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[Ipeanoxeno onucanue BI3KOYNPYTOCTH MOJUMEPHBIX MaTEPHAIIOB, HCIOIb3YEMBbIX IS 3aIIUTHI
aBTOMOOWJIBHBIX JETajied, CTaTUCTHYECKMM MeTonoM. llomydeHo ypaBHEeHHE, MO3BOJSIOLIEE ONMUCATh
PEeXUMBI 1eOpMaK B Pa3TUUHBIX TEMIIEPATYPHBIX MOJISX.

Knmiouesvie cnosa: TepmoycaxuBaromasica Tpyoka, apdext namsatu Gopmsl, BA3KOYIPYTrocTh, KO-

3¢ puIMeHT MPOAOIBHON U MOEPEUHON YCAKY.

VISCOELASTICITY OF POLYMERIC MATERIALS DESCRIPTION BY STATISTICAL
METHOD

O. V. Rymkevich, P. P. Rymkevich, A.A.Romanova
Technology and design St. Petersburg State University, 191186,

St. Petersburg, Bolshaya Morskaya St., 18

St.-Petersburg state university of service and economy (SPbSUSE),
191015, St.-Petersburg, street Kavalergardsky, 7, lit. A

Description of the polymeric materials viscoelasticity by the statistical method used for automo-
bile parts defence is suggested. An equation for description of the deformation modes in different temper-

ature fields is received.

Keywords: Heat-shrinkable tubing, the shape memory effect, viscoelasticity, ratio of the longitu-

dinal and transverse shrinkage.

ABTOMOOWJIBHBIE JI€Talld CO  CIIOKHBIM
npoduiieM B pPEeKUME IKCILTyaTallud MOABEPTaloT-
Csl HEraTUBHBIM BO3ZCHCTBHS OKpY)Karowlenl cpe-
npl. [losTOMy OueHb BaKHO AJISl MOBBIMICHUS HX
W3HOCOCTOMKOCTH, a TakXkKe Al yIy4ylIeHHs W30-
JSIMOHHBIX CBOWCTB 3alUILATh UX CHELUAIbHBI-
MU TEPMOYCAKMBAIOUIMMHUCS TpyOKaMu. OTH
TpyOKH H3rOTaBIMBAIOTCS M3, TaK Ha3bIBAEMBIX,
”YMHBIX MaTepuaioB” — mMarepuajoB ¢ 3¢ddexkrom
namata gopmbl [1 — 2]. Takue maTepuanbl MOA
JEHCTBHEM TEMIIEPaTypHOrO IOJS YCaXKHBAIOTCA,
BO3BpAlIasiCh K CBOMM II€PBOHAYAIBHBIM pa3Me-
pam, obecrieunBasi JETaJIsIM CO CIOKHBIM NIpodu-
JIeM TepMETUYHYIO 3auuTy. BeIOop onTuMansHOro
TEeMIIEpaTypHOTO BO3AEHCTBUS U1 OOECeYeHuUs
TEPMOYCAJKH H3JENUN SABISETCS aKTyaJlbHOW 3a-
naveit.

Lenpto maHHON paboTHl SBJSIETCS paspa-
00TKa MeTona, MO3BOJIAIOLIETO BHIBECTH ypaBHE-
HUEe I pacuera KO3(QGULIMEHT yCaJKd TepMO-
ycaxuBaromeicss TpyOKd B pa3IMyHBIX TeMIiepa-
TYPHBIX PEKHUMAaX.

Pazo0beM BCIO CTPYKTYpy NOJIMMEpPHOH
HUTH HA MHO>)KECTBO CETMEHTOB MaKpOMOJIEKY [3

— 7] Bynem Ha3bIBaTh Takue CErMEHTHI KilacTepa-
MH, KOTOpPbIE MOT'YT HaXOAUThCS B IBYX OCHOBHBIX
sHepreTuyeckux coctosHusx. Cocrosaue 1 coort-
BETCTBYET HMTH IEpe/ €€ BBITSDKKOM IpU TeMIle-
paType, OnHM3KOW K TemmepaType IUIaBICHHS, WU
aBJsieTcs HauOojee 3HEPreTUYecKd BBITOTHBIM,
COCTOSIHUE 2 — COCTOSIHME, KOTOpO€ 3aHMMaeT
CTpyKTypa mocie oxiaxiaenus. Ha pucynke 1
n300pakeHa 3aBUCUMOCTh BHYTpeHHel sneprun U
KJIacTepa OT €ro JIMHEHHBIX Pa3MepOB

