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Abstract

Ductile polymers have widely been used as structural materials under severe mechanical
conditions, so that it is highly desirable to develop a material model that can precisely express
mechanical responses and fracture of polymers. Recently, to describe macroscopic mechanical
properties of materials, it is frequently attempted to take a microscopic inhomogeneity into
account. Meanwhile, ductile fracture of polymers occurs at the front edge of propagating neck.
This characteristic behavior of ductile fracture attributes to the localization of craze, which is
microscopic damage peculiar to polymers. However, a material model considering both of the
microscopic structure of polymers and the craze evolution has not yet been proposed. In this
thesis, inelastic deformation of polymers is expressed using theories of molecular chain
plasticity and crystal plasticity with a craze evolution equation developed newly. Multiscale FE
simulation using this model is carried out. It is attempted to computationally reproduce the large
deformation and fracture behaviors of ductile polymers.

Chapter 1 is an introduction relating to backgrounds and aims of this thesis.

In Chapter 2, inelastic deformation rate and inelastic spin are kinematically determined. Also,
differences between molecular chain plasticity and crystal plasticity theories are clarified.

Chapter 3 explains the updated Lagrangian formulation of the principle of virtual work in rate
form, which is assuming a role of the balance equation for finite strain theory.

In Chapters 4 and 5, an elastoviscoplastic constitutive equation is obtained unifying the
damage-dependent elastic constitutive equation and the inelastic deformation rate obtained in
Chapter 3. To express the properties of glassy and crystalline phases, poly-entangled model is
adopted for the glassy phase and inextensibility in the chain direction is introduced into the
crystalline phase. The inelastic response law based on a change in the local free volume is
employed for glassy phase. On the other hand, a material response law based on Eyring’s
chemical kinetics is adopted for the crystalline phase.

In Chapter 6, craze evolution is decomposed into nucleation and growth of craze. These
evolution equations are newly developed using chemical kinetics with activation energies.

In Chapter 7, microscopic and macroscopic governing equations are derived by the
homogenization method using the balance equation obtained in Chapter 3 and the constitutive
equations in Chapter 4.

In Chapter 8, governing equations obtained in Chapter 7 are discretized by finite element
method and computational schemes consisting of this model mentioned above are developed.

In Chapter 9, FE analyses for polymethylmethacrylate and polypropylene are conducted
under plane-strain condition. The characteristic behaviors in uniaxial tension, i.e., propagation
of a neck with craze-concentration region and orientation of molecular chains are reproduced in
the macroscopic specimen. The relationship on deformation response between the
macrostructure and unit cells is investigated. Nonlinear strain recovery in unloading state and
dependence of hydrostatic stress, strain rate and temperature are represented. Moreover, using
fracture criteria obtained by a fibril strength and craze density, change in ductility of polymers
dependent on the strain rate is numerically predicted. In addition, the validity of this model in
three-dimensional condition is discussed through three-dimensional FE analyses.

Chapter 10 summarizes the conclusions obtained in this study.
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(a) Door trim (b) Dummy

Fig. 1.2 Finite element meshes for side impact simulation (Provided by Nissan
Motor Co.,Ltd).
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Fig. 1.3 Stress-strain response and corresponding deformation behaviors of
ductile polymers under uniaxial tension.
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Fig. 1.4 Microscopic structure of craze.
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Fig. 1.5 Morphology of craze dependent on strain rate.
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Fig. 1.6 Experimental stress-strain curves dependent on strain rate and temperature.
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Fig. 1.9 Schematic expression of change in fracture strain dependent on strain rate.
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Fig. 1.10 Kink rotation in glassy polymer (Argon’s concept for elementary

process of plastic deformation)®.
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Fig. 1.11 Simple shear deformation in slip system of crystal plasicity theory.
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Fig. 1.12 Independent rotation of molecular chain slip systems in molecular chain
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plasticity theory®.
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Fig. 1.13 Change in potential energy barriar due to applied stress.
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Fig. 1.14 Mechanical models for polymers employed in this study.
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Table 2.1 Classification of material independent spin.

F=Uyx Q, Name of spin Name of Objective rate
F=UR RRT Green—Naghdi spin Green rate
F=UpQ 007 Euler spin Hill rate

F = Uy Ry RwyRl, =W  Continuum spin Jaumann rate
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1st intermediate configuration 2nd intermediate configuration

4
%

Initial configuration Current configuration

(a) Configurations with material independent spin

- :

Ist intermediate configuration 2nd intermediate configuration

(Isoclinic configuration )

Initial configuration Current configuration

(b) Configurations with material dependent spin

Fig. 2.3 Decomposition of deformation gradient into rotation, elastic and inelastic
components with material independent spin or material dependent spin.
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Fig. 2.4 Configurations with damage.
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(b) Transverse slip

Fig. 2.5 Slip planes and slip systems in crysalline phase.
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(a) Modified eight-chain model (b) Slip system

Fig. 2.6 Model of internal structure around entanglement in glassy phase®.
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K (2.36) 38 LUK (2.60) 75>, AL 1T 2 IEHMIEEE = 5 BUIKAD L 5 1cF SN,

Ly = Z YOF's) @ my) F'™! Z P sy @ mis) = Z FOPS (2.61)

Liy = Zy(“)U"’ @ mG) U Zy(“) o @ m) = Z PP (2.62)
) P (@) (@) p T ) — () )

Z YRS @ m R Z y<“>s<”> ® m Z FOP@ . (2.63)

L7eD3o T, M E~7 MV ORBEEBRAIIZZNEChIKATEZbNS.

SO =Ry = RUUSS(S) = ROUSF'sS) (2.64)
% (cz) * T (a) * T T (u,r)
=R'm) = RU " m) = ROTFTm) (2.65)

L, RO, REREEAY VRIERMETY D SR F IS L AT RN T & b ONC N
BOARED B, ﬁ(z 64) 35 L O (2.65) 1ZRED L 9 ICEXH|Z HN5.

SO = RS 2 RS = RS (2.66)
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@ = R*m®) ~ R*mS) = R*ml?)
m@ = R m) ~ R'm) = R'mS) (2.67)

& (2.66) B L O (2.67) ZHVIUE, FEREESY MLEH 5P B ERICK L THMERO %2215 2 &
2720, WICHALRYZ LD, o, AR THIT 2.3.4 H TR~ L5 ICH/NEEETRORER U ©
2 RIZ Fa'?JTéIE BOWTOREH SRS, X (2.66) LUK (2.67) 1BV TR RILE~Z ML OESMEZ
T oIcHhATUS O L REICKH LT, U =TOBGREER LTS, —F, B/INEMEZS R O E % i
TP, s(”) = R*U°s(y) = F'siy) L\ O BBEZT B LD B2 HIAES 5 OO, 20 k5 1t tT 9
BECITRE RIS MV O ESEIIGR Shre. El, RIS §@ = Frs() 1c & 5% LU (2.66)
2K DEWZAT o T2 BTG O D BUEMATRE RO ZETIEF NN E W, LIz -C, ARBFE Tl mAE~ 2
R RBICHEAARYZ ML E LTI S 2 2R TE 5 (2.66) 3 L OR (2.67) ZffbEERY FLOZEHAIE L
THHAT 5.

22T, BREOHMEEE D' B L ORI R v WL, BUELE O IEIEEE = 5 B LT o3k FRE

4y LR T D, Lo T, MmBMERE WS AO DI BIO W ZEhEh

D' = Z«y(”)p(;') ......................................................................... (2.68)
(3
W= Y AP (2.69)

DEHHLNG. 2EL, PP BIOPY ZEAZAKRO LS ICKEND.

