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

Y.3. MEXAHU3MbI BHYTPEHHEI'O TPEHUA

PaccMmoTpeHa MeTouKa UCCICIOBaHMS CIICKTPOB BHYTPEHHETO TPCHUS M TEMIIEPATYPHBIX 3aBUCHUMOCTEH YacTOTHI
CBOOOHOTO 3aTyXaloIIero KoJeOaTeIbHOrO MpoIecca, BOo30yKaaeMoro B 00pasiiax pasiHyHBIX M0 XUMHUYCCKOU
MPUPOJE, CTPYKTYpPEe M CTPOCHUIO Marepuanax. VcXxoms W3 MOICNBHBIX TMPEACTABJICHHA O0O0OIICHHOW MOICIH
MakcBea, 000CHOBaHO BO3HMKHOBEHHE JIOKATBHBIX 10 TEMIIEPATYPHBIM HHTEpBAJIaM MUKOB JAUCCHIIATUBHBIX T10-
Tepb, 00YCIOBICHHBIX MPOSIBICHUEM MOIBHKHOCTH JIEMEHTOB PA3lIUUHBIX CTPYKTYPHO-KHHETHUECKHUX TTOJCUCTEM,
00pa3yonMx B COBOKYITHOCTH BCIO HCCIICAYEMYIO cHcTeMy. JlaH TeopeTWdecKwid aHalh3 W pacueThl (PU3HKO-
XUMHYCCKUX U (PU3UKO-MEXaHIMUECKUX XAPAKTEPUCTHUK JUTS Ka)IOTo MHUKa JUCCUIIATUBHBIX MTOTEPh, OOHAPYKHUBAeC-
MBIX Ha CIIEKTPE B IIMPOKOM TEMIIEPAaTyPHOM MHTEPBAJIC UCCICIOBAHUN.

Ku. cn.: CIIEKTPbI BHYTPCHHETO TPECHUSA, MEXAHU3MbI TUCCUITATUBHBIX IMOTEPD, }le(beKT MoayJid cABUra, CBO60}1HBI€

3aryxaromue Kojebanus, HeHOMEHOIOTHYECKIE MOICITN

BBEJEHUE

Kak Obuto otmedeno B mepBoii [1] u BTOpOii [2]
YacTsAX JaHHOW CTaThW, Ha ()OH JAMCCUNIATHBHBIX TIO-

Tepb Ha cnekrpe A= f (T ) B PasIMYHBIX TeMIepa-
TYpHBIX Yy4acTKax 3TOTO CIIEKTpa HAaKJIaJbIBAIOTCS
IMKA A, JMCCHNATHBHBIX noteps [1, puc. 2, a],
MIPOSIBJICHHE KOTOPHIX CBSA3AaHO C TMOABIKHOCTBIO DIIe-

MCHTOB pPa3/IMYHbIX CTPYKTYPHO-KMHCTHUYCCKUX IOA-
CHCTEM.

OOHnapy>xuBaeMble Ha CHEKTpe A= f (T ) MTUKN
JUCCUTIATUBHBIX TIOTEPh MOTYT HMETh Pa3IMYHYIO
UHTEHCUBHOCTL A, # #Ay . pasnIu4HOE
CTPYKTYPHO-KMHETHYECKOE IPOHMCXOXKACHHE U pas-
JMYHBII MEXaHU3M BHYTPEHHETO TPEHUS:

— penakcalioHHBIH;

— (azoBbIi;
— CMEIIaHHBIN (THCTEePE3UCHO-PETaKCaAMOHHBIN).

A’ll

‘max

PEJIAKCAITMOHHBIA MEXAHU3M
BHYTPEHHEI'O TPEHUSA

PenakcanoHHBI MeXaHU3M BHYTPEHHETO TPEHHS
paccMmarpuBaeTcs Ha mnpumepe mnommdTmiieHa (I19)
mapku CRP 100 Hostalen, rpanynsl KOTOporo mosmy-
4eHbI ¢ IpUMeHeHueM npouecca Hostalen — cycnen-
3MOHHOW MOJMMEPHU3ALUN B MEIIATOYHBIX PEaKTopax

[3].

17

Cycrniensnonnyto mnonuMmepm3aruio Hostalen mpo-
BOJIAT B JIByX pPEakTOpax, padOTaIoNMX MapalieIbHO
WM mocienoBarenbHo. Ilepexon ¢ omHOTO peakTopa
Ha KacKaJ[ Jall BO3MOXKHOCTH BBIpaOaThIBaTh Ha OJI-
HOM U TOM JK€ KaTaJau3aTope BBICOKOKAUYECTBECHHBIIN
OJTHO- ¥ OMMOJIANBHBIA TOJMITUIIEH C JIFOOBIM MOJIe-
KyJSIpHO-MAacCOBBIM pactpesienienneM. llomumepusa-
A0 TPOBOJAT B PACTBOPHTENEC, HAPUMEpP B H-TEK-
caHe, Ha BBICOKOAKTHUBHOM KaTanuzartope Lluriepa.
Ilo okoHuanmu mpormecca He TpedyeTcs TeaKTUBAIUI
KaTaau3aTopa W HM3BICUYCHHE €ro M3 MojuMmepa, T.K.
KOHIICHTpAIUS OCTAaTOYHOTO KaTallh3aTopa B MOJIUMeE-
pe odeHp Mama. J{Js TMONy4YeHHsS OIHOMOAAIHLHOTO
MPOIyKTa KaTaju3aTtop, pacTBOPUTEIh, MOHOMEpP
¥ BOJOPOJI BBOIAT B pPeakTophl 1, 2, rae mpoTeKaeT
nonuMepu3anus. Jis monmydyeHus OMMOJanbHBIX Ma-
POK KaTaju3aTop BBOIAT TOJIBKO B peaktop 1; BTOpas
CcTaausl MOJIMMEPU3ALNUA MPOTEKAET B YCIOBHUSX, OT-
JIMYAIOIIMXCS OT YCJIOBUN NEPBOTO peakropa. B peak-
TOp 2 BBOJMT 3THIIEH, OYyTeH M JOMOIHUTEIHHOE KO-
JUYECTBO PACTBOPHUTEINA. Y CIOBHUS IpoIecca Hempe-
PBIBHO DPETYIUPYIOT, YTO OOECIIE€YUBAET TOIyUYCHHE
MOJMATUIIEHA OYEeHb BBICOKOro KadecTBa [3] (cMm.
Tadm. 1).

Ha puc. 1 mpeacraBieHbl MONMy4YEHHBIC CIEKTP

BHyTpeHHero TpeHuss A= f (T) U TeMIEepaTypHas

3aBUCHUMOCTb YacTOTHl V = f (T ) CBOOO/HBIX 3aTy-

XaOIMX KPYTWIBHBIX KoJjeOaHul, BO30y>XKIaeMbIX
B HCCllelyeMoM o0pasle B HHTEpBajie TeMIepaTyp
ot —150 °Cno +150 °C.
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Ta6u. 1. OcHoBHBIE pu3nKo-xuMudeckne xapakrepuctuku [19 CRP 100 Hostalen, cormacao macmopram
npousBoanTesnel u TpedoBanusM 1o TY

Ne Mapka [19 CRP 100 Hostalen
1 Tun comoHOMEpa Byren
2 | MonekynsipHO-MaccoBoe pacupeaeieHue (oIUIUCIEpCHOCTD) bumonaneHbIl
3 | HnorHocts (p) mpu 23 °C, (r/em’) 0.960
[Mokazarens Tekyuectu paciuiasa (IITP), r/10 mun
4 pu 190 °C u 21.6 kre 6.4
npu 190 °C u 5.0 xrc 0.23
Temnepatypa nnasnenus (1), °C 131
Ouranenus wiasnenus (AH), Jx/r 132.4
CTenenb KPHCTALIHYHOCTH (a1) 5 % 45
Py
o Aﬁk max"_____ﬁ;: a
P Puc. 1. Cnektp BHYTpEHHErO TpEHHS
- // i\\ A= f(T) — (a), n TemneparypHas 3aBucH-
o \ MOCTb 4acTOTHl V = f’ (T ) — (6) nna II9BII
;oo mapku CRP 100 Hostalen
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CkopocTh HarpeBa HcCleLyeMoro oopasia B Tep-
MOKpPHOKaMepe yCTPOHUCTBA COCTABIIsIA 2°/MHUH.

Ha cnextpe A= f(T) nHaGmogaroTcs ABe TeMrie-

patrypHble 00nacTd HamboJiee WHTEHCHBHBIX JIOKalb-
HBIX JMCCHIATHBHBIX mpoueccoB (S u f,). Temne-

paTypHbIC obactu MIPOSABJICHUS 2TUX HPOLECCOB HaC-
THYHO COBIIQJAaOT C JaHHBIMH, OHy6JII/IKOBaHHI)IMI/I

panee [4-11]. Kpome Toro, Ha cmektpax A= f (T )

¥ TeMIIepaTypHBIX 3aBUCHUMOCTSIX YacTOTHl V = f (T)

CBOOOJHO 3aTyXalollero KoiedaTenbHOro mpolecca
BBISIBIICHBI JIBE TEMITEPATyPHBIE O0JIACTH C OYEHb Clla-
00l WMHTEHCHUBHOCTBIO JIOKQJIBHBIX JAMCCHUITATUBHBIX
npoueccos. [Ipenmonaraem, 4ro 3T0 ¢ — AuccHIIa-
TUBHBII TIpOIleCC, MPAKTUYECKH MOJHOCTBIO IOTJIO-
HICHHBI HAJIOXEHHEM HHU3KOTEMIIePaTypHOH BETBU
B, -mpoliecca, ¥ p-npolecc, HabIIJaeMBblil B 001aCTH
temnepatyp ~—70°C.

OnHOBpPEMEHHO C U3MEPEHUEM JIOTapU(HMUIECKOTO
JEeKpeMeHTa A 3aTyXaromlero KoieOaTenbHOro Mpo-
recca MpOBOAMIIOCH UCCIIEIOBAHUE U TeMIepaTypHOU
3aBHCHUMOCTH YacTOThI KOJICOATEIbHOTO Mpoliecca, BO3-
Oyxmaemoro B mccienyemoM obpasue [19 (puc. 1, 6).
TemMmepaTypHble 3aBHUCUMOCTH YacTOTHl V = f (T )

CBOOOJHBIX 3aTyXalOUIMX KPYTHJIBHBIX KOJIeOaHUH,
BO30Y>XIECHHBIX B HccienyeMoM obpasue 13, ykasbl-
BAIOT TEMIIepaTypHble 00JacTH aHOMAIBHOTO H3Me-
HEHHUsl YacTOThI B TeX WHTepBajaX, B KOTOPBIX

Ha criekTpax A= f (T ) HaAOJIOAIOTCSI MKW JUCCHUIIA-

THUBHBIX MIOTEPb.
Hnst f- m fy-TUCcCUTIATUBHBIX MPOLECCOB HA CIIEK-

™e A=f (T ) B COOTBETCTBYIOIIMX 3THM IIpoLEeccaM
TEMIEpaTypHBIX MHTEpBalIax Ha TeMIepaTypHOH 3a-
BUCHUMOCTH 4YacTOTHI V = f (T ) K0JIeOaTeNIFHOTO MPO-

mecca HaOJIOHAeTCs JIOKAIBHOE TI0 TeMIepaType
W OTHOCHUTEIIBHO PE3KOe CHMKEHHE YaCTOTHI V KOJIe-
barenpHOTO TIpoIiecca (puc. 1, 0).