U

2
UB

X

Pucynok 1. 3aBucumocTs BHyTpeHHeii 3nepruu U
KJIacTepa OT ero JHHeiHbIX pa3MepoB
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[IpoBenem wuccnemnoBaHue B 00paTUMON
obmactu nedopmarmu. Haiimem BeposSTHOCTH Tie-
pexona knactepa W3 B eAMHHIy BPEeMEHU B pe-
3yJIBTATE TEIIOBBIX (DIYKTyanuii u3 coctosaus 1 B

cocrosHue 3. BepOSITHOCTL JaHHOro mepexonaa
u

5

nponopuuoHanbHa e . O6o3HaunM ko3 Punu-

€HT IPONOPUUOHATBHOCTH 33 Vv, ¥ IIPUMEM, YTO
U,=U,uU,-U =U_.C yueroM 3T0ro Beposr-

Hocth Wi3paBHa:

Yo

— . kT
W, =ve". (1)
AHaJIOruYHO, BEpPOSTHOCTH OOPATHOTO IIe-
pexona W31 MOXKHO IIPEJICTABUTH KaK:

USZ

W, =ve . 2

31 0

Ilepeiinem K TpUBENEHHBIM 3HAYEHHUSIM
9HEPTUH, T.e. K DHEPrHsM, OTHECEHHBIM K abco-
JmoTHOM TeMrieparype. [IpuBeneHHbIE BENMUYUHBI
Oynem 0003HadaThb HAACTPOUYHBIM CHMBOJIOM —
3Be3/0uka. Torma :

W, =ve; 3)

W, =ves. 4)

B ycrnoBusax, korga cucreMa HaxoguTcs B
ne(opMHUPOBAHHOM COCTOSIHMHM, KJacTepbl 00ja-
JAloT elle U yrnpyrow sHepruedd. Tak Kak ymnpyras

SHEPTHUsl MPOMOPLHOHATIbHA G’ ,T0 MeXaHHYECKOe
HanpsDKEHHE UrpaceT aKTUBUPYIOILYI0 poib. OHO
MOHMXKaeT Oapbep, T.e. crnocoOCTByeT mepexoay 1
— 3 ¥ moBBILIaeT HA00OPOT Oapbep B HANPaBICHUU
3 — 2 Ha BelIMYMHY ynpyroi sHepruu. Bee nepexo-
Ib1 B HAIPSDKEHHOM COCTOSIHMM OyZieM 0003HauaTh

cuMBoJIoM “~". C y4eToM BBILIECKAa3aHHOTO:
- * * 2
U12:U12—7/X, (5)
T * =2
U32:U32+)/X, (6)
1

rac }/* ~— W ABJIKCTCA CTPYKTYPHOUYYBCTBHUTCIIb-
T

HBIM KO3 (HUIIHEHTOM, 3aBUCSAIINM OT POAa HUTH.

B nanpspkeHHO-1e) OpMUPOBAaHHOM COCTO-
STHAW BEPOSITHOCTH nepexoqoB 1 —3u 3 — 1.

1y Up

Wi = Voe ’ (7)

Iy 0%

w 31 = Voe . (8)

CocraBuM ypaBHEHHE, OTpaXkarollee 3aKOH
COXpaHEHHs OOILEro 4mciia KJIACTepPOB C YUETOM
JBYX BO3MOXKHBIX YCTOMYMBBIX COCTOSTHHIA;

dﬁgzwlgdtﬁl—\xlgldtﬁ3; (9)
dﬁl :ngdtﬁg—\xllgdtﬁl; (10)
d(N, +N,)=dN, =0, (1)

re: dN. - H3MeHeHue YHcia KJIaCTEPOB B COCTOSI-
HUU 3 3a eAMHUIYy BpeMeHH; d N. — M3MeHeHHe
qucia KJIacTepoB B COCTOSHUU 1 3a eAMHUIY Bpe-
MeHH; N, — HayaJbHOE YUCIIO KIIACTEPOB.
Paccmorpum o0Opaser CHHTETHYeCcKOl HUl-

TH C IEpBOHAYAJILHOM JUIMHOM L. B cocTosnun 1
HAXOIHUTCA YMCIIO KIacTepoB paBHoi N, ¢ amuHoi

a, B cocrosHuu 3 — N, ¢ JUIMHOM b .
HazoBem b—a =65 — kBanTtom aedopma-
WU,

Beenem uncno knacrepos N, ¢ ummHO# C.

N4 — YHCJIO0 KJIACTCPOB, KOTOPBIC HAKOT OCTATOY-

HYI0 e opMaIiuio.