@) _
P =

(sO@m™ + m @@ ™). (2.70)

N — N —

P(A") = (s(”) omY — m?® s(“)) ......................................................... (2.71)

73, P Ik Schmid 7> Y v Th B, fERMBIEROER TR (2.68) 35 LU (2.69) 1277 L 7= BB FHIRIR
72 & ONCIEAEAE AW O B 7 29T F 2 MRS R O 2 & FERME T MU 6 K OFFBME R £ &
S TE D720, MEROBRGHIEIER & i L CHRERN RIS WO FIEEETS. 2B, ¥ 0
FHRFIEC OV TE S BT 5.

(b) P FHHEMMDIEBIEEMEES S U FHEERE Y

AR IBYERRI 5 T BUBMER O ERIC KT, FIMIRLE DI = 5 B L)) 134920 ROFEEA AT
OF L §@ 35 L O R0 IS TERE A O P20 6@ ofng Lo, kA THRbTZENTEX S [
/2 B.6].

P (@) (@ ) (@) g (@) 4 @) g @) (@) o (@
Ly = Z[V sty © m(y) + én” () © s(y) + m5) © m{y) + 1) @ £(7))]
(07

= Z (PO PG+ n® Q) (2.72)

WE, Q) BEHT YT E—EF S 2 L [HiR BT 2 5ETUE, Q) 11 b HRELRIC OV TRE
Thbd. LER->T, K (2.36) BLOK (2.61)~(2.63) Z#&E L T, FEEIZIST D IEWME Z 5 BTk o

RIS ND.
LZM> = ZF O P 4 e Q) P = Y (HOPG) e Q) (2.73)

a

L, = Z U (59 P+ a0 Q) U5 = ST (P + 0™ Q) (2.74)

@
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L'= Z R* (39 PO + &3 Q0 )R = Z (FOPD + 6™ QW) (2.75)
(03

EE D, STHIEEAY M ORE SRS ERBMER OB S & FEICR (2.64) B X O (2.65) 0 X 5 1C
BHNG. L, HTHEESY MOBAITIIEREESY ML ERRY, BEOTRY RS LT
U BRI = 5 OEHERSY R = [T RO (2 X 2 H i EREZ 550 45, £7-, 2.52 1 (a)
L RO TAC 1 BT O 0 T, 5 TEUBIEA S b ORI AHAR AR £ 5 1
LA HALD.

((1/) _ * ((1/) ~ * ({I) _ * ) 1((1) ((1/)

sY =R Simy = R Sy = R™R S([y v (2.76)
(@) — p*p(@ o pr (@) _ pxpi), (@)

m® =R mg,, ~ R me, = R*R P oo (2.77)

X (2.76) BLOK (2.77) IT L > T 253 HTIHARD L H 2o FHIEEAS ML OMNERESFH SN D, F
7z, F(2.76) BLOK 2.77) BV T HFILENRY hUIZEERIC X 5 HNERO %% 5729 [ B.7],
DFBIEER Y FVEFICHEAARY ML d.

EBIT, S THBNERE V-5 A OB E OFERIELETEEE D' B X 02 v Wi, K (2.75) @
A0 % R 7 & IR i 75 Z 212k, ZREhkXo L oicRIns.

D' = Z(«ymp‘;) F a0 2.78)
wi= Z%@Pg’) ......................................................................... (2.79)
(04

22T, K (2.78) BLOR (2.79) E SRR E FV 2 8A10 5 2 5D FEMMEATEEE [ (2.68)] 5L O
MR B [ (2.69)] & BT IUE, 4 FHUBM R A VTS A IR TG 12 Y, 6n® Q@ DIEA
BMENTND &) ZElbing. 72721, AR CIIBEERIC L D RBEELEAECRNED L L, 649
HRLE LTS 2, EBRICIIIERI L O MmA ORI TR EEE O3 HICR (2.68) 2SHA &
na.

253 EEANYV MLOEERXE I UVEDH

(a) EREEAY MLOEERE L UEH

W ORI TIER (2.66) B LU (2.67) £7213K 2.7(a) ISR L2 X 91T, FESIEE~Y ML
PERZ 9B FUC L > TEHMAZES, 55 2 PRIECEH S BB E ~O M « BIAEHE R* OAIC L >TH
MBRET D, Zolx, 61 PHREE? G 2 PREE~OBER b Ly FEBIZI WD TXBEHSA S 23554
RN TWAS 20, fERIEENZ PABEEE LAV, LA -> T, fMREERY ML s@ B0 m@ o3k
BRI THEER S W =W -W 2l TRRD LI IcREND.

L L7222 s, EEIZK (2.80) BEOK (2.81) #F0 F FHEMATICHEH L, FERES 2 KD Tt LK 4
FOHT L2 3A I IS S R O IEHRMER L OEERMR N2 R 58 NA H 5 [#ie B8], &I T, AHFIET
1T Taylor FEBAZFIAH L CRERILIER 2 MLz EH+25 D £ W 12§ 58E~2 hrd w* = dual W™
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5. FLTABENY ML w* N—EThHDE LT, At fOB%ICHRIEENY S L s@@) A L

TS+ 4 1m0l TR, ZOMOEEEEZRTERLT VY VE AR L LTRO L I ICEKES.
SOUHA) = AR SDE) (2.82)
MO+ A0 = AR MO(L) . . (2.83)

72720, AR* 1ZIRD L 5T/ 5.

1 * N * 2
AR =14 S0 WA % {W

W* Ay
lw*||l4t lw*|l42/2 }( )

. -
sin ¢ WA+ Cos
0 2

— * 2
¢ = w4t = ,/w ............................................................ (2.85)

ZHICEY, HNRKROTHIEE CHAEZEDTH, §@ L m® BEMNR7 ML THEHI L, BRTHIED
2 DOREMERBEFRICB W TR TE 5 (2,

=1+

(b) R FHEEEAY MLORERXE L UVEH

AR O K 95 1T HE dh B MR , FEEEEEARZ FL s@ B RO m® 13T RICE ARV FEE A E D
HCEERE ST 5. 2 UK LT TR ?m,ﬁ@]@%i@f@7ﬂikiﬂ2ﬂm:%bti5
I 5 1 PR E O OEBEETHIC L > THRU R | ORNEBLHBE, T % 1 4o
TR ZTEEZNEL S, 2D, 0% 1I1TBHFOIEHE ;iélﬁliﬁ%ﬁibiib‘ %@?& %@Faaﬁ
P & RERIZEE 2 P RECE D O BIELE A~ O « fREHRC K> TE TR RIIF L ElREZ 5. LizR-o

TR LR RERIT

A O (2.86)
Y = (W — W)y ) (2.87)
DEyIcERbEND [ME BI]. X (2.86) B LUK (2.87) TIEK TR ZANTRY ZBICRRL ALY
W -Wwi@) |z iof%h%héﬂ‘ij&:@%ﬂ‘ét&), TRY R L O TFHHORA A Z EEERTEETH 5.

Z D DN ORG BTER — AW 58 THL T, =L, MEERY MO FEE & RIS ERD
B AT STANE Taylor %Eﬁﬁﬂﬂ% L7 LL FORE W To IR Y ML RHT 5.