[IpoBeneH pacyer QU3NKO-MEXaHUYECKUX U (HU3H-
KO-XUMHUYECKHX XapaKTepUCTUK s f- U P\ -mpo-
[IECCOB JMCCUIIATHBHBIX TOTEPh MO TPUBEICHHBIM
paHee GopmyiaM, COTJIACHO KOTOPBIM M3 COOTHOIIICHUS
[2, (5)] cnemyer, uTo TeKyIee MO TEMITEpAType U3MEHE-
HHUE A; IOCTHTaeT CBOEro MaKCMMyMa Ha THKE MOTeph

(4 =4

By ) IIpU BBITIOJIHCHUU YCJIOBUA:

wr, =1, (1)

rJe BpeMsl peslakcalludl 7, €CTb (pyHKIHs TeMIepaTy-
pst T, T.€. cooTHOLIEHUE [2, (6)]:

U
T, =T, exp —]g kT , )

i

HAVYYHOE I[TPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2

rae Uﬁk’ — DOHEprus aKTUBallUU JAUCCUIIATHBHOI'O

nporecca; 7, ~1.6-107"° ¢ — TeopeTnueckoe 3Haue-
HUE TPEIIKCIIOHEHITHAIIBHOTO K03 dUIIHEHTa, XapaK-
TEPU3YIOIIETO KOJeOaTeNbHBIA TpOLecC Ppeakcu-
pyIolllel YacTUIlbl Ha JHE MOTEHIIMallbHOU AMbl. Yac-
TOTa KoJie0aTeNmpHOTO Tporecca Vv (ompenenseMas
IKCTIIEPUMEHTAIIBHO 10 3aBUCHUMOCTH V = f’ (T )) CBS-
3aHa C KPYrOBOM YacTOTOM @ COOTHOUICHUEM:
®=2rv. DTO NO3BOJSIET ONPEACIUTh BPEMs pejak-
CallUuT =7,, B IHKE JIOKAJIBHBIX IHCCUIIATUBHBIX
noTepb A, 10 COOTBETCTBYIOIIEH 3TOMY 3HAUCHUIO

BCIIMYMHEC 9aCTOTHI V =V

max

CUMOCTH V = [ (T) 110 COOTHOIIIEHUIO BHUA:

Ha TeMIIepaTypHOH 3aBU-

=2rv_..T

max = max

1
T=To) ~ D Vi) ’ (3)

=max

@ T

max -~ max = 27[ V(T:Tmax )T(T:T ) - 1 =

max

:>T(

Hcxons U3 3KCIEpUMEHTAJIbHBIX NaHHBIX U COOT-
HoueHus (3), TOIyInM:

1 1
T,=————=0037¢7, =———
2-7m-4.35 “ 2.m-1.94

OHeprusi akTUBAIUY JIAHHOTO TPOIIecca Ompeaens-
€TCSl M3 apPEHUYCOBCKOM 3aBHCHMOCTH BPEMEHHU pe-
JMaKcal 7 OT TemIeparypsl (cooTHomeHHe (2))
¢ yuetom (3) B BUzE:

=0.082 c.

s
Uy, =RT, In—=
. = R, 0=
314167100
1.6-10°
=36330.93 %/ <364 /)
MOJIb MOJIb

(B (4) remneparypa ykazana B °K).

[Tomyuennsie (QuU3NKO-MEXaHUYECKUE U (DHU3UKO-
XUMHYECKUE XaPAKTEPUCTUKHU NI - M fi-TIPOIECCOB
JUCCUTIATUBHBIX MTOTEPh TPEICTaBICHEI B Ta0M. 2.

s Toro, 94TOOBI OTIpeAeTUTh MEXaHU3M BHYTPEH-
HEro TpEeHHs JUIA KaXJOro U3 OOHapyKEeHHBIX

Ha CIIEKTpe BHYTPEHHETO TpeHus A = f (T ) (puc. 1, a)

JIUCCHUITATUBHBIX MPOIECCOB, HEOOXOAUMO MPOBECTH
pacuer nedexTa MOAYNS CIBUTA, YTO MPOWU3BOAHUTCS
Ha 0a3ze JKCHEPUMEHTAJIBHO TMOJYYCHHOH Temmepa-
TYPHOU 3aBUCHMOCTH YacTOTHI KOJeOATEITHLHOTO IPO-
1ecca, BO30YykKICHHOT0 B HCCiIeyeMbIx oOpasmax [10.
Kaxnaplil JIOKaJbHBIM AUCCUIIATUBHBIN MpOIECC, Ha-

onronaemsli Ha ciektpe A = f(T'), xapakrepusyercs
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Taba. 2. OcHOBHBIE (PH3UKO-MEXaHWYECKHEe U (HU3UKO-XUMHUYCCKHE XapaKTEePHUCTHKH

JUIsl - 1 fi-TIpOLIECCOB AMCCHUIIATHBHBIX OTEPh

Ne Iporece Tnax, °C Amax Vinax, 1 11 U,, xI)x/Monb Tinax

n/a

1 [S-tiporiecc -106 0.138 4.35 36.4 0.037

2 P-niporiecc 57 0.379 1.94 73.9 0.082
CBOMM TEMIIEPATypPHBIM HWHTEPBAJIOM, BeNWYHMHOW rae G — MOJyJib CIABHIAa Marepuajga MCCISIyeMOro
u 3HaKoM jedekra Moxyns AG,. Bemwunna nedexra  obpasua; [, — MOJSPHBI MOMEHT MHEPLHMH TIOTE-
Monyis AG, ompenensieTcs U3 COOTHOIICHUS, yYUTBI-  PEYHOIO CEYEHHUS OTHOCHUTENBHO IPOAOIBHOM (1M0-
BAIOILIETO CBSA3b M3MEHEHMS 4acTOTHI KojlebaTeapHoro JIAPHOM) OCH mccnenyemoro obpasua; [, — mossp-

mpoiiecca, Bo30yXKIaeMOro B HCCISIyeMOM 00pasiie,
W M3MEHEHHWS MOAYJS CIBHra MaTepuana 3TOTo 00-
pasua [12]. YuuteiBas TO, YTO B UCHOIB3YEMOM yCT-
pOIiCTBE HCCIeMyeMblii o0paserl SBJseTcs COCTaBHOU
YacThI0 KOJe0aTeNIbHOW CUCTEMBI, KPYTHIBHBIC KOJIe-
Oanns, BO30yXKAaeMble B HCCIEAYEMOM IIOJIMMEPE,
MOTYT PaccMaTpHUBAThC KaK MOJbI COOCTBEHHBIX KO-
nebaHuii, TAe I 3aTyXaroIero Imporiecca Oepercs
ToNbKO nepBast Mmoza [13]. B aToMm ciyuae cBsi3b MEX-
Iy TUHAMAYECKUM MojysieM cisura G ¥ 4acTOTOH v
K0JIeOaTeNILHOTO Mpoliecca ONMpeesIeTCsl B BUE:

1
i[ 61 1

il v

HBIi MOMEHT oOpasua; [/ — TOJSIPHBII MOMEHT
WHEPUWU JTOTIOJHUTEIBHBIX MOJIIOCHBIX HAKOHEYHH-
KOB CHCTEMBI BO30YKIIEHHUS KPYTHIIBHBIX KOJICOaHHH,
0Ch KOTOPOM COBIAAET ¢ MPOJIOIBHOM OChI0 00pa3ia;
| — nmnmHA uccnemyemoro obpasma. Ecnu B mepBoM
MPHOTIKEHNH TEeMIIEPaTypHBIMA W3MEHEHUSIMH MO-
MEHTOB MHEPIIUU KOJIEOATEIIbHON CHCTEMBI YCTPOUCT-
Ba MOXKHO TIpeHeOpedb, TO COOTHOIIEHHE (5) MOXKET
OBITH IPEACTABIICHO B BUJE:

G~y (6)

1

430mlla 423 mITa
e

_____ ) M
|
|
|
|
|
|

AGp.5, =409 mlla

-150 -100 -50

0 50 100 150
T,°C

Puc. 2. TemneparypHas 3aBUCUMOCTb MOIyJs casura [10.

1 — TeopeTuyeckasi 3aBUCUMOCTb, IITPUXOBAs MpsiMasi; 2 — KpuBasi, pacCUMTaHHAs
¢ yuetoM Je()eKTOB MOIYJS Ui f- U fy-pelaKcallMOHHBIX mporeccoB s [1911B
mapku CRP 100 Hostalen
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OnHako OBUTO DKCIIEPUMEHTAIBHO YCTAHOBJICHO,
9TO0 MOAYJh casura G sBiseTcs QYHKIIHEH OT TeM-

nepatypel, 1.e. G=f (T ) = G(T ) Teoperndeckas
saucnmocts G = f (T ) IIPY TOBBIICHUH TEMIepa-

Typs! Ha Kaxapie 100 rpax cOOTBETCTBYET JTMHEHHOMY
cHKkeHuto moayisi G nHa 2+4% [14] (puc. 2, mtpu-
XOBas JIMHHS).

B sTtoM cinywae wactoTa v KoyiebaTeNBHOIO IMpO-
necca Takke OyleT 3aBUCETh OT TEMIEpaTyphl, T.e.
v=/f(T)=v(T) u Oyaer U3MEHATHCS NPONOPLHO-
HAJILHO TEMIIEPaTypHOMY M3MEHEHHIO MOJYJISl C/IBUTA
G(T),re.

G(T)k,=v*(T)k, (7)
rae k, u k,— noctossHHBIE KO3 UIMEHTEL.
Tak kak k,, k, — const, cooTHomeHue (7) MOXKeET
OBITH TIPEICTABIICHO B Oe3pa3mMepHon hopme, T.€.:
G(T)k, v (T)k
L)k vi(T)k =AG(T)=Av(T), (8)

G,(T,)k, vi(T,)k,

rae G,(T;) u v} (T,) — texymue no temneparype 7,

3HAUCHUA MOAYJIA CABUTA Gi " KBaJpaTa 4aCTOThI Vi2 5

G, (TO) 5 vj (TO) — Tpu BBIOpaHHOM Temmeparype
1, HayajbHbIE 3HaYeHUs MONyJA capura G, W KBaju-
paTa yacToThl V, .

Takum 00pa3oM, TeMmrepaTypHOe U3MEHEHHUE 4ac-
totel v(T') KomeGaTenbHOro mpouecca, Bo30ysKiCH-
HOTO B HCCIIEyEMOI crcTeMe, O3BOJISET ONPEISIIUTh
U TeMIIEpaTypHOEe M3MEHEHHE MOJIYJS CIBUTA G(T )

Marepuana, U3 KOTOPOrO HM3TOTOBIICH HCCIIETyEeMBbIH
obpazen. OmHAKO SKCIEPUMEHTAILHBIC JaHHBIE HC-

CJICAOBaHUA 3aBUCHUMOCTH VZf(T) ITOKa3bIBAKOT,
4YTO B ONPCACIICHHBIX TEMIICPATYPHLIX HWHTCPBAJIAX,

T/ Ha CIEeKTpax BHYTPEHHEro TpeHus A= f (T) Ha-
OMIOAAlOTCSl JIOKAJIBHBIC JWCCHIIATHBHBIE IPOLECCHI
B BHJIE NMMHKOB MOTEPh, HAOMOJAETCS aHOMAIIBHOE U3-
MEHEHHE TEeMIIEpaTypHOH 3aBHCHUMOCTH YacTOTHI V,
a CIIeZIOBaTeNbHO, U MOAYNs caBura (G, BBI3BIBaEMOE
3HAYUTEIHHBIMHA OTKJIOHEHUSMH OT MPOMOPIIHOHATB-
HOM TEOPETHYECKOM TEMIIEpAaTypHON 3aBUCHUMOCTH
G=/f(T) wm v=y(T). lns onucanus 51oii aHo-
MaJILHOCTH  BBOJIUTCA MOHATHE AcedeKkra Momyis
casura uiam aedekra 9actoThl. JledekT Momys ompe-
JensieTcs Kak Oe3pa3MepHasl BeJIM4YMHA B BUAE COOT-
HomeHus [2, (21)], mpeacraBiaeHHOTO paHee:

Gy (1) -Gi(T) _va (%) -vi ()

G,(T,) v (Ty)

