temperature change in the frequency of

the free-damped oscillatory process excited in the
sample occurs monotonically without anomalies and
amounts to ~(2+4)% for every 100 degrees of temper-
ature.

In the temperature range 7'>7, or T>T, the

background of dissipative losses in the spectrum
A=f(T) of a defect-free single-crystal system be-

gins to increase sharply ([1, Fig. 2, a] — solid line).
A similar change in the background of dissipative

losses in the spectrum A= f ( ) is also characteristic

of the aggregate form-generating subsystem of a mul-
ticomponent system ([1, Fig. 2, a] — BJI section).

If for this temperature range of the spectrum ([1,
Fig. 2, a] — BJ1 section) we consider the sweep of the
oscillatory process [1, Fig. 1, B], then in the coordi-
nates "o —y" there will be a set of open elliptic

curves (Fig. 3).

Fig. 3. A system of elliptical open loops characteriz-
ing dissipative losses for each period of a damping
oscillatory process excited in the system under study

When theoretically analyzing this phenomenon
from an energy perspective, it follows that the poten-
tial energy of the system during the period of the os-
cillatory process ([1, Fig. 1, r]; Fig. 3) is determined
by the relation:

7/2
U =G*~. (28)
2
For the (i +1)-th period, potential energy is:
2
Y(is)
Uy = GT. (29)

The considered damped oscillatory process (Fig. 3)
from an energy point of view is determined by the
energy value U imparted to the system in each period

of the oscillatory process, and the value of U is deter-
mined by the area of the ellipsoidal loop of each oscil-
lation.

To determine U, of each period of the oscillatory
process (i.e., loop area of the hysteresis curve
("0' -y ")l_ ), the following assumptions must be made:

1) the openness of the hysteresis loss loop for each
i-th oscillation period can be neglected;

2) the decrease in amplitude Ay is significantly
less than the magnitude of the amplitudes themselves
Vis Vigsry> -+ for each period of the oscillatory process:

Ay Ky, K< Y( (30)

1+I)

Thus, the difference AU between the periods of
the oscillatory process will correspond to the amount
of energy dissipated during the period, i.e.,

AU =U.-U, G
i (H—l) 2

The area of the open hysteresis loop corresponding
to the amplitude is determined by the relation [18-20]:

S.=2kR, 7, (32)

Z(r?=700) =G -Ay,). G

where k is the loop shape coefficient; 2 R, — the

largest width of the hysteresis loop.
The shape factor is determined by the relationship

[18-27]:
k= 1—(1J :
Vi

If we assume that the force F,. of inelastic resis-
tance of the material of the system under study is pro-
portional to the width of the loop R, for the n-th de-
7:, then:

(33)

gree of amplitude

F, ~R, (1) =b(r),

where R, is the initial half-width of the hysteresis

loop, b is the coefficient, and oc is the proportionality
symbol.
From relations (32) and (34) it follows:

(34

S,=2kb ()" (35)
Thus, from relations (31) and (35) it follows:
AU, =S, = G(y,-Ay,)=2k b (y,)",
2k b (7,)" \ (36)
Ay, = =a(y,),
}/l G}/max ¢ (7/! )



is the stiffness characteristic of the

where a =

sample.

It follows from relation (36) that if the inelastic re-
sistance force F. is small and proportional to the n-th
power of the deformation amplitude (relation (34),
then the decrease in the deformation amplitude Ay, is
also proportional to the n-th power of the amplitude

(r.)"

If we consider the differential equation of the
envelope of a damped oscillatory process ([1, Fig. 1,
B, T, 1], dashed line)

dy.
Ay, =-0——,
Vi 47
where 6 is the period of oscillation, then this equa-
tion, taking into account relation (36) can be presented
as:

(37

n dy
) =—0—LL, 38
a(?/z) dr (38)

Integrating equation (38) using the method of sepa-
ration of variables and the condition n#1, we obtain
the relation:

(1-n)
(r.) -2 c
1-n 0
The integration constant C in equation (39) is de-
termined under the initial conditions

(39)

— 0 (1’”)
{; = =—(y“1w_)n . (40)
Thus:
(l—n) (l—n)
O ),
-n 0 1-n

The equation for the sweep envelope of a damped
oscillatory process is determined as:

ymax

D ()

For the case n =1, equation (38) takes the form:

y,= (42)

a(yi)z_gﬂj%:_wj

dr dr 0
dy, a a
>t =—dt=>Iny, =——t+C,
Y, Vi 0 43)

where the constant of integration C is determined as:

t=0,
= C = ln }/max * (44)
}/i = ymax
Thus, it follows from relations (43) and (44):
Iny, = —ia +Iny, . = In—ti = —La =
0 ymax
t,
= 7/[ = ymaxe 0 * (45)

Relationship (45) is the relaxation function of the
viscoelastic response of Maxwell’s phenomenological
model, where the relaxation time coincides with the
period of the oscillatory process, i.e., 7 =6 [4].

Thus, the background of internal friction at tem-
peratures 7> T, or T > T,, can be described within
the framework of the Boltzmann-Volterra inelasticity
theory as a viscoelastic relaxation process.

Simultaneously with the increase in the intensity of
the background of dissipative losses in the spectrum in
the same temperature range, a deviation from the
theoretical curves is observed in the dependences of
the shear modulus and the frequency of the oscillatory
process ([1, Fig. 2, 6, r]).

This deviation is characterized by a module defect
(relationship (21) and is a relaxation module G()

described by relationship (13) with a simple fraction-
al-exponential relaxation function ¢,(f) — a Max-

wellian exponential, similar to the exponential func-
tion of changing the envelope sweep of a damped os-
cillatory process.

CONCLUSION

A method is presented for theoretical analysis of
the physicomechanical and physicochemical characte-
ristics of various dissipative processes manifested in
the spectra of internal friction and temperature-
frequency dependencies, using the concept of the ma-
terial under study as a set of quasi-independent struc-
tural-kinetic subsystems that collectively make up the
system under study.

APPENDIX

Fig. I1. Schematic generalization of the internal fric-
tion spectrum for peaks of local dissipative losses.
Built on [1, Fig. 2] and Fig. 1