SOU+ A1) = AR S O(0) (2.88)

MO+ A1) = ARD M D(0) . (2.89)
1-

AR® = [+ Sm“’ LTSN C(Off W OAR? (2.90)

[—tr{ (W@ A1)
@ = ||w V|t = M ...................................................... (2.91)
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Fig. 2.7 Rotation of base vectors in crystal plasticity theory and molecular chain
plasticity theory.
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2.6 EFFrRIERKOMA
R, AT CHNSNIEBZOBIRRD 5 b, UBOECTEIC 5 B L FRICHIET 5.

o BRIEAIIEE o L O O A3 O BRI [ (2.47)] 72 © ONTHRIBIC X 2 7T ORERIELR IR DO 21k
[X(2.54)] — 4 T HREHKAFAIE R BT SRS BN E .

o filiMIEVERRIC LS < FETME AR 5 X ORI A T R [ (2.68) B L O (2.69)] — 4 #F
it et SRR T O BRORK SR MEAR il S D S .

o M 5 Rl X OVETRHIE OER [ 24) B LUK (2.9)] - 8 5 : AIREHEAHT O 72D OREE~ T
U 7 ZADOREEE,

o HfEIRA LY DEH [K (2.10)] 72 b NTHERILES Y b KO FHUEIE< P L OFH [ (2.82),
(2.83), (2.88) 35 LUK (2.89)] — FBEDOEAEAFHT CHIM (X 8.6 /).

PLEh %z, 2.4 HCilk~7= 2 512 4 T CIIEAREF 2 FREE > SEUURBERE CEHT 5 2 LICHE
ST,



44

lrh-3:!':

55

NAODEEERBLESZDRE

11l

ARETIE, PR &M CH L =3 F—FEIZOW TGRS, 72k, =3 L F— IR LA
HHEOFHEB L OENFENFET DN, BEEIRT Uy V2 ERTE L AWBLICHEHANRES LS -
D, FERWBLG T b 2 MM 2 W O AR CIHRARME RO B2 5.

FP, K LS CIC) pFRIBICHE ST, IFEZRLEF—THDLHHT R ALF—IIA, BT LF—% %
ZRLICEBRHTRINNX—OFAERE L, NHETEERTD. TOEE, WAL LTI RE O E
BLXOADT 7 L —REELEAL, K5IEITHERBI PN EERT L.

w2, "BoHNTENAOERD LA FOFBZE . AL FEOFEITET oz, AEtE=RO
LR L ONEER RO FEL O 3 FFEIC KB S b . AE TIISFEO A E O IRz W TEB 2 2
DL &b, RMEIICAE CRAT 2EERAME RO LS T 5. 2k, (A TFOFEILED) i
X, AEH TR L OHRBNEERFMEEZND L T 5720 [fik C2], AETIHXEREROHERFANCONT
BRMIZIZZ R L2, =X — R Z % S LA RFRI O E C.1 23w, =L, = h
2 E—RELUC O TR OB RN T L 72 5720, 4 FISFEEH L TV 5.

3.1 NANE=

AEHTIE, 2BHRZXAVX—0O5BEZBEZNNEERTH. AR XLF —O5 T ERMNZE T LU
BHICHETHZENTE, TRZNOFIBITEHRXOSIREE Th 55 2 HHELE B ORE L TRk
N5, +ebb,

—mac[i] —=mic[/]

T _ =
Y= y’(.:/(m) . A:/(m) ) ..................................................................... (31)

L. 22T, ARIRER, V=pf HAHMTRLE—, § IR HETILFEE, oo LHHRLE T
DEETHS. E72, Byt (1= 1,2,---) RERIEK, Sy (= 1,2,--) HABERERT. 28, £3
S EEARAH S PSR KB 5 =01 VT D, 2 3 m s ORI L RIZERINER, 4
IR L EIINEA S TH L Z L 2B LT\, @, Helmholtz @ B H = L ¥ —Zxl3 2 BEARE S &
LCHOPAB LRIz, R D BE RO 3 SR bRS. —J7, WHEK S ZERE &
TR R B RN ARV ERRED = L Th Y, BRI TR T & RO B O BRI PR R &
ERTHDI ARG, LERoT, ERIEREZRRD, YL 5 RNEEREBICiRT 5 hE
BThBH. KBTI, OPAEEERENEE I 57 DI IERMEATE R E DR 07, & oI lilBoRE
BT 5 oIy L— R 029 2 ES S LTRB I T X R — 08I EAT 5. A, O 13
T PN T DI SIS RS & BT LT B 28, ABIGE TV % 0 T-80BIEE L 14515 71 %
WP S B IR U ~ OB GERER (LIRS BB AT AR T O, FEWAEZTE RS & NSRS L. Bk
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FOXG D) EFRKXOL I IcEZHDHLND.

V= W(0, Equys Py s By » ©) <o (3.2)

ﬁﬁ%t Lﬁfpéné%ﬂgﬂw %ML;E Gm) @H#F‘aﬁ%‘ mﬁ@;g ’”@Eéné

ﬁ(m) = / q(m)dl‘ or ﬁ(m) [ R T (3.3)
T

ZZ T, q(m) ITEGRIRCH 5.
12, R (3.2) ICBIT LA BT RAX— ¥ OWER M IS OB E VW TKRAD & 512725,

ayf9+ oY B0 oY - L oY oY A
=34 —— m m o w
90" 9Fm " 0mm P 5 T dw
(m)
=—H9+ T(m) D(m)_g(m) q(m)+M(m) D )+Yd) ......................................... (34)

B (34) X0 NN EBNFENS E LTRAD L5 ICERT 5.

oY - oY _ oY
-H=—, Ty = ——, —8um) = —
B 5T L 8T [ .
Myy= ——, Y=_—
aE;m) w

ZZTAL, Jacobian JIZ k- T A=JA LEF SN, Hix=y hr—, T, X Kirchhoff j: /7, ;g‘(m) i3 J
8 SN HARIE DT OWIEZ S B gy = Y 016 THD. T, My VEFERMEIET R | S 72 T
ENENACD, Yidr L—Xicdgg i JfEshi-mh 02 55,

Bettlc, (G4 OFLIC S 20T, BRE~RHZRASG DD,

U =TV HOT D goqt MDY .o (3.6)

32 REHFORE

(AMEFE DL & I TEIEEVIRIEICH D2 WIRIC, K 3.1 IR &5 2B 2RI AR 2R (BN 2 5 X 72

BICHEEVRERRIND Z L 2RT. Tbb, Aod oMt EORnE W O$ oAt ED#
DEVWERT. ZITC, oI AMEFEZRENICL 20D EMENICE D DT TEZNE, AR
HEOFEAZRADO L HIZEAITED.

fp’sda +/15’de = /F”dv .......................................................... 3.7
A v v

22T, O RMEREERL, AGKE YV ZHSWERER, do IMOTRER, dv I ZMERERE R
X7z, P, Py, PUE, ZRERRAAO RIS, WENO 2T AR L 0N O A HET
HY, TNHIFKRDOLHIICRHETED.
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- - - Virtual displacemnet

¢ — Constraint condition

Fig. 3.1 Virtual displacement and boundary condition.

o THERES, @ HUEEMCTHS. 72k, K (3.8)~(3.10) 1, WHITHAB AR BRI
BRI b % (AR i (i X2 5 2 LIC X > TRBRLS.
K (3.8)~(3.10) & (3.7) ITfRA L, il & 4730 & AR Z LI

/T-Edv:j{(? : itda+/pf-itdv .................................................. (3.11)
4% A %

21325, NG OFEBEFEOFEAILEDDIGN B LCOTHONT NG HERITLEA S RN END, #H
TR R IO T IR IS OIS I RITIC LSV B S.

33 REAEROEFHE

ABMEER OB RIS, TREAOT 2 EAEFHR MR O D AL ERORANL, WO 51K
MEFERICELW. ) bik~bh, KAOX S ITEAETE S,

%psda+/l33dv:/13dv ........................................................... (3.12)
A v %

ZZ7T, P, Pg, Pi3, ThENEH ORI AEHER, WikHo 48t EsRis LW A O 24 (A
FHRTHY, KADIHIZEKBTX S,

By = B (3.13)
P = Po— Pl 0= P 0ottt e e e (3.14)
P=p@l, zman =T Do (3.15)

DI, O IREERE, Py (IAUHRT) p f ORI B, PN p o DT UEEERTH D,
Pz onTiE, WEZERZBE LARVGS, SRBRICBI22HATRLT—L, OTFATILF— %L
WZERFBENTND., Ko TRE T —EELE LTV, 7o, WEAKHEMICLD &, WTAEIXERM
HEHEHEERICIBICRL AN O T, WIBEK Ep | b L LTS, LER->T, & (3.6) LU= (3.15)
PFEND.