HCXOIISI M3 SKCIICPUMCHTAJIbHBIX JAHHBIX U 3TOT'0
BBIPa>XCHUSL, MTOJTYyINUM:

AG(T)=

2 2
G, =L 372 544,
51
62 —1.14°
2202 LI 900,
362

Kaxxnomy nokampHOMY IMCCHIIAaTUBHOMY TpoIiec-
Cy, 0OHapyXCHHOMY Ha CIEKTpPE BHYTPEHHEI'O TPEHHUS

A=f (T) B pa3IMYHBIX HMHTEPBAJIAX TEMIIEPATyp,
COOTBETCTBYET OINpE/ACICHHAS aHOMAJHsi B TeMIIepa-
TYpHOIT 3aBHCHMOCTH YacToThl KoneGannit v = f(T),

a ciezioBaTenbHO, U Moxyns cagura G = f(T), uto

U TIPUBOAMT K JIOKAJIBHOH IO TeMIepaType o0JacTH
HEYNPYroCTH UCclieAyeMoi cuctemsl. B obmem ciy-
qae Ui KaXI0ro i-ro IuKa JUCCUIATHBHBIX IOTEPb,
00HapyKMBAa€MOTO Ha CIIEKTPEe BHYTPEHHETO TpPEHHS

A=f (T ), Oyner HaOmoIaThCsl HAa TeMIepaTypHOU
3aBHCHMOCTH 4YacTOTHl KoleOaHwi Vv = f (T) CBOI

nedexT moayns casura AG, (T )

Ta6a. 3. TeOpeTI/I‘IeCKI/Ie 1 paCUCTHBIC JAaHHBIC IO PE3YJIbTaTaM OKCIIEPUMECHTA JIA UCCICAYEMOTro o6pa3ua

I13BIT
Ne Ipomecc T,°C JnamazoH u3MeHeHHs Hedexrt momyst
/o qacTOThI, 11 AG
oT J0 oT iy
1 [-tiporecc —147.97 —79.33 5.5122 3.7214 0.544
2 P-Tiporiecc —32.33 102.46 3.62 1.1428 0.900
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Ecmu yuects, 4ro Monyns casura G Bcel ucciie-
IyeMol cucTeMbl 00pa3yercs 3a CHET CIO0XKEHHs MO-
ayneil G, Bcex n CTPYKTypHO-KMHETHYECKHMX IOA-

CUCTEM, 00pa3yIOIUX JAaHHYIO CHCTEMY, T.€.

G, :iGz"
i1

TO TEMIICpaTypHast 3aBUCUMOCTb MOAYJIA CABUT'A BCeH
CHCTEMBI 6YZ[CT OIPEACIATHCA B BUIC:

G(T)ZZG,.(T)iZAG,.(T).

Hedexkt Momysnst caBura MOXKET HMETh I1OJIOKH-
TEJIbHOE 3HAa4YeHUE AJISl AMCCUIATHBHBIX IPOLECCOB
pellaKcanuoHHONW TPUPOJBI U OTPUIIATENILHOE 3Haue-
HUE AJs1 AUCCUMATUBHBIX MPOLIECCOB HEPENaKCaIlOH-
HOH npupojsl. PaccuuTanHble BENWYMHBI U 3HAK JiE-
(heKTOB MOIyJNsl CABUTA NS - U [\ -TIPOLIECCOB TIPH-
BEJIEHEI B Ta0II. 3.

Pacuer nedexroB Mmoayns AG st UCCIeIOBaHHO-
ro oopasma [1D mokaszan, 4to f- u f-Tiporiecchl uMe-
0T peJIaKCallMOHHBIA MEXaHW3M BHYTPEHHETO TPEHHS.

©

(10)

HPUMEP PACUYETA G = f(T)

JJISA UCCIIEAYEMOT O IT9BITI MAPKHU CRP 100
HOSTALEN

CoryracHO TTaCIOPTHBIM JTaHHBIM, MOJYJIb YIIPYTO-
cty nipu pactsokenun E (23 °C) s naHHON Mapku
pasen 1100 ml]a.

G E 1100
(14 ) 2(1+0.25)

=440 ml1a,

rae 4 — koaddumument [yaccona, 4 = 0.08+0.45 =
~0.25.
Ipu 7T'=23

°C G,,, =440 mlla.

Teop

IKcnepuMenmanbian kpueas v = f (T)

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

Takum 00pa3oMm, U3 MPOMOPLUUOHAILHON 3aBHCH-

MOCTH CIIEJIyeT:
4.4 Mﬂy
1%°

G.. =440 MHEL—)IOO%} 440-1
X =
CHmxeHue MOnyns yIpyrocTH Ha (2+4)z3%

Teop
X —->1% 100

o3HayaeT ero ymeHpuieHue Ha 4.4 x 3 = 13.2 wmlla.
To ectp uzmenenue temneparypsl Ha 100 °C npuso-
IUT K N3MEHEHHUIO MOJYJISl YIIPYTOCTH JUISI HCCIeTye-
Moro oOpasua Ha 13.2 ml]a.
Uzmenenne momynst Ha 1 °C — 0.132 mIla/1°.
Taxum obpazom:

npn 23 °C — G = 440 mlTa;
npu {|-150|+23}°C=173°C -
—173-0.132=22.836 mIla ~ 23 mIla.

To ectb: G_150°c = Gazoc +23 =440 + 23 =463 ml]a.
Ipu {150—-23}°C=127°C:
G150 -c =Gy o —127-0.132=440-16.764 mITa=

=423.236 mlla = 423 ml]a.

[loxcraBuB B cooTHomenue [2, (21)] skcriepumen-
TaabHBIC JAHHBIC MO YaCTOTE U3 Tabnl. 3, MOIydum
3HaYeHHs Ae(eKTa MOy cIBuTra s - U B\ -TIpo-
neccoB. 'paduyeckn pacdeT npencTaBieH Ha puc. 3.

Pacemompum S-npouecc.
JdedexT Momyns nns S-mipoliecca, Kak ObUIO cKaza-
HO BBIIIIE, ONIPECISIETCs 10 POopMyIIie:

_va(T)-vi(T)

AG(T)=Av

vi(T,)
5122% =3.7214%
_3 327 =0.544.
5.5122

Puc. 3. I'papuueckoe mzobpakeHwme pacdera mae-
(dexta MOIyNs CIBHI'a MO 3KCHEPUMEHTAIBHOM

xkpusoii v = f(T)

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2
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Ilpu 7, =-147.97 °C u v,=5.5122T'n moxyns
yupyroctd G, . s oc) = 462.7mlla ~ 463 mlla  (mo-
Jy4eHO  MPHONM3UTENBHO TPH  IKCTPAIOJSIHAN
G =S (T) Ha puc. 2 (muHUA 1) K Temmeparype
T =-147.97~-148 °C).

3a MHTEPBAJ TeMIIepaTyp f-npouecca
AT =T —T,=-79.33—-(-147.97)=68.64 °C uacro-
Ta NPUHSIA 3HAYCHHE V, =3.7214 I'n  (puc. 1). [e-
bexT Momyns cAaBura Uil f-mporecca  paBeH
AGﬂ =0.544 B OTHOCWUTEIBHBIX eauHUNax. s or-
penesnenust 3uadenust monyis G, npu T'=-79.33 °C

cienyeT ydectb, uto npu 1 =-147.97 =148 °C 3Ha-
YCHHE MOJIYJIsSl CABUTA PABHO G, (145 o) = 403 mlla.

I[lpu  Temmeparype OKOHYaHMs  f-Tpoliecca
T'=-79.33°C (rabn. 3) mouyns G, yMEHbIIHICA

Ha BeinunHy AG, =0.544.

Jns ompeneneHus BETWYHMHBI JedeKTa MOy
cIBUTa AGﬁ B a0CONIOTHBIX EAMHUIIAX HCIIOIB3YEM

COOTHOIIICHHUC:

G3KCH(*|48 °C) =1
=
AG, =0.544

= AG, =G, uss oy - 0.544 =251.8 mlla.

=0.544 B OTHOCUTENBHBIX €AUHUIIAX

OT BENMHYHMHBL G, 145 o)

AG, =
=251.8 mIIa B a0COIOTHBIX €TUHHIIAX

=463 mlla.

OT BEMMIMHBL G, 145 =)

Takum 00pa3om, B HHTEpBaje TEMIIEpaTyp MPOSB-
nenwust S-nponecca ot —148 °C go —79.3 °C BenuuunHa
MOJYJIsl CABUra yMEHBIIWJIACh Ha AG[, =251.8 mIla

U COCTaBUJIA.
Gakcn(—79 °c)y = Gakcn(—l48 °cy T AGﬁ =

=463 mIla —251.8 mITa ~ 211 mlI]a.
Cwm. puc. 2.

Paccmompum fy-npouecc.

st Pi-Tiporecca npu TeMmreparype
T =-32.33 °C (tabx. 3) MOIyJIb CABHTA BCEH CHUCTE-
MBI TIOCJIC OKOHYAHUs f-Tiporiecca OyJeT paBeH NpH-
OJIM3HUTENBHO:

HAVYYHOE I[TPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2

G ~

aker(—32 °C)
=463 mIIa —251.8 mIIa =~ 211 ml]a.
To ecTh U3MEHEHHE MOJIYJIS CABHUra BCCH CUCTEMBI

TCIICPb 6YILCT Ha4YMHATbhCA HC (¢ BCJIIMYHHBI

G y5-cy=463 Mmlla, a ¢ Bemumuuubl G, 70 oc) =

= 211 mIla.

Takum o6pa3zoM, aHAIOTWYIHO, KaK W IS S-TIpO-
1ecca, MOXKHO OIpeNeNuTh AePeKT MOIys AGﬁk

=211 mlla, T.e.:

G

sxert(=79 °C) — Token(~148 °C)

AG, =

OT BeMIUHBI G, .\ 79 =,

G

sxer (=79 °C) =1

AG, =0.900
=211-0.900 =189.9 ~ 190 mlTa.

} = AGﬂk = GaKcn(—79 °C) ” 0.900 =

=0.900 B OTHOCHUTENLHBIX €AUHHUIIAX

OT BeJIMUMHLI G =211 mlla,

akern (=79 °C)

AG,

=190 mIla B aOCOMOTHBIX EAUHULIAX

OT BETMYHHBI G, 79 oc) =211 mlTa.

Takum 00pa3om, B HHTEpBaJe TEMIIEpaTyp MPOSB-
nenust f-nponecca oT —32 °C mo +102 °C BennunHa
MOAYJSl CIBUra yMEHbIIMJIACh Ha AGﬂk =190 mlla

n CcoCTaBuja:

Greno102 ) = Conenro <) —AG, =211-190 %21 mlla.,

)

GTeop(+102 °C) ~

R Gen(1as °c) ~ (|—148|+102) °C-0.132 =

=463-33 =430 mlla.

2

AG,., =G, — > AG,

IKCIT i
i=1

2
rae ZAGZ. — cyMMa Bcex Je(heKTOB MOAyJid, T.C.

i=1
2
;AG,. =AG, +AG, .
B »TOM ciyyae B uWHTepBaje TEMIEpPATyp

ot —147 °C go +102 °C 3HaueHue MOAYJs CIBHra
YMEHBIIUIOCH Ha BEJIMYUHY, PABHYIO:
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AG,. =G

aKCIl Teop(T.8.)

-G

aken (+102 °C) =

= GTeop (+102 °C) - GBKCH(+102 °C) ~
~ 430 mlla —21 mlla = 409 ml]a.

Bennunna monynst casura G, .10 oc) = 21 MIla

OyJZieT COOTBETCTBOBATh MOJYJIKO BBICOKOM 3JIacTh4-
"octu [19.