Tak Kak BpeMs JXH3HH MaKpPOMOJICKYN Ha
BEpIIUHE Oapbepa B COCTOSHUH 2 MaJlo, UX YUCIOM
MOXHO TIpeHeOpeub. Torma nmepBoHavagbHAS JJTH-
Ha oOpasia paBHa!

L,=Na+Nb+N,c. (12)

ITpu nebopmupoBanuu (pacTsHKeHHUH) 00-
paslia YrciIo KIacTepoB B COCTOSHUM OauH — Ny,

a B coctosHUM 3 — N3 . YHCI0 KIacTepoB B COCTO-

aHuu N, ocraercd HeM3MeHHbIM. JlnuHa obpasua
L npu npuiioskeHun HarpysKu:

L=N.a+Nsb+ N,c+Lx, (13)
rae L x — ynpyras 4acTh.
Hatinem aOconrOTHOE YNTHHEHHE
AL =(N.-N)a+(Ns—N)b+Lx (14)
Berarcianm oTHOCUTENBHYIO e opMalluio,

nonenus ypasHenue (14) na L, :

~ b ~
¢= x+Li(N1—Nl)+?(N3 _N,) (15)

0 0

a -~ b ~
Yacte —(N:—N,)+—(Ns—-N,) mnpen-
LO LO

craBisier co0oi KOH(OPMAIIMOHHYIO YacTh Je-

¢dbopmanuu &

KoH( *
[Mpomud pepentpyem ypasaenue (15) mo
BpeMeHH, Bocroib3yeMcst popmynamu (9) u (10) u
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—VVBﬁl) u (\}\713&1 _VVCMNS)

OTJIMYAIOTCA TOJLKO 3HAaKoM. B wmTore IMOJIyYuM

yureM, 4T0 (W Ns

CICOYIOIICC BRIPAXKCHUC!

i(s X) —b%[mel ~WaN; ]

S (16)
=L—[W13N1—W31N3}.

0

Tax kak
Nl'f‘ﬁg = NO’
~ - a7
N3 = NO_Nl’

To ypaBHeHue (16) mpeoOpasyercs K cienyrouemy
BUILY:

0

5 ~
...=?[(\N13+W31)N1 ~WaN, |

(18)

B cranmoHapHOM COCTOSIHUU JieBasl 4acTh
ypaBHenun (18) oOpamaercs B Homb. CocTosHUS
MOXHO CUHTaTh CTallMOHAPHBIMH, TaK KakK BCIE.-
CTBHE MaJIOl CKOPOCTH AedopMaiiy mepexoasl B
KJlacTepax yCIEBalOT OTPEIaKCHPOBaTh OBICTpEe,
9YeM IPOUCXOIUT pacTsbkeHue. Torna:

(W13 +W31)N1 =W31N0.
OTCIO,Z[a HaxoaAuM  YHCJIO  KJIAaCTCpOB,

HaxogAmuxcss B COCTOSAHHH 1, JJIA 06pasua B
HaprDKeHHO-Z[G(bOpMHpOBaHHOM COCTOsAHHMU.

~ W
N=N,| == |
Wi +Wa

AHaJ'IOI‘I/I‘lHO, YHCJIO KIAaCTCpOB, HaAXOIA-

(20)

muxcs B cocrosnuu 1 u 3, mia HenedopMHUpPOBaH-
HOro 00pasia paBHO

W,
N =N [—1j,
W13 +W31

[Mepenumem ypaBHenue (15) , yuuTsiBas
ypaBuenue (17):

SN. DN,

1
= ——(aN, +bN,) .
LO LO LO
[ToncraBuMm B ypaBHeHHE (23) BBIpaKEHHS

(1) u (22):

(21)

(22)

(23)

ON; N, oW,
=—(e-x)+——2— (24)
L, L, (W, +W, )
N
O603HaYMM TO =m,, THe M, — 9YHCIO

0

KIIaCTCpOB Ha CAWMHUNY [JIWUHBI, T.C. JIMHEHHAas
IMJIOTHOCTH KJIACTCPOB. C yuceToM m0 YpaBHCHUC

(24) npuser Bux:

SN m, oW,
=—(e-X)+——————=...
0 13 +W31
m,o . (25)
=—(e—-x)+ .
41
W

31

[ToxcraBuMm B ypaBHeHHE (25) BbIpakeHHs

a1 W, u W, u3 ypaBHeHuit (3) u (4) u yuTeM, 4To

* *

U, -uU. =-U:

32 21 3"

SN:

=—(e—-Xx)+ (26)

. e +1

[ToncraBum B ypaBHeHue (18) BripaxkeHue

)
s — U3 ypaBHeHus (25):
L

0

S0 o )