K (3.13)~(3.15) £ (3.12) ITfRA L, fEi & AT ANVES Z Ui

/ T. bdvzjf(? : i)da+/pf~ DAYV <o (3.16)
% A %
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55, 2L, ERNREEEX, v 0L LTnD. X (3.16) DRAAMFRO I AT Cauchy /) T IC
DL ENEEE D TR INTWND Z b, WEEMERSRER OISR D.

34 ‘ r_ﬁ/ﬂill_.\tt$®ﬁii

g RO FEEA [ (3.16)] DI TS TIHE TH A LN E LD EEWH T2 Z LT TSRV,
Z 2T, AHECIMAMEE RO FHEIZ W E R R 2 i3 2 & TS EZ IS EE O TR T 2 HE TR
RO #EE, BNERERICEA SIS b0 L AREZHRICEN SN bOICHEL THRTT 2.

341 WUNERERICHT HEREREBLEDORE

X (3.16) D L O IS A BERBEOR L L THELENTOVDIRE, T ORI E KM B ED 25
EZTTCLEI DN GBI6) I ET Z ENNETHD. 2T, MNERBEOREN S, BifidiE % 2
BF~L J~1) b, & (.16) 2 AR IREIC BT 285 L LTRETE 5. Thbb,

/ T - deo =% (;) . i}da0+/ pof . ’i)dV() ............................................. (317)
Vo Ao Vo

EETD. L, () BIWIFIEREICK T 5 EEAR L TWD. WIHIELE ORES SEBUIRFFRIC L 2k LT
D, K (3.17) DHFE S PAEUCA G I BEZ i D, 61, (REEEIIMEETHLZ LMD v=0 DEMHFT
X (3.17) DLW E R MMy 20 L, FFOBEERRICEET,

/ T- bdv:jf(? : i}da+/pf- DAV e (3.18)
4% A Vv

L0, R (3.16) DAFEED I WE RIS 23 i S 726 & 72 5. 2 (3.18) MMM/ INETBERRRIC 331 2 B
A F ORI TH Y, R FRFERIENE & (LD 7 WIS O IR & 7o IXHREENERRIT 72 E1 q@ﬁﬁ nb.

342 AREMEICHT HREMRELEDRE (Total Lagrange F2X)

8T O BIRETEER R THW AL 5 3 E AR FH O T II W IRC & 4 2 9~ 5 Total Lagrane %3k
L OB E % 2 B3 5 Updated Lagrange X0 2 i@ 0 OB FHET H. RIETITET, PIELEZ SRS
% Total Lagrange O EAAREF OB A FEM T 5.
X (3.16) ZHWIRLE R RICEEERAD L S5 127 5.

IT - Grad vdv =% (;)

Ao

. ’i)da()+/ pof - VAVY oo (3.19)
(V() (VO

2L, GradN = a8/dxg Thb. £7=, & (3.19) THEFO X 5 2B HERS A SR TN S,

nda=JF Tnyday , dv=Jdvy , po=Jp , T=J'F | {=Tn , {=Iny.... (3.20)
772 L, IT 1345 | F Piola-Kirchhoff 77 (AFRIG ) Th%. & BIT, b= 0 O&MTR (3.19) OFLEWE
R4 5 L ka5 5.

IT - Gradodv, =% i i)da0+/ 00f = BAVY + oo (3.21)
Vo Ao Vo

Z ORITHE AR S O JF I D Total Lagrange FEA & METAL, WIMIELE O EIZ X > TR SN L Z ENn G
FRPERDEITICZ < b s,
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343 HREMERIIKNT HRERKELEDRE (Updated Lagrange =)
X (3.21) @ Total Langarange JZ =08 E AR O JFEIZ X T CICBERFMMS P ES T\ b e, =
I, G2 RBEERRCTLIZEEBZ 2D, £, A (3.21) OEWOHRE > BEBUIE
IT - Graddo = ITFT - grad®
=ITF" - L
=J(T—=TLT + TtwL) - L ... (3.22)
DEITE TS, ek, HFT = J(T-TL" + TaL) &\ 95 BHRZANTOS (Mg C3]. 22T, ko k)
7R BIRLE OIS S & B LTk <.

A= T —TLT + TtL. ... (3.23)

&5z, Fda='tday L%, % (322) BLORK (323) AL, £ (3.21) 2KRAD L 5 ICHEERRT S
ZLERTED.

/it : im:%‘? : i)da+/pf- DAV e (3.24)
% A %

R (324) FRDE, FIICE LV RMOBRE - TND. 22T, AR 0 BT N R 25
DT LD, WNREROHERIC L - TEBRIEZ BT 5 Z &5, Updated Lagrange &N L TEAR
FAE D B T B BRI & R BRI ER L TRV A b0 LT 5. THICEY, fof BEO Il L2
D, 2 (3.24) %

/7’1’ : idv:?{(;) : i}da+/pf~ DAV .o (3.25)
4% A Vv

DEINCERICHEBEDO RO L > TERT I ENTES. L ->T, K (3.25) » Updated Lagrange 2
ROFEHEEAFEOFHTH Y, a 3BEEOFEEEZ S L & = x VX —HBEOERERT L5
Updated Lagrange 3G %5 1 f Piola-Kirchhoff Ji /73 & kign s G, 72721, K (3.25) » 712 (3.23)
DEHRZEZOEEEM L THICEEHEP BRI & 72> TH Y, Cauchy I5/ DOFBULTJHE TRLS
NI E M5 = L 8T AR\, 2T, Cauchy J& /70 Jaumann ¥ T=T - WT + TW % BT
wRFLTAUL,

a=T-TL" + TtrL
=T+WT-TW-T(D+W)" + TtL
=T+(L-D)T-TW—-TD+TW + TtrL
=T-DT-TD+LT+TtL

ST =P DALT+TUL ..o (3.26)

LB, 22T,

Pij = 6Ty + Tyd i (3.27)
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ThsH. K (326) R (325) ICRATH & & biC, WA THY, HMIEEH AL Th %
(trL ~ 0) &ATET I,

[V[(i—P:D).i)Jr(Ln-i] dv:jg‘?-bdm/vpf. BAV (3.28)

%43 % . Updated Lanrange =0l FE AR 35 O JH B X0 (3.18) OMUNE I B GR 1% 9~ 2 3l FE M A AR AL
FOJRI L ITRA Y, WEREMS 25 L 2% ICSREE A B E & L7z [K3.2], K (3.28) #HWNT
EIREZ ERH IS5 2 & TROTHILE COMPTNBIITAETH D, MAT, X (3.28) Tl HHEEN
Cauchy It ) DFEBUISIEE TRIR SN TWD Z D, ARRERBEGRIC 31T 2 IR RO HURE I (4 o fig bt
WL HVDBND. ARFFETIER Y < 28R L L TeT b 5720, K (3.28) 2 ANZE THW 555
KOFEWFHREAL LTRATS.