®A30BbII 1 CMEIIAHHBIN MEXAHWU3MbI
BHYTPEHHEI'O TPEHUSA

@a30BbIil U CMELIAHHBIN MEXaHU3MbI BHY TPEHHETO
TPEHHUsI Jydllle pacCMaTpuBaTh HAa MPUMEPE CErHETO-
ANEKTPUYECKUX KPUCTAJUIMYECKUX CHCTEM, 00ajiaro-
LIMX BO3MOYKHOCTBIO HPU U3MEHEHUSX TeMIIEpaTypbl
W3MEHATh CBOIO KPHUCTAJUIOTPAPUUECKYIO CTPYKTYpPY
0e3 CMEHBI arperaTHOro COCTOSHYS, T.€. 0e3 mepexoja
W3 TBEPAOTO B KHUJKOE COCTOSTHUE.

Takue npeoOpa3oBaHuUs CBS3aHBI C AaTOMHBIMHU I1e-
pecTpoiikaMu CTPYKTYpPbl KPUCTAIUIMUYECKON CHCTEMBI
B obsactu temneparypsl Kropu 7, (da3oBblii nepe-
xon II poma), uro dukcupyercs Ha cHeKTpax

A=f (T ) [15, 16] n TeMmepaTypHBIX 3aBHCHMOCTAX

14 Zf(T) U TO3BOJSIET OTHECTU OSTH MPOLCCCHI

K TIpoIleccaM, BBI3BAHHBIM JJIEMEHTaMH CTPYKTYpPHO-
KMHETHYECKHX TOACHUCTEM B PE3YyJbTaTe UX HEYINpPY-
TOW peakluuy Ha HEe3HAYUTENIbHBIEC 10 BeNUYHHE (T10-
psaka 107'°-107*) Bremmme medopmupyomme Bo3-
newcteus [15-18].

Teopernuecknii aHaJIN3 MOIYYaeMbIX B 3TOM CIy-
yae IKCHEPUMEHTAIIBHBIX PE3yJIbTaTOB MO3BOJISIET T10-
JYYUTH CICAYIONTYI0 HHPOPMAIIHIO:

— KaueCTBEHHO OIpenenuTh (1Mo 3aBHUCHMOCTH
v=f (T )) MEXaHU3M IUCCUIATUBHBIX IOTEPh IS
TOTO WJIM MHOTO MPOIECCa, BBHI3BIBAIOIIETO HA CIIEKTpPE
A= f(T) MUK TIOTEPb;

— pa3nuuus B aTOMHBIX MEXaHU3Max MEepecTpONKH
CTPYKTYDHI;

— 0 TOJBMKHOCTH DPa3iIMYHBIX CTPYKTYpHBIX Jie-
(EeKTOB B KPHUCTAJUIMYECKOM pELIeTKE, TAE KaxIbli
TUI CTPYKTYPHOTO AeeKTa onpeaessieTcsi Kak COBO-
KYITHOCTB ITOJIOOHBIX 3JIEMEHTOB OJHOM CTPYKTYPHO-
KMHETHYECKOH MOACHCTEMBIL;

— 0 TIpoIleccax B3aUMOJEHCTBUS IEMEHTOB OJHUX
CTPYKTYPHO-KHHETHYECKUX MOJACUCTEM C 3JIEMEHTaMH
JIPYTUX CTPYKTYpHO-KMHETHYECKUX IIOJICUCTEM, Ha-
IpUMep JOMEHHBIX T'PaHUI] U AUCIOKAMH B KpUCTAJ-
JIMYECKOHN CTPYKTYpE UCCIIEAYEMOM CUCTEMBI;

— O CTETIeHW BIHAHUS BCEX BBIIBISIEMBIX Ha CIIEK-

Tpax A= f (T ) W 3aBUCHMOCTSIX V = [ (T ) JIccHIIa-
THBHBIX TIPOIIECCOB Ha (pU3MKO-MEXaHWUYecKue U (u-

3UKO-XUMHUYCCKUE XapPAKTCPUCTHUKHU KpHCTaHHHHGCKOﬁ
CHCTCMBI B IICJIOM.

B nmaHHO# dacTu cTatbu OyayT pPaccCMOTPEHBI
TOJBKO T€ JUCCUIIATUBHBIC MPOIECCH], KOTOPHIC MMeE-
10T ($a30BBIH WM CMEIIAHHBIH MEXaHU3M BHYTpPEHHE-
ro TPEHHUd, T.K. TUCTEPE3UCHBIA W peJIaKCallMOHHbIN
MEXaHU3MBI OBUTH PAacCMOTPEHBI BBIMIE IS APYTHX
CUCTEM.

Ha 3aBucumoctsax Q' =f(T) u f° =f(T) ansa
TuTaHatra Oapus [1, puc. 3] YeTKO MpPOCIEKHBAETCA
CBS3b MEXIY MHTCHCHUBHOCTBIO JUCCHUIATUBHBIX IO-
Tephb, TEMIIEPATYPOIl TMHMKOB MHUCCUIIATUBHEIX MOTEPH,
AQHOMAJILHBIM TOBEICHUEM YacCTOTHI U CTPYKTYPHBIMHU
M3MCHCHUSIMU B JTaHHOM KPHUCTAJUIMYECKOU CHUCTEME
[15].

Bce mukm AMCCUMATUBHBIX TOTEPh HA CIEKTPE
o'=f (T ) U aHOMAJBHOCTH WU3MEHEHUS TeMIlepa-

TypHOI1 3aBUCHMOCTH 4acTOThl [~ = f (T) cBO0OOIHO-

rO 3aTyXarolero KoaedbaTeasHOro npouecca, Bo30yx-
JIEHHOTO B KpHCTaJuTHUecKkon cucreme BaTli(O;, Ha-
OmomatoTcst B 00JacTH TEMIEpaTyp CTPYKTYPHBIX
(a30BBIX MEPEX0JI0B B TBEPJOM arperaTHOM COCTOS-
HUU JTaHHOW CHCTEMBI B LIEJIOM.

Ot Qa3oBbie CTPYKTYpHBIE NMpeoOpa3oBaHUs Ha-
OIOJAIOTCS B CIEAYIONINX TeMIIepaTypPHBIX WHTEPBa-
nax:

1) marepsan ot —150 °C mo —75 °C — cTpyKTYyp-
HBIH mepexon u3 pombosapuueckoin Qaszel (3m)
B poMOuueckyto ¢asy (mm?2), 1.e. (3m < mm?2);,

2) uaTepBan ot —75 °C mo +25 °C — cTpyKTyp-
HBIH TIepexo]] U3 poMOHUYecKoH (mm2) B TeTpadApuye-
ckyto a3y (4dmm), T.e. (mm?2 < 4mm);,

3) unaTepBain ot +25 °C go +125 °C — cTpykTyp-
HBI  Tepexon W3  TeTpadapudeckort  (4mm)
B TeTparoHaNbHYIO (m3m) dasy, 1.e. (dmm <> m3m).

IIpu sTOM cilemyeT OTMETHTHh XapaKTePHYIO OCO-
OCHHOCTh WM3MEHEHHs YacTOThl Ha 3aBUCHUMOCTH

f?=f(T), xoTopasi 3aKIIH0YaeTCs B TOM, 4TO MOLYJIb

G yBenM4YMBaeTCs Ha BOCXOJAIIEH BETBU MHMKa AUCCHU-
MATUBHBIX TIOTEPH CTPYKTYPHOTO (ha30BOTO Tepexoaa,
a Ha HUCXOASILIEH TeMIepaTypHOW BETBM IHKa JAUC-
CHIATUBHBIX motepb 7' >T, ~ 3nHaueHue moayms G

yMmeHsbIaercs [1, puc. 3].
Takoe moBeneHHE TEMIIEPATYPHOH 3aBUCHUMOCTH
4acTOThl (MOJyJIsl) CYIIECTBEHHO OTJIMYAeTCS OT 3a-

sucumoctr f° = f(T) wm G=f(T) ansa auccumna-

TUBHBIX MPOIIECCOB PEIaKCallMOHHON MPHUPOJBI BHYT-
pennero Tpenus [1, puc. 3].
2
Ha cnextpe Q7' =f(T) u Af:%zf(T) TUTS
0
CTEKIIO00Pa3yIOMIMX HHU3KOMOJEKYJSIPHBIX ~ CHCTEM

xNa,0-25B,0, - (75-x)Si0O, [1, puc. I114] oTyernnBo
(GUKCHPYIOTCS BCE CTPYKTYpHbIE M3MEHEHUsS B 3aBU-
CUMOCTH OT COOTHOIIEHHsS KOMIIOHEHTOB, 00pasylo-
IMX 5Ty HEKPUCTAJUTMYECKYI0 CHCTEMY, OJHAKO

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2
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MEXaHU3M BHYTPEHHETO TPEHHUSI OOHAapyKHBAaEMbIX
MUKOB JTUCCHUIIATUBHBIX MOTEPh OCTAETCS peaKcallu-
OHHBIM, 4acTOTa (MOXYyJb CABWIa) NPHU IOBBILIECHUH
TEMIIepaTypbl MOHOTOHHO CHIDKaeTcs s 0o0eux
TEMIEePaTypHBIX BETBEH MUKa TIOTEPh Ha CIIEKTpE.

Takum o0pa3oM, OJHMM H3 OCHOBHBIX OTJIMYHI
(ha30BOrO MEXaHW3Ma BHYTPEHHETO TPEHHS OT pelak-
CAI[MOHHOTO MEXaHW3Ma BHYTPEHHETO TPEHUs SBIA-
eTCs pa3inyuue B TEMIIEPAaTypHBIX 3aBUCHMOCTSIX dac-
TOTHI CBOOOJHO 3aTyXaloLIEro KojeOaTeIbHOTO IMpo-
necca, BO30Y’KJZaeMOI0 B HUCCIEIYyEMbIX CHCTEMaX,
HaOII0laeMbIX B T€X MHTEpBalax TEMIIEpaTyp, B KO-
TophIX Ha criektpe Q' = f (T ) MIPOSBIISIIOTCST TTUKU
JUCCUIIATUBHBIX MOTEPB!

1) ¢a30BbIii MEXaHWU3M AMCCHUIIATHBHBIX MOTEPb
CBSI3aH C SKCTPEMaJIbHBIM U3MEHEHHEM YacTOTHI;

2) penakcauMOHHBI MEXaHH3M IHCCUIIATUBHBIX
MOTEPH CBSI3aH C MOHOTOHHBIM NW3MEHEHHUEM YaCTOTHI.

Crenyer OTMETHTb TOT SKCIIEPUMEHTAIBHBIN (aKT,
410 (Da30BBIi TEPEXO/, MPOSBISIONINICS Ha CIIEKTPE
o'=f (T ) W 3aBHCHMOCTAX V = f (T ) , MOXET OBITh
kak (azoBeiM nepexonom | pona, Tak U Ga3oBbIM IIe-
pexonowm II-ro poxa.

B arom cnyuae mis onpeneneHus npupossl (azo-
BOTO Iepexoja B PEKUME CBOOOIHO 3aTyXaromlIero
KOJIe0aTeNILHOTO Tpoliecca, Bo30yKaaeMoro B oopas-
1IE MCCACIYeMON KPHUCTAINIMUYECKON CTPYKTYPBI, Tpe-
OyeTcs TMpOBE/CHHE DKCIEPUMEHTA MPU JBYX pa3-
JIMYHBIX YCJIOBUSX:

1) sKCepUMEHTANbHOE OMNpEACICHUE 3aBUCHMO-

crei Q'1 =f(T) av =f(T) TIPU TIOCTOSIHHOM CKO-
pocT Harpesa o6pasua, T.e. T = const;

2) SKCIIEpUMEHTAIbHOE OIpe/eTIeHNe 3aBUCHUMO-
creit Q7' = f(T) uv= f(T) B U30TEPMHUUECKUX pe-
KHMax — TpH
1, = const.