(27)

e 3+1

N
y‘-II/ITI:IBaH, 4qTo _OZI'T'I0 U TI0CJIC psaa

0
npeoOpa3oBaHuii ypaBHeHWe (27) mepenuiieM B
WHOM BUJE!

d(g—x) - ~ VA\}ls +VT/31 ~
+(W13 +W31)(8*X)=m06 —_— W [=..
dt e +1
moé -~
e [ W -Wae ] (28)
+1

O6Go3Hauum | = [W 5 W e’“;J U PacCMOTPHM

OTIeNnbHO, yuuThiBas ypaBHeHus (5) — (8), a

Taroke paBercto U, +U. =U_

| = |:W13 _Wme*Uz ] =v, (e*U]HV gV *Uz) -

(29)

Def p? —z
e —e
Y‘{I/ITLIBaSI, 4YTO MO OMIpCACIICHUIO shZz =

L=v,et e —e7 ).

FI/IH€p60J'II/ILICCKI/Iﬁ CHHYC, TO
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* 2

‘2
Def e‘/x _e*‘fx

shy'x* = (30)

Torna ypaBHenue (29) MOXHO mepenucarb
B BUJIC:
| =2v.e " sh(y x) (31)

VuuTeIBas BBIIIEC CKa3aHHOC!

d g — X . a2 a2
¥+vo e @ e YN e-x)=...
dt
2m o : .
=———v e sh(y'x"). (32)
e +1
1
ITycts ©, =—— — BpeMs pelaKcaluy, T.e.

12
CpCaAHCC BpeMs MPOXOXKACHUSA CUCTCMBI UCPE3 I10-
TCHHHaHBHBIﬁ 6apbep B COCTOSIHUHM IIpU OTCYT-

creun Harpysku. C yuerom Toro, uto W, =v e =,

IMOIy4YaeM BBIPAXKCHUEC /11 BDEMCHU pClIaKCalluM:

1
O =—e™,
)4
VO
BBenem HOBOe Oe3pa3MepHOE BpeMms Mpo-

XOXJIeHUs1 4epe3 Oapbep, KoTopoe OyneT BEIpa-

(33)

JKaTbCA B JOJIAX OT BPEMCHH pPCIaKCallun @p, n

3aBUCAIICC OT TEMIICPATYPhL

T=—o0 (34)
®
,
2mé
[lycTs BBIpakeHMe ——— =y -, TJe€
e +1
Xiq, — 0Oe3pasMepHBIil mapamerp, ABIAIONIMFCS

(GyHKUIUEH TeMIIepaTyphl.

[Tpoussenenne m 35 NOKa3bIBAET MAaKCH-
MaJbHYI0 JeopManuio, BBI3BaHHYIO KOH(]opma-
LHUOHHBIMH ITEPEX0IaMH.

[Mapamerp x, ., - 9TO MaKkcUMajbHas Je-
¢dopmanusi, BbI3BaHHAs KOH(OPMAIIMOHHBIMH Tie-
pexomaMu Tpu ompeneneHHod Temmeparype. C

YYETOM %, ., YpaBHeHHE (32) MOXKHO Tepenucarh

B BHJIE:
d yx 'S * 2
d—(s—x)+(e—x)(e” +e=7" )= ysh(y x°). (35)
T

VYpasuenue (35) paboraer npu rumnorese o
HE3aBUCHMOCTH KJIACTEPOB APYT OT Jpyra, T.€. IPH
OTCYTCTBHHU Koppemsuuu. Takum oOpa3zom, B pam-
Kax MpeIOKEHHOW MoJenu ObUI0 MOITYy4eHO
onpenenstomee ypapaenue (35).

OObikHOBeHHOE HenuHelHoe auddepen-
UajIbHOE ypaBHEeHUE 1- ro nopsaka (35) mo3Bois-

€T OmHcaTh pa3lIWyHbIe PEKUMBI JeopMUpoBa-
HU, B YaCTHOCTH, IPOIECC TEPMUUYECKON YCaIKU.
Ycnosus TEPMUYECKON
o=const=0; T ="().

[Tpu ycnoBun x =0 ypasHenue (35) mepe-

yCaIKu:

MU CBHIBACTCS B BUJEC:

de
—+(@A+Ae=0,
T

(36)

rae 87 = A
VYpasuenue (36) — ato aud dpepeHnmanbHOe
yYpaBHEHHE C pa3leSIONMMUCI MEPEMEHHBIMU.

t
3necp 7 =—, TOC t— BpeMs BBLACPKHUBaHHUA 00-
®

pas3ta B IICYH. HpI/I 9TOM BBIMIOJIHACTCA YCIOBHE!