7235, Total Lagrange /7203 L O Updated Lagrange /&= o0 AR AR O BRI 3.2 128 L7 K 9 123
KRN R IREECoH Y, IS TSI L ) FUHRAZE A2 ZIE L e T XD o B AW Ga 12 b AEkD
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! At
L

t=t+At

Initial configuration Current configuration

(Reference configutation)

. © _ . Pull back - n _ _
J‘%H.Gradvdvozj.%t.vda0+Jl%pof-vdv0 & J‘%T.de :Lt.vda +J'7/p f-odv
Material derivative
] - © _ . _ | Push forward . o -
J.de-Gradvdv(,:J.%t-vda0+I%p0f-vdv0 —_— LnLdv =Lt -vda +L/_pf-vdv

(a) Total Lagrangian formulation

oy

o dt
t

Current configuration

t+dt

(Reference configutation)

Letting reference
configuration be current one

7-Ldv = (%)-6da +| p fvdv
I I ,

(b) Updated Lagrangian formulation

Fig. 3.2 Two-type Lagrangian formulation of principle of virutal work.
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Entangled point C;ystal grain
/

D : Constant value for all entangled points D : Constant value for all grains
N, : Number of entangled points N, : Number of grains
(a) Glassy polymer (b) Poly-crystal

Fig. 4.1 Correspondence of poly-entangled point model and extended Taylor model.
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Fig. 4.2 Most isotropic state of base vectors in three-dimensional space.
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Fig. 4.3 Schematic diagram of inextensiblity and chain slip in crystalline phase.
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Fig. 4.4 Displacement rate of molecular chain direction in crystalline phase.
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shear stress.
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Fig. 5.3 Mechanism of nonlinear strain recovery due to change in potential energy barrier.
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Fig. 5.4 Change in resolved shear stress with respect to increasing in inelastic
shear strain rate obtained by Pan-Rice strain rate hardening law.
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Fig. 5.5 Change in resolved shear stress with respect to increasing in inelastic
shear strain rate obtained by Eyring strain rate hardening law.
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Fig. 6.1 Schematic expression of craze evolution process.
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Fig. 6.2 Dependence of craze evolution on strain rate and strain.
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Fig. 7.1 Macroscopic structure with periodical microscopic structure.
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Fig. 7.3 Deformation in unit cell due to macroscopic strain and microscopic disturbance.
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BICERDD, 7 kGO KRR [ (7.20)] ZEEEE Y B0 2Rk DBICHN bR Z Lk
7%, Lo, RFEEIEEIRRIC L > CEITHRETH 5.
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(8.5) & 5 REEBUKIZARRIZ DN T H RBRDO BB Lo b D & 5.
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DEITRENDZEEEETE, ~ 7 nREE D) BLOU & 9 AR EE DY oftbiZEnEnk
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- AV an0 ant [ .
12 0 0 o
2D 0x, dx; 0 x, 0x; v;
23 0 AN 9N 0 ON"  ON" || o
2Dg1 0x3 0x, 0x3 0x, :
u 11 0”
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BT, ZThbx o TRLTNL,
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LEIFDH. 2T, [BY] BEO[Bp] [ TEEHNANEE & EHRANLHEELZES TS~ Y v/ A TH
5. @15 BLUKXB.16) zlnTENEN~ 7 n HEARHERL LOU & 5 SLAREHE 2 BT 5.
ks, X (8.15) BLUA (8.16) D X 9 ZRBEBALIIBAEEIZ SOV T H FERO IR LY SEO b D & T 5.

814 Z=ZRxvV')vy FEROMIKEHK

TRBIEL L ITRNR D &Y, HRFIHMIZEA OEFEIZ SOV TORKTH Y, ERNOEE DOALE TOWEL
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(a) 4-node tetrahedral element (b) 8-node hexahedral element

Fig. 8.1 Three-dimensional solid elements.
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TR RS D BROFNEMER K O%RR T 2 5l R oy ~ DAY L W S B D, — AR BRI ERR I
ARRERPER S AL TWV D MBI R Tldle <, BREBAER & MEEIN 2 EFLERERTERIND. 2Dk
X, VB RICBT 2 ERNOMLEORIL 15 1 ICHIST 2 BRERERDH D m~EFHREND Z L1277
L. 728, EHULEE RSO FHIZONTIE 83 HiTik 5.

AT CIEX 8.1 12T & 9 7 4 AR R E TR L OV 8 Hi AN AREESR &2 “ T ic n5 . 4 i
HIREFEOIRERIT AR R r, 2O TRADO L Y IcEFRSh 5 130,

]\701 =T
]\702 ="

R S (8.17)
NO‘ =r3

N04=1—I"1—I"2—V3

—J7, 8 HiIMANHEEDTREEIIRATEZ LN D.

N = L= =r) N = (=)= )1+ 7)

N = é(l +r)(1=r)(1-r) N = %(1 +r)(1=r2)(1 +13)

N = %(1 (A +r)1-r) N = %(1 Er)(L+ )1 +r)

N = %(1 —m)(A+m)(1-r) N = %(1 =)+ )1 +13)

L, R/ aEEOEHLE LCHVLSEAICER 8.17) BLORK 8.18) o N & N ([cExHmz bbbl
T5.
8.1.5 YEEZRIZHEITSHIREHDOMS

K (8.7), (8.8), (8.13) 35 LUK (8.14) DEEMAL~ U v 7 A ZHEEET 2 I IZTHIR BB O M PRS2 C D1
SEPVEEEL D, L LR D, 814 HTHREER rn # W TIRBEEZEER Lc2o, BIREZOY
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PR R COMO HEEEITTH 2 LIETE RV, —JF, BIRBEIERO BREE R TCOMMIIBESICFEITTE S
72, ZHEFIA L OBRBEB OB R COMO 30T 5 HikaE 2 5. 728, LT TlE~ 7 aEER
TOSEBNCEEFELDRT 5. 7 nEER TOMN &3 ET 255U FoRko N 2 N2, x
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K (8.20) 12 & » THH SR BB OMIME 2 3 (8.7) 36 L O (8.13) ITHE M I 4uE, HomnilFz & Lot
fE~ bU v 7 RAEERT D ENTES.

8.2 XELAHEXDBERIE
8.2.1 HHADT LY vYRET
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Jaumann FE T 3 L OEIHE D OxFEEZ LB, K (7.1) O3 7 o EORRIITRAD L 5 1o~
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A (8.21) & F LD TERDEIE,
(T} = [CVUDY = (RY (8.22)
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Ye Ye
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iz, 3 (8.4), (8.9) B LU (8.15) 2 AT (8.36) D43 L OMRAR R & Bk % & & 1 Euler
PRI K > TENENOBE 2R TLIT UL, ~ 7 efEOFRERIEDO LA FERTH 2 ERMIPE SR
ANEKAXD L HITELND.

A (8L (€ - [rpDIBY) + B [TBY]] dvdu)

= ¢ [N (A1) da+ / [N (A flpdv + / [BY) {RMAtkdv ... (8.39)
AE VE VE

22T, ) = (A1), (AT = (140 BECAS) = (fAn) ThD. E1-, BEEILOAEAIFo7- 2 L2 LY,
K (8.36) DRRAEMRFE V I L O O A 23X (8.39) TIHEHZE DK VE B L 0FuEA AL ([TRI5 &S
HTWD., X510, —BIICHRERRICHO T (8.39) 2 KKD L 510 F &b THTT 5.

LKA Y = A e (8.40)
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A = A A (8.42)
U™ = ji E[NO]T{A‘?} da + /q/ NI ASIPAV. (8.43)
Ur™y = WE[BOD]T{RHAt}dv ............................................................. (8.44)

22T, U B RO UL BENERAIC L DS B LR AITEET B R Ofiask ol
NERLTWG. 7B, AFECIBENZERL, S50, <27 oo 5 ERAEE EHIE T X
B, EEOBMERIICHNT AL VEZEE LAV, BRI, & (840) &~ 7 a2 o ERIc N T
ERAbEE, KO L 5 RBMECHSIT 5~ 7 oo SR SRR Hh 5.