Ilpu mpoBeneHNH OSKCIEPUMEHTOB B YCIOBHUSX

T =const cucreMa OyaeT Bce BpeMs HAXOIUTHCS
B HEPaBHOBECHOM TEPMOJIMHAMUYECKOM COCTOSHUH,
n (azoBbrii mepexop (ecmu OH ecTh) OynmeT HaOIIO-
AaThCsl HE MPH OJHOW MOCTOSHHON Temmepatype T,

pa3IMYHBIX ~ TeMIepaTrypax, T.e.

a B HCKOTOPOM HHTEpBaiie Temieparyp AT}.

IIpn npoBeneHUM SKCHEPUMEHTOB B YCIOBUAX
T, = const cucreMa mpu KaxJaoi temmneparype 7, Oy-
JC€T HaXOJUTHCA B TCPMOAMHAMUYCCKU PABHOBECHOM
COCTOSTHHH.

N B dTOM, W B JpPyroM CIy4ae Ha CIEKTpE

o'=f (T ) Oyner HaOMIOAATHCS MWK JUCCUTIATHB-

HBIX TIOTEPh, HE3aBHCHMO OT MPHPOIBI (Ha30oBOTO Ie-
pexona.

TpakToBKa TpUpoOIbl (a3zoBOro Mepexoja MOKET
OBITH JTaHAa KaK B PaMKaX MOJENBHBIX MPEIICTaBICHUH
aHOMAJIbHBIX M3MEHEHUH JMCCHUITaTHBHBIX MPOIECCOB

HAVYYHOE I[TPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2

Jlannay — XamatHukoBa [16] (penakcanvOHHBIN Me-
XaHMW3M), TaK ¥ B paMKax B3aUMOJICHCTBHS dHEPTrUU
nedOopMaIIMOHHOTO  3aTyXaloMIero  KoyedaTeIbHOro
npolecca ¢ TErOBBIMH (DIYKTYalusIMH KaKoTO-THOO
0000IIEHHOTO TIapaMeTpa Tepexoaa CTPYKTYPBI CHC-
TEMBbl U3 HEPABHOBECHOI'O B PaBHOBECHOE COCTOSIHHE
[19] (dpmykTyammoHHBIH TepMOJIWHAMHYECKHN MexXa-
HU3M).

Omnpenenenne pona ($HazoBoro nepexoja Io CIeK-

Py Q' =1 (T ) 3aKkiroyaercs B caenyromeM. [Iposo-
JUTCSL UCCIIEIOBAHUE BJIMSHUSI CKOPOCTH H3MEHEHUS
Temneparypbl T’ = const :

— Ha TeMIieparypHoe noyioxkeHue 1

max

MaxKkcCH-

-1
MyMa IIMKa JUCCUIIATUBHBIX IMIOTEPb, T.C. Q ;

max ?

— Ha UHTEHCHMBHOCTh muka Q' ;

max ?

— Ha ¢popMy ITMKa AUCCUTIATUBHBIX MTOTEPB.

st dhazoBoro mepexosna I poma xapakTepHBI cie-
JYIOIME OCOOCHHOCTHU, BBISIBJIIEMBIC IO CICKTpaM

—1 .

0" =/(T):
— HHTCHCUBHOCTb IHKAa JIUCCUIIATUBHBIX IMOTEPb
-1

Q.. B OKPECTHOCTH TeMIepaTypsl (ha30BOro mepe-

xoma T
T npu NOCTOSHHOM 4acTOTE KOJeOaTelbHOro IMpo-

mecca v =const, 1.€.
0 = £(7) (11)

— HWHTCHCUBHOCTL IHMKa AWCCUIIATUBHBLIX IHOTCPH

JIMHEMHO 3aBHUCHUT OT CKOpPOCTU HU3MCHCHUSA

2
v

-1
O™ ..« B OKpecTHOCTH Temmeparyp I, oOparHO mpo-

MOPLMOHAJIbHA YaCcTOTE V KOJeDaTenbHOro mpolecca,
BO30YKJaeMOT0 B HCCIIEAYEMbIX KEPaMUYECKUX KpH-
CTAJUIMYECKUX CHCTEMax IpPU MOCTOSIHHOM 3HauCHHUU

T,T.e.

i ]
O\ =S1—1;

V)i

(12)

— WHTEHCHBHOCTH IHKa IVCCUTMIATHBHBIX IOTEPH
-1
O . B OkpectHocTH Temneparyp 7, npu T = const

(M30TEpPMHYECKOM PEKUME) YMEHBILACTCS C TCUCHHEM
BPEMEHH H30TEPMUYECKON BBIIEPKKH HCCIELyeMOi
KPHCTAUIMYECKOH CTPYKTYphI 00pasia, T.e.

o' =f(t)T =Q"' —0 mpu (t)T —->0; (13)

— BHYTpEHHee TpeHHE B BHJIE MUKA JUCCUIIATHB-
HBIX TIOTepb Ha criektpe Q' = f(T) HemocpesncTBeH-

HO CBSI3aHO C KWHETHKOW IpEBpalleHUs] CHUCTEMBI
13 OJHOTO (Pa30BOr0 COCTOSIHUSA B IPYToOe€.

MexaHu3M BHYTPEHHETO TPEHHs Ul IHKa JUCCHU-
MaTUBHBIX TOTeph mpu (azoBoMm mepexone | poma
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nposiBisiercss Ha crekrpe Q' = f(T) B onpeneneH-
HOM HHTEpBaie Temmeparyp A7, uTo OTBedaer

NpeACTaBICHUSAM O "pa3MBITHIX (a30BbIX Hepexonax”
1 (IYKTYallMOHHOM XapakTepe 3apoXKAEHHUs HOBOW
KpUCTAUIMYECKOH (a3bl B CTPYKType HUCCIelyeMon
CHCTEMBl B pe3yjbTaTe BO3HUKHOBEHHS 3apOJbILICH
3aKpUTHYECKOTO pa3Mepa U UX MOCIEAYIOUIero pocra
[15].

Hus dazoBoro nepexoxna Il pona ve Habmromaercs
3apucumoctei (11-13).

Cnenyer OTMETHTh, YTO MUK JUCCHUIATHBHBIX IO-

Tepb, HAOMOKaeMblii Ha criektpe Q' = f (T ), HUMeEro-
mui (Ha3oBbI MEXaHU3M BHYTPEHHETO TPEHHSI U CBSI-
3aHHBII C KMHETHUKOH CTPYKTYpPHBIX NpeoOpa3oBaHUM
B 00bEMe HCCIIEyeMbIX KPHUCTAULUIMYECKHX CHUCTEM
BOMM3u Temneparypsl Kroopu 7, (da3oBblil mepexon
I pona B cerneroanekTprKax), paclojokKeH B HEKOTO-
poM TemmieparypHoM unTepBaie AT .

Takum o0pazomM, ¢a3oBbie niepexoasl I poaa, mpo-
SBISIEMbIC Ha CIEKTpE, SBISIIOTCS HE TOYCYHBIMH
(mpouecc MPOUCXOOUT TOJIBKO MPH OAHOHM MOCTOSH-
HOW TeMIieparype), a pa3MBITBIMU (Pa30BBIMH MIEPEXO0-
mamu | poma, umeommMu TepMOGIYKTYalMOHHBIH
XapakTep 3apoXIeHHss HOBOH (a3bl CHCTEMBI B CTa-
poii KpucTauIndecKoi ¢ase.

Teopust ToueuHsIX (a3oBBIX mepexonoB I poaa oc-
HOBBIBAETCS TOJIBKO Ha ()EHOMEHOJIOTUYECKUX TEPMO-

MUHAMHYECKUX TIOJIOXKCHHSIX 0€3 pacCMOTPEHHUs
ATOMHO-MOJICKYJISIDHOTO ~ CTPOCHHUSI  HCCIICAYEMBIX
cucteM — aOCTpakTHas, uicalbHas, Oe3nedexTHas

CUCTEMA.

B nmanHOM citydae yCTOWYMBOCTH CYIIECTBOBAaHUS
JIaHHOW (pa3bl ompenensercss OJHONH TOYKOH, KOTopast
COOTBETCTBYET OIPEAEIECHHON COBOKYITHOCTH NEPEMEH-
HBIX MApaMEeTPOB CHCTEMBI 0e3 y4eTa pasiMyHOro BUa
(ITyKTyallMOHHBIX ITPOIIECCOB B IAHHOW CHCTEME.

Hammuue rtemmeparypHoro wuntepsama ATy s

pealbHBIX CHCTEM CBHJIETEIBCTBYET O HAJIMYUM HE-
KOEro napaMeTpa, XapakTepU3yIOIEro onpe/ieIeHHbIE
OTKJIOHEHUSI B TEPMOJIMHAMUYECKOW YCTOMYMBOCTH
caMHUX aTOMHO-MOJICKYJISIPHBIX 00pa3oBaHUil B 00be-
Me KPHCTAITHIeCKOH (a3bl.

JToT mapameTp B TEOpUH (Ha30BBIX MPEBPAICHHI
HA3bIBACTCS MMapaMeTpoM yropsigodeHus &, a B TEO-

pUM BHYTPEHHETO TPEHHMS AJISI PeslaKCallMOHHBIX IIPO-
LIECCOB — PEJIAKCALIMOHHON MUKPOHEOAHOPOAHOCTHIO
nepexona.

Jn1s1 3TUX MHUKOB AWCCHUIIATHUBHBIX NOTEPH (Ha30BBIX
MIPOIIECCOB, B KOTOPBIX MapaMeTp YIMOPANOUYCHHS H3-
MEHSIETCSl TIOCTEIIEHHO NPH HM3MEHEHHUSX TeMIIepary-
pBl, BBEICHO MOHSTHE Pa3MBITOr0 ()a30BOTO Mepexoaa
I pona.

[Tapamerp ynopsimouenuss & npu 7 =7, paBeH
HYJIIO.

3AKJIIOYEHUE

Hannune mepexoJHbIX NpoLECCOB OT HEpPaBHOBEC-
HOT'O K PABHOBECHOMY COCTOSIHUIO HEKOHCEPBATHBHOM
CHCTEMBI, ONpPEAESIEMbIX IaHHBIM METOAOM BHYT-
PEHHETO TPEHHsI B PEKUME CBOOOJHO 3aTyXarollero
KoJIe0aTeNIbHOTO Ipolecca, Bo30yxaaeMoro B oopas-
[ax MCCIEeIyEeMBIX CHUCTEM, NMPUBOAMUT K TEPMOJAMHA-
MHUYECKOW HEOOpaTHMOCTH JIaHHOTO Tpoliecca H, Kak
CIIEICTBHE 3TOTO, AMCCUIALUK B HCCIEIYyEMOW CHC-
TEeMe YacTH SHEPTUU BHEIIHETO CHIIOBOTO BO3JEHCT-
BUSL.

Juccumanusi 3HEPTUH MOXKET OBITh O0YCIIOBIIEHA
MPOLIECCaMH CIICAYIOIUX BUIOB.

1. HeoOpatuMeiMu mipolieccaMy TEMJIONPOBOIAHO-
CTH, BO3HHUKAIOIIMMH IPHU Pa3JIMUHBIX TEeMIEpaTypax
B Pa3IMYHBIX YACTIX CHCTEMBI.

2. TepMOJAMHAMHYECKHMHU IpoIieccaMy TP Jie-
(OpPMALIMOHHBIX CMEIEHUAX OJHHUX CTPYKTYPHBIX
3eMEHTOB (MM 00JIacTell CTPYKTYphl) CHCTEMBI OT-
HOCUTETIbHO APYrux 0e3 KOH(UIypalMOHHBIX CTPYK-
TYPHBIX U3MEHEHUI.

3. TepmoanHaMHMYeCKMMH HpoLeccaMy IIpH [ie-
(OpPMALMOHHBIX CMEIIEHUAX OJHHUX CTPYKTYPHBIX
3JIeMEHTOB (MM 00JIacTe CTPYKTYpBI) CHCTEMBI OT-
HOCUTETIbHO JAPYTHX C KOH(QUIypalMOHHBIMU CTPYK-
TYpPHBIMH W3MEHECHUSIMH.