OpU T >0, § > &

[TpuBenem pemienue ypaBuenus (36):
E=¢_ [1— e’(“)’] (37)

VYpasuenne (37) ¢ JOCTAaTOYHOW TOYHO-
CTBIO COOTBETCTBYET OSKCICPHMEHTAJILHBIM JIaH-
HBIM TI0 yCaJIke MOHOHHTH U3 MOAU(DHUINPOBAHHO-
ro nojuoneduHa, KOMIUIEKCHOW MOJIMATUIICHTEPE-
(TanaTHOM HUTH U TEKCTHIBHOI'O MOJIOTHA, COCTO-
SAIIEr0 M3 ClIa00yCaKMBAIOIICHCS OCHOBBI B IIPO-
JONTBHOM HAIlpaBJICHUM M yYKa3aHHBIX MOHOHHUTHU M
KOMIUICKCHOW HUTH B TIOTIEPEYHOM HAINPABJICHUU B
nuarnasone Temneparyp 115 — 200 °C [8]. Ilpo-
JOJIbHAsL yCaJKa MOHOHUTH M KOMIUIEKCHOW HUTH
NPUBOJAMUT K YCagKe IOJOTHA B TOMNEPEYHOM
HarpasJcHHH. B 4acTHOCTH, MOKHO TIPUBECTH 3a-
BUCHMOCTB JIe()OpMaIlMK OT BPEMEHH Ul yKa3aH-
ubix cuctem npu 150 °C. Ha pucynkax 2 — 4 npu-
BEIICHBl OJKCIICPHUMEHTAIBHBIE M TEOPETHUECKUE
3aBHCUMOCTH K03 duLreHTa npoaoasHol aedop-

Malnuu & % OT BPCMCHU BBIJACPKMBAHUA B

npox ?
MmeYy i1 MOHOHHUTH, KOMIIJICKCHOM HUTH M TEK-
CTHJIIBHOTO TIOJJOTHA COOTBETCTBEHHO, a TaKKe
YKa3aHbl COOTBETCTBYIOIIME auddepeHIranbHbIe
YPaBHEHUS C UX PEIICHUSMU.

[IpennoxkeHHas craTUCTHYECKAass MOJICIh B
JOCTATOYHOM CTENEHH TOYHOCTH OMHCHIBAET IPO-
IIECC YCAJKU Pa3INYHBIX MMOJIMMEPHBIX CUCTEM IIPU
BO3JICHCTBUM TeMIepaTypsl. JlaHHAsT MOAeTh TpH-
MEHHMa He TOJIbKO K “IPOCTHIM” MOJEISIM — MO-
HOHHUTH, KOMIUIEKCHOWM HHUTH, HO M K OOJee CIIOXK-
HBIM KOHCTPYKIUSIM, B YACTHOCTH, K TEKCTUIHHO-
My TOJIOTHY. BO3MOXHOCTH TPUMEHEHUS CTaTH-
CTHYECKON TeopuH OOYyCIOBIIEHA XOpPOIIeH coria-
COBAaHHOCTBIO C IKCIIEPUMEHTOM B IIUPOKOM Jiva-
nasoue Temneparyp 115 — 200 °C.
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80

60+
—®— 3KCNCPUMEHT

40 —A\— Teopust

20

t, MuH

o

Pucynox 2. 3aBucumocts k03¢ puiueHTa NpoaoaLHOI
nAedopManIi MOHOHHTH OT BpeMeHH BbI/1EPKMBAHNUS B
neun npu Temneparype 150 °C: 1 — skcriepumenr; 2 —

Teopus
98 0,736 =0: £ =87,501-e"073
dt
enpo;['%
14
12
n n /
10
Ay
8
6 —a—1
iAiz
4
2]
0 T T T 1 t, MuH

Pucynok 3. 3aBucumocTs k03¢ puiueHTa NPoa0Ib-

HOIl e opMalii KOMILIEKCHOI HUTH OT BpeMeHHU

BhIIeP:KHBAHHS B eun npu Temmepartype 150 °C: 1
— 9KCIEPUMEHT; 2 — TEOpHs

—0,80t

Z—f+0,88=0; e=11(1-e )

Spor %

—w—1
—A—2

T 1 1, MuH
15 20

Pucynok 4. 3aBucumocts ko3¢ punuenTa nonepey-

HOI1 1epopMALMH IIOJIOTHA OT BPEMEHH BbIIEPKH-

BaHus B neun npu temmeparype 150 °C: 1 — skcrre-
PUMEHT; 2 — TeopHs

Z—f+ 0,76 = 0; & = 50(1—e 076ty
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