[KVIAUY Y = (AT} e (8.45)

ZIT, [Ky]Ev s o EERKOBERRAIE~ R Y v 2 ATH Y, (AU} BEOUF IxER TR~ 7 o iiED
SR DIENES R MVB L OES NSRS ML ThD. ~ 7 alEICB T B S B ER TH S [CH]
BLOURY OFRS DM THIUE, 3 (8.45) 20 OB E 72 I1F5 ) DEEREAETF TR Z Lo k-
T, </ niEEOHSEMEN EE5 T LR TED.

8.2.4 HEEMHMERDOFREX DL

BITE E T2 2 7 ISR R DI~ b Y v 7 28, ~ 7 nflit R it~ 7 v 505y 0 5
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(724) BLOA(725) 2~ Y v 7 AFRICT D & & bITBEBIL~ MU v 7 X [Bp] Z MV THRAMEE EE % Bl
ferhiZeh ek Ao X 5I2HT 5.
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H 1 L L 1
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= | ) | . Lo =g e (8.48)

C1211 C1222 C1233 C1212 C1223 C123l R12

Cg 11 C12d322 C§333 Cg 12 Cl2rl323 C?331 RIZ{S

- C?lll Cgllzz C?B} C?nz C;_I123 C?Bl 4 RI;I

772 L, R (8.46) 3 LU (8.47) ORI REIKIL I 7 n BHROMKH Ve Tlan, 2=y ML ORMEKR Y ©
bHZLICEE SN, £, BUEMNT T OIS EE Ty L U CEREFS 2 AMERI 7o, K
(BAT) IZONTHHHELL LTS,

8.25 RBFTLHEEDBERIE

~ 7 ot R E RN CE LN~ o BN L~ e BREENEH SRS, Bohi~ 7 ukE
HE A RIS E A UL, 2=y bEARNOERRENERT I, 612, I7 a7y
OIS NEEHTE D, ZOx=y MEVOERKREBOTH, T772b0, RAMLLEN I 7 a—~ 7 ok
BT~ mnb 7 a~OFROBELICHYET 5. WE, X (7.29) 2 ERNOLE S TOMTITARL,
B L SR I CTOEE LT bY v AKGRITT D & & bITHaRETIUL,

(AU} = [Y){D° 4t} — [ XD At} + (D' A1)

= ([Y] = [XIDID Aty + (DALY . (8.49)
1 1
yio0 0 sy 0 Sy
Au% 2 2
1 1
0 y 0 =y =yl 0
Ml % 21 s
1 1 1 1
Aul 0 0 y 0 Z»m oy
(4U"y = R 4 = T S S D (8.50)
AuM M 1y 1 v
1 Y1 0 0 53’2 0 53’3
AuM 1 1
2
0 » 0 S o
St 2 2
1 M 1 M
i 0 0 yg/[ 0 Eyz Eyl |

PWEBNG. 22T, MiF2=y NEANOREAMTHS. 72, Al = /4t Ths. K (849) 12k -T
BH &SN 40"y 2K(7.30) 1ICEATHIE, <27 aEOF i AT EOEEICHE S 2= e oEEE L EE
Licz=y MEAWNOH LOELREERSG LS.
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8.3 FEEIRES DOHIEIED FiE

FERS D BT T IR R [ (8.26) 3 LU (8.39)] RHEULMEHER D FER [ (8.46) 5 L Ot
KBAN] ICEEND L O REMY HEBEEITTE R, 22T, RIS O FHEICIE, TEE
HRETHIBEBSPACOND. 22T, B ZFITT5 L0\ 2 &S BEEO & D3I E
T ABEMEICE DR TOELEFE UIMEZ 2 TOFMIRIZIONWTE LEDLES Z &b, T772bb,
WD XL HIZETS.

/XB f(x)dx = iwif(xi) .................................................................. (8.51)
X4 i=1

D& E DR DOI nipy, JEFE X' B X OEA w IR T 2 HIER S FIEIC Lo TRESND. ZTD L7
BABFE Sy FAEONEMN 2B & U CREM S O JEFE 35 IR IS Bl i@ S5 Newton—Cotes i (13D 283618 b %
0, ARREFRIEOEBFE I L TIE, @, NEMRBOFERZ S > Gauss fi5) [ HA] A END.
Gauss F#i77 1% Newton—Cotes &7y & Hl U CRIFRE OFINEEE 215 2 T2 OISR T OBV 72 <, G
BMEBHTE DLW OMENRH D, 72721, Gauss fisr TITED AEENERNTICEE SN TN D20,
FLRF MO O Z TG L 725G I3 50 AR AT B ISR E T & 2 Newton—Cotes FH43 23 LIX LITH
WHND.

—77, 8.2 1% 4 HimlUMERE G R D B REAE RO RO G B ERD LD TH
%, ®82 DK HIHE kA BIREAERD X 5 22 EFUL SN B RIC GG TIE, ERORE LTI
RBITIR BT, FEMAOERER L OEADEIC—EME 720, BERy OB—H 2R OB FARETHSH. i
T, 814 HTHRAZ L ITHIRBEBDS BB R TER SN TND Z 06 A RERIEOHER LB A
JERERIZEM LT D 2 TEITEND. U LOBEAZFEEFEZICOVWTEL DD ERAD LI ITEITS.

/ f(x)dv = / f(r)detJ dv' = Z w(, Fdetd . o (8.52)
vE v i=1
JON
/ f(x)da = / f(rydetJ da" = Z Wf«\ FEYdetd oo (8.53)
A A i=1
Gaussian integration point 3 v
(_1’1) (1:1)
4 Mapping with 4 3
one to one correspondence X X
rl
S 1 X X
) 1 2
(_la_l) (15_1)
xl
(a) Physical coordinate system (b) Natural coordinate system

Fig. 8.2 Mapping between physical coordinate system and natural coordinate system.
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Table

8.1

three-dimensional solid elements.

(a) 4-node tetrahedral element (ny = 1)

Coordinates and weights at sampling points of gaussian integration for

Sampling Coordinates Weight
point i r r r wh,
1 0.25000 00000 00000  0.25000 00000 00000  0.25000 00000 00000  0.16666 66666 66667
(b) 8-node hexahedral element (ny = 8)
Sampling Coordinates Weight
point i r r r Wi,
1 -0.5773502691 89626  -0.5773502691 89626 -0.5773502691 89626  1.00000 00000 00000
2 0.5773502691 89626 -0.5773502691 89626 -0.5773502691 89626  1.00000 00000 00000
3 -0.5773502691 89626  0.5773502691 89626 -0.5773502691 89626  1.00000 00000 00000
4 0.5773502691 89626  0.5773502691 89626  -0.5773502691 89626  1.00000 00000 00000
5 -0.5773502691 89626  -0.5773502691 89626  0.5773502691 89626 1.00000 00000 00000
6 0.5773502691 89626  -0.5773502691 89626  0.5773502691 89626  1.00000 00000 00000
7 -0.5773502691 89626  0.5773502691 89626  0.5773502691 89626  1.00000 00000 00000
8 0.5773502691 89626  0.5773502691 89626  0.5773502691 89626  1.00000 00000 00000
ZIT, V, ony BRO wy 3TN ENAREIERICE T 5 EROKRE, AR Ol L OE AR
Tho. AR, 47, na BLO W, 1ZZRZNEREERICI T 2 EROER, RS Ol L OE
BB THD. £, JIIYa eI ThY, ZRBBEOLEIIRAD K 5 IR TE S (M2 H.3].
dxi dx 9x ON" , 5 aNO 5 aNO
or,  0ry,  0rs 7 0r 6r2 61’3
[J] = Z—if (;—)Z Z—Z 21: 66]\:(: ; 6(9]:2) 21: 66]\:: ......................... (8.54)
Ox3 0x3 0x3 aN oN" AN
ari or ors »21:51’1 7 51”2 7 5"3
RRIZ, ABFFETHW S 4 iR A EFRR L O 8 Fia N R ER O 2 IC B % Gauus Fi5) O RFAf -

DFERE 3 L O R & 8.1 1SR R HA.
7 MVOFEITOT, WS ZSEL LR,
IR S TRV, EHREAIME~ Y v 7 R E@%@tﬁéﬁrﬁ#%ﬁT
(ZOWTEUERE 3 FE & B ~T23,

EXHZ 5 Z LI Ko CHRBROHR D FTHE

DEE

Tho.