4. Ilpoueccsl BHYTPEHHETO TpPEHUs, BbI3BAHHBIC
nedexkraMu CTPYKTYpBHI:

a— TOoYe4HbIe Ae(eKTHI;

0 — muddy3us OIMHOYHBIX BaKaHCH;

B — TIEPCOPHECHTHPOBKA OMBAKAHCHIA;

r— 3¢hdekTp, 00yClOBICHHBIE aTOMaMH BHe-
JIpEHMUSI;

I — 3(]dexTsl, 00yCIOBICHHbIE aTOMaMH 3aMe-
HICHUS,

€ — mapaymnpyras perakcanus;

K — JTUCIOKAIHN;

3— KoJleOaTenbHOe IBUKEHHE JUCITOKAIH;

U — CKOJIBXXECHUE JUCIIOKALIN;
K — BO3BpaT BHYTPEHHEIO TPEHMUS;
11— Nepenoia3aHue JUCIIOKALNN;

M — IIOBEPXHOCTHU pazjena.
5. BHyTpeHHee TpeHue npHu (a3oBBIX IIpeBpare-
HUSX:
a— AUIOTPOIIMYECKOE IPEBpallleHHe U pachan
MIEPECHILEHHBIX TBEP/BIX PACTBOPOB;
0 — ymopsmoYeHne pacIiuiaBoB;
B — IpeBpamieHue (eppoMarHeTuka u antudep-
pOMarHeTrka B mapaMarHeTuk;
I — IpeBpalleHUE CErHETOUIEKTPUKOB B OOBIY-
HBII TUAIEKTPUK;
I — MpEeBpalleHue NPOBOAHHUKA B CBEPXIPOBOJI-
HUK.
6. BHyTpeHHee TpeHue, OOYCIIOBJICHHOE 3JIEK-
TPOHHBIMHM U MOHHBIMHU NPOLIECCAMHU:
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a— TIOTepH, CBsA3aHHbIE ¢ (DOHOHAMH M 3JEK-
TPOHAMHU;

0— MAarHUTOAKyCTHYECKUH PE30HAHC;

B— (eppoMarHeTuku 1 aHTH(EepPOMarHeTHKH;
r— MarHUTHBIC MIOTEPH;

I— CETHETORJICKTPUKHM U AHTHCETHETORJIEeK-
TPHKH.

Ha 0a3e skcnepuMEHTaNbHBIX JAHHBIX (CHEKTPOB
BHYTPEHHETO0 TPEHUS M TEeMIEPaTyPHBIX 3aBUCHMO-
CcTell YacTOTHI CBOOOJHOTO 3aTyXaromero Koseda-
TEJILHOI'O TIpolecca, Bo30yXaaeMoro B oOpasmax
HCCIENYEMBIX CHCTEM Pa3JIMYHOM XMMHMUYECKOH IIpHU-
POIbBI, CTPOCHHS M CTPYKTYpbI) NpPEACTaBICHA BO3-
MOYKHOCTb ~ PacyeToOB pa3lWYHbIX (UIUKO-MeXa-
HUYECKUX B (QU3UKO-XHUMHUYECKUX XapaKTEPUCTHK UC-
CJIEAYEMOI CUCTEMBI, TAKHUX KaK:

— DKCTEHCHBHBIEC (3HTPONHUIHBIC) 1 HHTCHCUBHBIE
(oHTanbmus, sHeprusi ['mbOca) mapameTpsl auccuma-
TUBHBIX IPOLIECCOB,;

— TEeMIIepaTypHO-YaCTOTHBIC 3aBHCUMOCTH Tep-
MOJMHAMHUYECKUX IapaMeTpoB U QYyHKLHII;

— HeNpepbIBHBIC CIIEKTPHl BPEMEH peJaKcalluu

H (T) KaK JUISl KaXKI0T0 JIOKAJILHOTO JUCCUIIATUBHOTO

nporiecca /(7) , TaK M JUls BCEH CHCTEMBI B LIETIOM

H(r)=2h(o)

— TEMIEpPaTypHO-9aCTOTHBIE 3aBUCHMOCTH He-
MIPEPBIBHBIX CIEKTPOB BPEMEH PENAKCALNN;

— paznuuHble KO3((UIMEHTH, XapaKTepusylo-
e TeMIepaTypHO-4aCTOTHYIO IIHPHHY CHEKTPOB
BPEMEH peIaKCalyy IpU HCIIOJIB30BaHUU TOJIOKEHUN
Teopuu Heynpyroctu bonsiiMana — Bonereppa;

— JUCKPETHBIH CHEKTp BpPEMEH pellaKcaluu

D(T7; 0 ) MCCIIEIYEMOM CHCTEMBI;

— TEMICPATypPHO-4YaCTOTHLIC 3aBUCUMOCTH OHUC-
KpETHOTO CIICKTpa BpEMCH peilakcanuunu

D(Ti maX):f(T’K)w u D(Ti maX):f(w)T,K;

— JIOKaJIbHBIE JUCCUIIATUBHBIE 7, M JIOKAJIbHbIC
ynpyrue k, k03(p(HUIMEeHTh! KaKA0T0 U3 00HApyXKEH-
HBIX Ha CHEKTPE BHYTPEHHETO TPEHUs AUCCUIIATHBHO-
ro mporiecca;

— TEMICPATypHO-4aCTOTHBIC 3aBUCUMOCTHU JIO-
KaJIbHBIX NUCCHUIIATUBHBIX W JIOKAJIBHBIX YIPYTHUX Xa-

PaKTEPHUCTHK n=[f(T.K),, n=f(@),
ki =f(T,K)w, ki :f(w)T,K

PEHHETO TPEHUS;

— nedekTsl MOAYNSA CIBUTA JUIS KaXJIOro u3 00-
Hapy>KCHHbIX Ha CHEKTpe BHYTPCHHEro TPEHHUS
W TEMIIEpPaTypHOH 3aBUCHMOCTH YaCTOThI CBOOOJIHOTO
3aTyXamILero KoyiebaTelpHOro Impouecca, BO30yX-

— MCXaHU3Mbl BHYT-
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JICHHOTO B 00pasIie UCCIICAYyEeMOI CUCTEMBI, TUCCHUIIA-
THUBHOTO IIPOIIECCa.
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METHODOLOGY FOR THE STUDY OF INTERNAL FRICTION
IN THE MODE OF FREE DAMPED OSCILLATORY PROCESS.
PART 3. INTERNAL FRICTION MECHANISMS

V. A. Lomovskoy, Y. V. Chugunov, S. A. Shatokhina

Frumbkin Institute of Physical Chemistry and Electrochemistry of RAS, Moscow, Russia

The technique of studying internal friction spectra and temperature dependences of the frequency of free
damped oscillatory processes excited in samples of materials of different chemical natures, compositions and
structures is considered. The generalized Maxwell model representations provide evidence for the occurrence of
local peaks of dissipative losses in temperature intervals. These peaks are caused by the mobility of various
structural-kinetic subsystems' elements, which together make up the entire system under study. Within a broad
temperature range of research, theoretical analysis and estimates of physical-chemical and physical-mechanical
features are provided for every dissipative loss peak seen on the spectrum.

Keywords: internal friction spectra, dissipative loss mechanisms, shear modulus defect, free damped oscillations,

phenomenological models
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INTRODUCTION

As noted in the first [1] and second [2] parts of this
article, peaks of dissipative losses 4, ~ are superim-

posed on the background of dissipative losses in the
spectrum A= f (T ) in different temperature regions

of this spectrum [1, Fig. 2, a], and their manifestation
is associated with the mobility of elements of various
structural-kinetic subsystems.

Dissipative loss peaks detected in the spectrum

A=f(T) can  have different intensities
A # A # Ay, different structural-kinetic origins

max

and different mechanisms of internal friction:
— relaxation;
— phase;
— mixed (hysteresis-relaxation).

RELAXATION MECHANISM
OF INTERNAL FRICTION

The relaxation mechanism of internal friction is
considered on the example of polyethylene (PE) brand
CRP 100 Hostalen, the granules of which are obtained
using the Hostalen process — suspension polymeriza-
tion in stirred reactors [3].

Suspension polymerization of Hostalen is carried
out in two reactors operating in parallel or in series.
The transition from one reactor to a cascade made it
possible to produce high-quality single- and bimodal
polyethylene with any molecular weight distribution
using the same catalyst. Polymerization is carried out
in a solvent, for example, n-hexane, using a highly
active Ziegler catalyst. At the end of the process, there
is no need to deactivate the catalyst and remove it
from the polymer because the concentration of resi-
dual catalyst in the polymer is very low. To obtain
a unimodal product, catalyst, solvent, monomer, and
hydrogen are introduced into reactors 1, 2, where po-
lymerization occurs. To obtain bimodal grades, the
catalyst is introduced only into reactor 1; the second
stage of polymerization occurs under conditions dif-
ferent from the conditions of the first reactor. Ethy-
lene, butane, and an additional amount of solvent are
introduced into reactor 2. The process conditions are
continuously adjusted, which ensures the production
of very high quality polyethylene [3] (see Tab. 1).

Tab. 1. Basic physical and chemical characteristics of
PE CRP 100 Hostalen, according to manufacturers’
passports and technical specifications requirements

Fig. 1 shows the obtained spectrum of internal fric-
tion A =f(T) and the temperature dependence of the
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frequency v =f(T) of free damped torsional vibra-

tions excited in the sample under study in the tem-
perature range from —150 °C to +150 °C.

Fig. 1. Internal friction spectrum A = f (T )— (a),

and temperature dependence of frequency
v = f(T)— (6) for HDPE CRP 100 Hostalen

The heating rate of the test sample in the thermal
cryochamber of the device was 2°/min.

The spectrum A= f (T ) shows two temperature

regions of the most intense local dissipative processes
(B and B,). The temperature ranges of manifestation
of these processes partially coincide with the data
published earlier [4—11]. In addition, two temperature
regions with a very weak intensity of local dissipative
processes were identified on spectra A= f (T) and

temperature dependences of the frequency v = f (T )

of a free damped oscillatory process,. We assume that
these are @ — a dissipative process, almost complete-
ly absorbed by the superposition of the low-
temperature branch of f -process,and the u-process
observed in the temperature range = —70°C.
Simultaneously with the measurement of the loga-
rithmic decrement A of the damping oscillatory
process, the temperature dependence of the frequency
of the oscillatory process excited in the studied PE
sample was also studied (Fig. 1, 6). Temperature de-
pendences of the frequency v = f(T) of free damped

torsional vibrations excited in the studied PE sample
indicate temperature regions of anomalous frequency
changes in intervals in which peaks of dissipative
losses are observed in the spectra A = f(T).

For f- and fi-dissipative processes on the spectrum
A=f(T) in the corresponding temperature intervals
on the temperature dependence of the frequency
v=f (T ) of the oscillatory process, a local in terms of

temperature and a relatively sharp decrease in the fre-
quency v of the oscillatory process (Fig. 1, 6) is ob-
served.

The calculation of physico-mechanical and physi-
co-chemical characteristics for f-- and fx-processes of
dissipative losses was carried out using the previously
given formulas, according to which it follows from
the relationship [2, (5)] that the current temperature
change A; reaches its maximum at the peak of losses

( A = ’lﬁk ) when the condition is met:

ot =1, )
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where the relaxation time 7, is a function of tempera-
ture T, i.e. relation [2, (6)]:

U
T, =T, exp#, 2)

where U, is the activation energy of the dissipative
k max

process; 7, ~1.6-107" s is the theoretical value of the
pre-exponential coefficient characterizing the oscilla-
tory process of a relaxing particle at the bottom of the
potential well. The frequency of the oscillatory
process v (determined experimentally from the de-
pendence v = f(T)) is related to the circular frequen-

cy o by the relation @ =27zv.: This makes it possible
to determine the relaxation time 7 =7, at the peak
of local dissipative losses A, from the correspond-

ing frequency value v =v__ on the temperature de-

X

pendence v = f (T ) using a relationship:

=2 Vv_.T

max -~ max

1
T )

max

@ T

hmax ¥ max =27 Vigg ((rr) =17

max
T=Toy )

Based on the experimental data and the relation-
ship (3), we obtain:

1
Tﬂ = _—
2-m-4.35 2-7r-1.94
The activation energy of this process is determined

from the Arrhenius dependence of the relaxation time
7 on temperature (relation (2)) taking into account

3):

=0.037 s; Ty = =0.082 s.