# (8.52) 12

I/ atEEE RS ETHHA

7B, xﬁ%miwﬁ 12 5728, K (8.43) DFE S~
D YRSy B f(x) A ARy )G & T D B

\Z72%. iz, AHEiCIE~ 7 niiE
ZHb x—y, N >N, VE ye b
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84 MNHDEE
841 MARY MLOFHESE

AREFIEIC L > TERREBZ T 5 Z LIIRNAENATTOHY GV Z L LFHMTHD. Licho
T, MRTRRICAEC N3 LITAGA D EREE 2%, L L2aas b, ERITITaEmE 5 [
(8.45)] % Euler BAfHIEIC X » THEL 720, A ROy 2 38 3 2 BAEMAT LIIN 7] 4TI 0890 BV D3k
Bz SN, EoC, BRIRIE, Tihebh, 20 A’ (TIKTE LB OWN T & 15 5 IR iR o K fig
BIERNCE R A2 BT 2 MER S DH. WIIZIERD 2 SOFEFIER® S, £, X (8.40) 35 LU (8.42)
ZEE L TV 7 nfigoe2EHE TR, 372bbNN LA o6 Re FERRR T,

—ext —app

[Ky AU} = (AF "} + {4F

app

DEHICETDH. BT ORENNHSRT MV AF Y BARNDCE ST 5720, (UF ) %0 BH
g,

LRy AU ) — AF ) = A (8.56)

720, K (8.56) DIEUBNIIEE <7 MVITHYS T 5. AT, %ﬁﬁ%@ﬁ@%%f:?‘ﬁ'ﬁ&)ﬂﬂi, [Ky] B &
VU BT BRI TH D720, HESEON RN ~T ML AF ) RO k5 I3 ETX 5.
UF™ ) = LK AU ) = AT Y (8.57)
7L, ERICIEAERME~ R Y v 2 2 [Ky] BEBBRED TR L) EEICKEER~ R v A TH DT
O, FHHAEY O EVIBLE LR (BSN) ICK 2N NIOFRIFEA SR 2% 0.
2T, ARECHUTIRAT 202 A0 ENAOITAELRATS. 2T, b2WELONNE
UL BTE, NABRTEIERRR - DL BT S, —F, WAORTEEERER (3.15) I
Yo TEBENTVAED, THDEERENTSZETRRD LS ICETS.

(V?“‘m"dv: Xv T DOy (8.58)

7721, R (8.58) ik~ 7 nEON AN R TIAREHRL LTREL TS, 35i, K (8.58) el xfl
METEXHZ, A%~ MY v 2 AFRICTS &L bIcR (8.15) 2 AV TR ZHEIL T UIE,

—int
7y = /E{BOD}T{TH}dv .................................................................. (8.59)
5. 2T,
—int —int' —int' —int' —int” —int” —int” T
{f}z{1f2 e 3} ............................................... (8.60)
T
iy = (T T T TR TR (8.61)

—int

Thd. X(BIY)ICE-THEAEINE (f )} #BERKICHOVWTERAGDET, MEREKOH RN~ b
v {I_Tim} NELND. U EDOX L TR INIZNANY MWL EICARE O R 6 N ZE O A
CHWHND. 72k, 27 EEONNCHONTHR(8.59) D~/ nEa I/ n g&ICEEHZ 52 & TRHEAR
RECTHDH. 72721, AWIETIEI 7 o EEDON TR IR Lrnwie®, 37 rNAoFHE BT
NQAY AN
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< Loading direction
Thickness : H

L
X, X,

Fig. 8.3 Calculation of nominal stress using internal force at edge of specimen.

8.42 AWISHDEE

B R o B ARTERER I 1T 2 AFRIS IR 2 E U TV D 5RO Z Ry L, 2 vz g1l
FCHRT2ZLICE-oTHRLNAD. WE, K83 DX ICHRERITHEI S LB A xp @77~ il 5]

—int

RAM &2 2T TODEEITIE, ARG oy BRI T PAAF ) 2 VTR TR S .

EEL, IXRBRME, T/abb, =L OMA0EEE2FT. £, WILREBRA O0LME, HITRBR
@%ﬂ/ﬂ;ﬂ:ﬁgf&)é = (862) TgJF%éhé%ﬁ#z”®/§ﬁ<mﬁ%/§f/]§()\ﬁ“<77kd:§(‘*j LTy ]\j«é - LItk o
TOTIE I AFOT H IR R T E 5.

843 BRENDFE

8.4.1 OB TN L DT, BIAREICED SEEMAT TN LA DR ICEI D WV 27z S0,
ZDLEDONENTIDEZIRZET FIZFIAEIENT EIFD, BEAICBT DA~ MWK THEAES
ns.

—res —ext —int

F ) = F  m B (8.63)

N M F Y AR T 5 2 THYAVORENE, T/bh, BAREICIO TR B RIS O
TR TE B, £7-, EENITIERIAREREOM % BRENIC R HEIC L VSRS,

8.5 #MEVWAEXDEFZEMERL

ARETCIXGIREN D < BAEFRAT 2 Fht L 7= BRICE U D~ 7 affi&EORN I A TTORE D H e L THIE
WL, BAEIOEST 2 FEIZHOWTERD. £, BREOIEIZE SO THIPE SRR Z A ¢+ At 12807
D8 VRE LTHERT . X (8.56) ORI HFRAD /DS L OAIEZNE NG DHEA] 1 10D t+ At ORID
WA B L OS2 R LTS, LEBR-T, Bl t+ At 2B DN VB XU R 2 b L
TnEh,

—int —app —int
+

s FY) = Ky (AU} — (AF”

—ext —ext —ext

) I ) ) i ) o B (8.65)
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FA  Solution of Fa
nonlinear problem
) A Ao
AFeX[ ext t res
_ AFT+'F
AF&X[
........ i
B fFl'CS
________________________________________ o EN v
AFEX[ AFSX[
é ? > 5 5 > U’
lU{) 1+A/U0 ll]() 1+A/U0
(a) Explicit method (b) Balance modification method

Fig. 8.4 Difference of numerically obtained displacement between explicit
method and balance modification method.

L. L, KRBT B B aRE, O SR t+ A CBT B RERTLOLET S, Lo
T, BEEl 1+ A0 2B T 5850V

TEYHAU® ) = (AF )+ F ) = U F ) (8.66)
DEHTETD. 7‘&% BLRFA t \ZBITF DN ENTTOE0 BT STV D &V ) BEIRIE D IRE I

—ijnt

S, {F ) =" (F }Mk@ya, X (8.66) 1T R L 0#A W [ (8.56)] ITET 5. &6z, K
(8.63) DFEFEH IV TI (8.66) #HiTH L L BT UF ) A N~BETUTKRAD L 9 I2ET 5.