T B
Ug, =RT; In =
T
=8.314-167-1nM:
1.6-107"

=36330.93 I =364 Ky

(In (4) the temperature is given in °K).

The obtained physicomechanical and physico-
chemical characteristics for f- and fy-processes of
dissipative losses are presented in Tab. 2.

Tab. 2. Basic physical-mechanical and physical-
chemical characteristics for f- and pfy-processes of
dissipative losses

In order to determine the mechanism of internal
friction for each dissipative process detected in the
spectrum of internal friction A= f (T ) (Fig. 1, a), itis
necessary to calculate the defect in the shear modulus,
which is carried out on the basis of the experimentally
obtained temperature dependence of the frequency of
the oscillatory process excited in the studied PE sam-
ples. Each local dissipative process observed on the
spectrum A= f(T) is characterized by its tempera-

ture range, size, and sign of a module defect AG,. The

magnitude of the modulus defect AG, is determined

from a relationship between the change in the fre-
quency of the oscillatory process excited in the sample
under study and the change in the shear modulus of
the material of this sample [12]. Considering that the
sample under study is an integral part of the oscillato-
ry system in the device used, the torsional vibrations
excited in the polymer under study can be considered
as modes of natural vibrations, where only the first
mode is taken for a damping process [13]. In this case,
the relationship between the dynamic shear modulus
G and the frequency v of the oscillatory process is

defined as:
1
1 G-I %
V=g e | (5)
4\ (1,+21)!

where G is a shear modulus of the material of the
sample under study; 7, is a polar moment of inertia of
the cross section relative to the longitudinal (polar)
axis of the sample under study; /; is a polar moment
of the sample; / is a polar moment of inertia of the
additional pole pieces of the torsional vibration excita-
tion system, the axis of which coincides with the lon-
gitudinal axis of the sample; / is a length of the sam-
ple under study. If, as a first approximation, tempera-
ture changes in the moments of inertia of the oscillato-
ry system of the device can be neglected, then relation
(5) can be presented as:
Grkv’. (6)
However, it was experimentally established that
the shear modulus G is a function of temperature, i.e.

G=/f(T)=G(T). The theoretical dependence

G=f (T ) with an increase in temperature for every

100 degrees corresponds to a linear decrease in the
modulus G by 2+4% [14] (Fig. 2, dashed line).

Fig. 2. Temperature dependence of the shear modulus
of PE.

1 — theoretical dependence, dashed line; 2 — curve
calculated taking into account modulus defects for f-
and fy-relaxation processes for HDPE CRP 100 Hos-
talen
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In this case, the frequency v of the oscillatory
process will also depend on temperature

v=f(T)=v(T) and will change proportionally to

the temperature change in shear modulus G(T'):
G(T)k,=v*(T)k, (7)

where k, and k, are constant coefficients.
Since k,, k, are constants, relation (7) can be pre-
sented in dimensionless form:

G(T)k, v (T)k

1

Go(T, )k, vi Ty )k

= AG(T)~Av(T), (8)

where G,(T;) and v;(7,) are the current temperature
values T,

1

of the shear modulus G, and squared fre-
quency v;; G,(T;) and v; (T,) are the initial values
of the shear modulus G, and the square of the fre-

quency v, at the selected temperature/ 7, .

Thus, the temperature change in the frequency
v(T) of the oscillatory process excited in the system
under study makes it possible to determine the tem-
perature change in the shear modulus G(7T') of the

material from which the sample under study is made.
However, experimental data from the study of the de-

pendence v = f (T ) show that certain temperature
intervals, in which local dissipative processes are ob-
served in the internal friction spectra A = f (T ) in the
form of loss peaks, are subject to an anomalous
change in the temperature dependence of frequency v,
and, consequently, the shear modulus G, caused by
significant deviations from the proportional theoreti-
cal temperature dependence G = f(T) or v=f(T).

To describe this anomaly, the concept of a shift mod-
ulus defect or a frequency defect is introduced. The
modulus defect is defined as a dimensionless quantity
in the form of the relation [2, (21)], presented earlier:

Go(1,)=Gi(T) _va (%) -vi (L)

G (%) v(n)

Based on the experimental data and this expres-
sion, we obtain:

AG(T)=

512 -3.72°
8G, =221 372 544,
551
2 2
AG, =32 LI 00,
Y
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Each local dissipative process detected on the
spectrum of internal friction A= f(T) in various
temperature ranges corresponds to a certain anomaly
in the temperature dependence of the oscillation fre-
quency v = f(T), and, consequently, the shear mod-

ulus G=f (T ) This leads to the local temperature
region inelasticity of the system under study. In the
general case, its own shear modulus defect AG,(T)
will be observed on the temperature dependence of the
oscillation ~ frequency v =f(T) for each
i-th peak of dissipative losses detected in the spectrum
of internal friction A = f (T )

If we take into account that the shear modulus G of
the entire system under study is formed by summing
the modules G, of all structural-kinetic subsystems
that form this system

G=3, ©)
i=1

then the temperature dependence of the shear modulus
of the entire system will be determined:

G(T)ZZG,.(T)iZAG,.(T).

The shear modulus defect can have a positive value
for dissipative processes of a relaxation nature and a
negative value for dissipative processes of a non-
relaxation nature. The calculated values and sign of
shear modulus defects for f- and pfy-processes are
given in Tab. 3.

The calculation of modulus defects AG for the
studied PE sample showed that - and py-processes
have a relaxation mechanism of internal friction.

(10)

Tab. 3. Theoretical and calculated data based on the
experimental results for the studied HDPE sample

EXAMPLE OF CALCULATION OF G = f(T)
FOR STUDYED HDPE CRP 100 HOSTALEN

According to the passport data, the elastic modulus
in tension £ (23 °C) for this brand is 1100 mPa.

E 1100

G = = =440 mP
P2(1+ ) 2(1+0.25) e

where y is Poisson’s ratio, ¢ = 0.08+0.45 = 0.25.
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At T=23°C G, =440 mPa. Thus, it follows

from the proportional dependence:

_H01_44mPy/
oo 1%

A decrease in the elastic modulus by (2+4) ~3%

means its decrease by 4.4 x 3 = 13.2 mPa. That is,
a change in temperature by 100 °C leads to a change
in the elastic modulus for the sample under study by
13.2 mPa.

Modulus change per 1 °C is 0.132 mPa/1°.

Thus:

at 23 °C > G =440 mPa;
at {|-150+23}°C=173°C -
—173-0.132=22.836 mPa ~ 23 mPa.

Thus: G_is0ec = Gazc + 23 =440 + 23 = 463 mPa.
At {150-23}°C =127°C:
G150 ¢ =Gy oc —127-0.132=440-16.764 mPa =
=423.236 mPa ~ 423 mPa.

Substituting the experimental frequency data from
Tab. 3 into the relation [2, (21)], we obtain the values
of the shear modulus defect for - and fy-processes.
Graphically, the calculation is presented in Fig. 3.

Teop

G =440 mPa — 100%
X —>1%

Fig. 3. Graphic representation of the calculation of
the shear modulus defect using the experimental curve

v=f(T)

Let's consider the f-process.
The module defect for the f-process, as mentioned
above, is determined by the formula:

_vo(T)-vi(T)

AG(T)IAV—WZ
2 2
:5.5122 —3.27214 0544,
5.5122

At T, =-14797 °C and v,=5.5122 Hz elastic
modulus G yeen( 145 °c) = 462.7mPa ~ 463 mPa
(obtained approximately by extrapolation
Gy =1 (T ) in Fig. 2 (line 1) to temperature
T=-147.97 ~-148 °C).

For the temperature interval of the p-process
AT =T —-T,=-79.33—-(-147.97)=68.64 °C,  the
frequency took the value Ve, =3.7214 Hz (Fig. 1).

The shear modulus defect for the [-process is
AG, =0.544 in relative units. To determine the value
of the modulus G, at T=-79.33°C, it should be

taken into account that the value of the shear modulus
is equal to G =463 mlla. at

aken (—148 °C)
T=-14797~148 °C.
At the temperature of the end of the f-process
T =-79.33 °C (Tab. 3), the modulus G, decreased
by the amount AG, =0.544.

To determine the magnitude of the shear modulus
defect AG, in absolute units, we use the relationship:

G’akcn(—l48 °C) =1

=
AG, =0.544
= AG/, =G

sxen (—148 °C)

0.544 =251.8 mPa.

= 0.544 in relative units
of G

aken(—148 °C)

AG, =
=251.8 mPa in absolute units

of G =463 mPa.

akern(—148 °C)

Thus, in the temperature range of manifestation of
the f-process from —148 °C to —79.3 °C, the value of
the shear modulus decreased by AG, =251.8 mlla

and amounted to:
G Gaxcr{(—148 °Cc) — AGﬁ =
=463 mPa —251.8 mPa ~211 mPa.

ke (=79 °C) —

See Fig. 2.

Let us consider the f,-process.

For the pfy-process at temperature 7 =-32.33 °C
(Tab. 3), the shear modulus of the entire system after
the end of the S-process will be approximately equal
to:

G ~

axen(—32 °C)

=463 mPa—251.8 mPa~ 211 mPa.

oKenn(-79 °C) G3KCH(—148 °C) AGp =

That is, the change in the shear modulus of the en-
tire system will now begin not with the value

G145 oc) =463 mPa, but  with  the  value
G ien( 79 5cy = 211 mPa.

Thus, in the same way as for the f-process, we can
determine the module defect AGﬂk from the value

G =211mPa, ie.:

aken(-79 °C)

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2
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G

akern (—79 °C) :l

AG, =0.900
=211-0.900 =189.9 ~190 mPa.

} = AGﬁk = Garccn(qq °c) 0.900 =

=0.900 in relative units

of G, (70 «cy =211 mPa,
AGﬁk =
=190 mPa in absolute units
of G, (79 oy =211 mPa.

Thus, in the temperature range of manifestation of
the py-process from —32 °C to +102 °C, the shear
modulus decreased by AG, =190 mPa and made up:
G

aker(+102 °C)

=G

aker(—79 °C)

~AG, =211-190~21 mPa.

G

reop(+102 °C) ~
R Goen(oias o) ~ (|_148|+102) °C-0.132=
=463—-33=430 mPa.

AGaxcn = GTeop - iAGi’
i=1

2
where ZAGI. was the sum of all module defects, i.e.

i=1

2
;AG,. =AG, +AG, .

In this case, in the temperature range from
—147 °C to +102 °C, the shear modulus decreased
by an amount equal to:

AG, . =G

OKCIT TEOP(T.B.)

-G

sken(+102 °C) —

= GTeOp(+102 °c)y Gaxcn(+102 oy &
~ 430 mPa — 21 mPa =~ 409 mPa.

The shear modulus value G, g ¢, 21 mPa

will correspond to the high elasticity modulus of PE.

PHASE AND MIXED MECHANISMS
OF INTERNAL FRICTION

It is better to consider the phase and mixed me-
chanisms of internal friction using the example of fer-
roelectric crystalline systems, which have the ability
to change their crystallographic structure with changes
in temperature without changing the state of aggrega-

HAVYYHOE I[TPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2

tion, i.e., without transitioning from a solid to a liquid
state.

Such transformations are associated with atomic
rearrangements of the structure of the crystalline sys-
tem in the region of the Curie temperature T
(second-order phase transition), recorded in the spec-

tra A=f (T ) [15, 16] and temperature dependences

v=f (T ) and allow us to attribute these processes to

processes caused by elements of structural-kinetic
subsystems as a result of their inelastic response to
insignificant (on the order of 107'°~107'*) external de-
forming influences [15—18].

Theoretical analysis of the experimental results ob-
tained in this case allows us to obtain the following
information:

— qualitatively determine (using the dependence

v=/(T)) the mechanism of dissipative losses for
a particular process that causes a loss peak in the spec-

trum A= f(T);
— differences in the atomic mechanisms of restruc-
turing;

— about the mobility of various structural defects in
the crystal lattice, where each type of structural defect
is a set of similar elements of one structural-kinetic
subsystem,;

— about the processes of interaction of elements of
some structural-kinetic subsystems with elements of
other structural-kinetic subsystems, for example, do-
main boundaries and dislocations in the crystal struc-
ture of the system under study;

— on the degree of influence of all dissipative

processes revealed in the spectra A= f(T) and de-

pendences v = f (T ) on the physical-mechanical and

physical-chemical characteristics of the crystalline
system as a whole.

In this part of the article, only those dissipative
processes that have a phase or mixed mechanism of
internal friction will be considered, because the hyste-
resis, and relaxation mechanisms were discussed
above for other systems.

On the dependences Q™' = f(T) and f°=f(T)
for barium titanate [1, Fig. 3] there is a clear connec-
tion between the intensity of dissipative losses, the
temperature of the peaks of dissipative losses, ano-
malous frequency behavior and structural changes in
a given crystalline system [15].

All peaks of dissipative losses in the spectrum
Q"' = f(T) and anomalous changes in the tempera-

ture dependence of the frequency f* = f(T) of a free

damping oscillatory process excited in the BaTiO;
crystal system are observed in the temperature range
of structural phase transitions in the solid aggregate
state of this system as a whole.
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These phase-structural transformations are ob-
served in the following temperature ranges:

1) interval from —150 °C to —75 °C — structural
transition from the rhombohedral phase (3m) into the
orthorhombic phase (mm?2), i.e. (3m < mm?2);

2) interval from —75 °C to +25 °C — structural
transition from the orthorhombic (mm?2) to the tetra-
hedral phase (4mm), i.e. (mm2 < 4mm);

3) interval from +25 °C to +125 °C — structural
transition from tetrahedral (4mm) into the tetragonal
(m3m) phase, i.e. (dmm < m3m).

It should be noted that the characteristic feature of
the change in frequency on the dependence

fi=f (T ) is that the modulus G increases on the

ascending branch of the peak of dissipative losses of
the structural phase transition, and the value of the
modulus G decreases on the descending temperature
branch of the peak of dissipative losses 7>7, [I,

Fig. 3].
This behavior of the temperature dependence of
frequency (modulus) differs significantly from the

dependence f*=f(T) or G=f(T) for dissipative
processes of the relaxation nature of internal friction
[1, Fig. 3].
On  the o' =f(T)
f2
AN :F:f (T ) for glass-forming low-molecular
0
systems xNa,O-25B,0; -(75-x)Si0, [1, Fig. P4] all
structural changes are clearly recorded depending on
the ratio of the components forming this non-
crystalline system, however, relaxation remains the
mechanism of internal friction of the detected peaks of
dissipative losses, the frequency (shear modulus) de-
creases monotonically with increasing temperature for
both temperature branches of the loss peak in the
spectrum.

Thus, one of the main differences between the
phase mechanism of internal friction and the relaxa-
tion mechanism of internal friction is the difference in
the temperature dependence of the frequency of the
freely damping oscillatory process excited in the sys-

tems under study. The difference is observed in the
temperature ranges in which peaks of dissipative
losses appear in the spectrum Q™' = f(T):

1) the phase mechanism of dissipative losses is as-
sociated with an extreme change in frequency;

2) the relaxation mechanism of dissipative losses is
associated with a monotonic change in frequency.

spectrum and

It should be noted that the experimental fact is that
the phase transition that appears in the spectrum

Q' = f(T) and dependences v = f(T) can be either

a first-order phase transition or a second-order phase
transition.

To determine the nature of the phase transition in
the mode of a freely damped vibrational process ex-
cited in a sample of the crystal structure under study,
an experiment is required under two different condi-
tions:

1) experimental determination of the dependences

Q'=f(T) and v = (T) at a constant heating rate

of the sample, i.e. 7, =const.;
2) experimental determination of dependencies
Q'=f(T) and v=/(T) in isothermal modes at

different temperatures, i.e. T, = const.

When conducting experiments under condition
T =const, the system will always be in a nonequili-
brium thermodynamic state, and the phase transition
(if it exists) will be observed at more than one con-
stant temperature 7, , but in a certain temperature

range AT.
When conducting experiments under condition
T, =const, the system at each temperature 7, will be

in a thermodynamical equilibrium state.
In any case, a peak of dissipative losses will be ob-

served in the spectrum Q7' = f(T), regardless of the

nature of the phase transition.

An interpretation of the nature of the phase transi-
tion can be given both within the framework of model
representations of anomalous changes in Landau-
Khalatnikov dissipative processes [16] (relaxation
mechanism), and within the framework of the interac-
tion of the energy of the deformation damping oscilla-
tory process with thermal fluctuations of any genera-
lized parameter of the transition of the system struc-
ture from a nonequilibrium to an equilibrium state
[19] (fluctuation thermodynamic mechanism).

Determining the type of phase transition from the

spectrum Q' = f (T )is as follows: a study is being
carried out on the influence of the rate of temperature
change 7T = const:

— on the temperature position 7 o of the maxi-

max

mum peak of dissipative losses, i.e. 0" ;

max ?

— on the intensity of the peak O™'__;

max ?

— on the shape of the peak of dissipative losses.

A first-order phase transition is characterized by
the following features, revealed by the spectra

0'=f(T):
— the intensity of the peak of dissipative losses
Q' in the vicinity of the phase transition tempera-

ture 7 depends linearly on the rate of change T at
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a constant frequency v =const of the oscillatory
process

0 =/(7) 5 (11)
— the intensity of the peak of dissipative losses

0", in the vicinity of temperatures 7, is inversely

proportional to the frequency v of the oscillatory
process excited in the ceramic crystalline systems un-

der study at a constant value T

0=/ (lj ;
Vi

— the intensity of the peak of dissipative losses
Q... in the vicinity of temperatures T, at T =const

(12)

(isothermal mode) decreases over time with isother-
mal exposure of the studied crystal structure of the
sample

0w =S(t),=0" x>0 mpu (z). -0; (13)

— internal friction in the form of a peak of dissip-
ative losses in the spectrum Q7' = f(T) is directly

related to the kinetics of the system transformation
from one phase state to another.

The mechanism of internal friction for the peak of
dissipative losses during a phase transition of the first

order appears in the spectrum Q™' = f(T) in a certain

temperature range AT,

concept of “blurred phase transitions” and the
fluctuation nature of the nucleation of a new
crystalline phase in the structure of the system under
study as a result of the emergence of nuclei of
supercritical size and their subsequent growth [15].

For a second-order phase transition, no
dependences (11-13) are observed.

It should be noted that the peak of dissipative

losses observed in the spectrum Q' = f(T) has
a phase mechanism of internal friction, associated
with the kinetics of structural transformations in the
volume of the crystalline systems under study near the
Curie temperature 7, (first-order phase transition in
ferroelectrics) and located in a certain temperature
range A7.

which corresponds to the

Thus, first-order phase transitions, manifested in
the spectrum, are not point-like (the process occurs
only at one constant temperature), but first-order
diffuse phase transitions, which have the thermal
fluctuation character of the nucleation of a new phase
of the system in the old crystalline phase.

The theory of point first-order phase transitions is
based only on phenomenological thermodynamic
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principles without consideration of the atomic-
molecular structure of the systems under study — an
abstract, ideal, defect-free system. In this case, the
stability of the existence of a given phase is
determined by one point, which corresponds to
a certain set of variable parameters of the system
without taking into account various types of
fluctuation processes in this system.

The presence of a temperature range A7) for real

systems indicates the presence of a certain parameter
characterizing certain deviations in the
thermodynamic stability of the atomic-molecular
formations themselves in the volume of the crystalline
phase.

This parameter in the theory of phase
transformations is called the ordering parameter &,

and in the theory of internal friction for relaxation
processes — the relaxation microinhomogeneity of
the transition.

For these peaks of dissipative losses of phase
processes, in which the ordering parameter changes
gradually with changes in temperature, the concept of
a diffuse first-order phase transition was introduced.

The ordering parameter & at 7 =7, is equal to

ZCero.

CONCLUSION

The presence of transition (from a nonequilibrium
to an equilibrium state of a non-conservative system),
determined by this method of internal friction in the
mode of a freely damped oscillatory process excited in
samples of the systems under study, leads to the
thermodynamic irreversibility of this process and, as a
consequence of this, the dissipation of part of the
energy of the external force influence in the system
under study.

Energy dissipation can be caused by the following
types of processes:

1. Irreversible thermal conduction processes that
occur at different temperatures in different parts of the
system.

2. Thermodynamic processes during deformation
displacements of some structural elements (or areas of
the structure) of the system relative to others without
configurational structural changes.

3. Thermodynamic processes during deformation
displacements of some structural elements (or areas of
the structure) of the system relative to others
accompanied by configurational structural changes.

4. Internal friction processes caused by structural
defects:

a- point defects;

b- diffusion of single vacancies;

c- reorientation of bivacancies;

d- effects caused by interstitial atoms;
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e- effects caused by substitution atoms;
f- paraelastic relaxation;
g- dislocations;
h- oscillatory movement of dislocations;
i- dislocation slip;
j- return of internal friction;
k- creep of dislocations;
l- interface surface.
5. Internal friction during phase transformations:
a- allotropic transformation and decom-
position of supersaturated solid solutions;
b- ordering of melts;
c- transformation of a ferromagnet and an anti-
ferromagnet into a paramagnet;

d- transformation of ferroelectrics into
ordinary dielectrics;
e- transformation of a conductor into a
superconductor.
6. Internal friction caused by electronic and ionic
processes:
a- losses associated with phonons and

electrons;

b- magnetoacoustic resonance;

c- ferromagnets and antiferromagnets;
d- magnetic losses;

e- ferroelectrics and antiferroelectrics.

Experimental data (internal friction spectra and
temperature dependences of the frequency of a free
damped oscillatory process excited in samples of stu-
died systems of different chemical nature, composi-
tion, and structure) presents the possibility of calculat-
ing various physical-mechanical and physical-
chemical characteristics of the system under study,
such as:

— extensive (entropy) and intensive (enthalpy,
Gibbs energy) parameters of dissipative processes;

— temperature-frequency dependences of thermo-
dynamic parameters and functions;

— continuous spectra of relaxation time H(7)

both for each local dissipative process 4(z) and for

the entire system as a whole H(r) = ih(w)i ;
i=l1

— temperature-frequency dependences of conti-
nuous spectra of relaxation time;

— various coefficients characterizing the tempera-
ture-frequency width of the relaxation time spectra
when using the provisions of the Boltzmann-Volterra
theory of inelasticity;

— discrete spectrum of relaxation times D(7; ... )

of the system under study;
— temperature-frequency dependences of the dis-
crete spectrum of relaxation time

D(Ti max): f(T7K)a, and D(Ti maX)zf(a))T,K ’
— local dissipative 7, and local elastic &, coeffi-

cients for each dissipative process found in the spec-
trum of internal friction;

— temperature-frequency dependences of local
dissipative and local elastic  characteristics

}’;. :f(T’K)w’ f’; :f(a))T,K ? ki :f(T’K)o)’
k.=f (a))r « — mechanisms of internal friction;

— shear modulus defects for each dissipative
process detected in the internal friction spectrum and
the temperature dependence of the frequency of a free
damped oscillatory process excited in a sample of the
system under study.
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