TRV AUY ) = A+ A 4 (B ) (8.67)

R (8.67) IEBBARIE T T W= RIME H R [2 (8.45) F 72133k (8.55)] DABICHEAE <7 U YF } 12k 5
WERMSNIR Lo TS, 22T, —BKEMEEFICERES L OR (8.67) 2 AV Ha Il bND
fROEN K 8.4 17T, RS (8.67) #HWDZ EICE T, B4l ¢ % Tlok UriE % BEICA

NIZHEA  + At DR FANEOND Z ENbhs. 1, Z0 X 5 RARERED LRMENIRLE %
FIBVMETEE & PR, AMREEEMREE O TR T 2458 & it L CRHE 2 2 Mis L OMERI A £ U 235854
FRy M HF YIS K BHIES LI L7228, ABFFED X 5 1S EIEE IV 5 KBBRHTIC 351 T
HRRMIETHS. 728, [X84(b) MHbMD L IICHAVEEEE HWZHATLRNA LT O A0
BRI T Z I TER. B t+ 4 TORDAVE S SITHE ST L, AICKEmREE TSI
Newton—Rapson i [H.2] 72 &% AW CINHRGH R A EIT T2 0L E R H 5. Fethls, ARWF5ECHEMEd 2 28 A7
DBEIIANNE L 12 D7, K (8.67) IZRKD LI ICHEEHBILND.

LR AU ) = ATy ) (8.68)

3 (8.68) & EEROBEMATIZI T 2~ 7 miEED I AL LTHND.
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8.6 FEHEZRZHRHUWLI-HMEEXL

ARERBEIZB W T =)oY Uy REFETERLS, FRERZHOWZHEEIZERE LS ST TOREHOT A5
T, SRS ) SRR KO #RSR 0 3 FH O & i FIRE Td D . ARHITIL y~y; HRIDOETOIF AN JE
HIVE A ARE S %385 OB EARIEICK L CHEA T 2 FH O T #5M4TOE~ b Y v 7 ORI OV TIRARS.
2L, AEHITIEI 7 B LU0~ 7 r R & HIOFHOT RO SO W TEREETT S . I 7 nfifE
R EWoTHEE ChHIVUE, ~ 7 mIE DI i O B 5k F Xm0 [ HT] & U7 b % Feffi4
LHZEBHEETHD. ok, UTOFRREREZ AW ERLTIIEN A UNE, bbb, Wya =W =0
ThHET D [l H.6).

8.6.1 3 HIR=AMEROIKRELK

ABFFE T PE O AL 30T BRAHCERI S LT 3 A S ARER2 A5 [ME HS]. 3 &S Ak
THOWHFERE R I BT R N 3R THEZ 6N 5.

1 1

N0 = 750 [(x%x% —xx3) + (5 = x)xy + (o — x%)xz]
2 1

N0 = 750 [(x%x; - xixg) + (x; — xé)xl + (x} — x?)xz] ................................... (8.69)
3 1

NO° = 550 [(x%xg —x2x)) + (x) = x3)x1 + (xF — x})xz]

22T, S"HEARERoEMAERL, KA TRIND.

2S0 = xllez + x12x23 + X13XQ1 — X11X23 — x12x21 - x13x22 .................................... (870)

7B, X (8.69) nHbnd Xk HiT, 3 HiMA S AREREORBEEIIFEERIICH LT 1 ROBKTHY, %
JERECOWSHEN EF L 70D, LIeR- T, 3EREABEREAV TR SN2 OTHIERANO ED IS
BOWTH—EMLD. 20X RWEEND 3R EZAPERI=AFEOT HER L LIRS, EOT A
BRE AW HAIEIAE SRR & OFHE T L 72 5 fEIEAE 1 8.3 #ilo R L7z Gauss fiiy & 37 &
b, TOERORBEEIIMBE WY BEBICE L LT TETAERTHS. TO, 3HES—AREREY
AV D35GB R O BREIE RO G4 521707, Fiz, R BA (8.69) (TR Lz L 5 ICiyHE
ERTERL TS, 2B, 3HIA AR ERZI 7 affiEoERE L THWAEAIE, R (8.69) LU
(8.70) IZBWVWT N S N, x; >y, §O5 S LEXMIITE. £, ZABERIIHE FROEHRSERN
AIREZR AT 8.5 12T & 9 e WU A TR aEIk 2 R HRC 4 DD =A% L 7= Crossed Trinagles(CT) £
KXTELHVWLND. AIFEICBNTH~ 7 nffilo R ERSE & LT CT BXA AT 5.

8.6.2 THEZRZRALLESDOKRIERES

VHEERE WIS EE, X (8.52) IR LIRS ZEH#EITT 5 2 i3 TE . 2L, P
R E I I N Stk 2 T2, BT RIS BRI OV THIRDEDOYIIRE 2R ET D Z &R
5. LieidoT, fliH ko=, SFEEOWRE HE NEFRNTEH—ThH D LETIE, FREHREZ AV
BORERS &

/ f(x)dv = HE / FOOAA . (8.71)
(VE ﬂE
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3

B >

| Crossed Triangles form

Fig. 8.5 Crossed Trinagles form by 3-node trianglular elements.

DEIETHEZIZETTE S, 22T, FHEEROEMHEDITA (8.53) D Gauss Fisy TR 5. 72721, 8.6.1
HTHBARZ L ITEOT HEROL AT ER OO RE CHBRD Z EITATRETH L. ok, FHOT 75
HOGEIITEAOT BB LT RN, FEROREIIVIREDOEEALTHS. —F7, FHS &%
WS BITEAOT H 3 HEF T2, RFEHE I FHE S 7o i VTR L 2 I T4 B3R OMUR 2 88T
DD ESIIRNE DITIERE S L.

8.6.3 BfEERIL< bY v U X DHEK

THND 2 IS % D280 B HE DO E2 A9 5 ESREE2 O S8 X w7~ D BNy & 3R T &
RV Lo T, w7 a B ERY MUVB XU & ) SLEMEE Y M UEZENERRKO X 9IS &
ns.

() = {of 0}, () = (o] o} ) (8.72)
() = [ o ) = ol el ) (8.73)

E6IZ, EREOENIHEERSy DA% AV TEHRATREZR L Z 9 Bl L ORI E DM 2 i3kl
DEINTeD.

T - - + T

L = e, L9, L9, 18, V. iy ={r] Ly, Ll Ly b (8.74)
T B T

(0% = (D9, DY, 2D%, | . D'y =D, Dl 2Dl ) (8.75)

ZolE, FHEBIL~ MYy 7 AFENEFNRAD L) ISR SND.

[ ]\[0l 0 Non 0 Nl 0 N 0
[N] = 1 , = | (8.76)
0o N ... 0 N 0 N' .. 0 N™
- 1 1 - i 1 "
AN® 0 dN° 0 ON o . AN 0
0x 0 x; 0y oy
! 4 1 m
0 aaNO 0 aaNO 0 (;N 0 aaN
X X
BI=| 0 T N C AR y2 gy @71
0 e 0 - 0o - 0
x> x> 0y 0y>
1 n 1 m
0 N 0 IN' 0 ONT 0 IN
(?XI axl i - (9.)/1 6)’1 -
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- 1 u r 1 m
AN 0 I N 0 ON 0 AN 0
0x; 0x 0y an
AN AN AN! AN™
Bl=| o 0 ., Bol=| 0 — 0 . (878
Bl 0xy 0x; LBv] 0y, 0y (8.78)
ANY AN AN”  GN AN' ON! AN  GN™
L 6)(?2 6X1 8)(?2 6)(?] | L 3)/2 (9)/1 (9)/2 (9)/1 E

8.6.4 TEUVIAHAERHDEBHADT LY vIRAKRTE

Vi OT AR TR S IS B2 B VS 2 BET 5 2 &0 h, ERICESNOFANE,
7, Dz =D =Dz =0 WHEMEREHESNG. 20L&, BRHEE DX D), DnBLUYD;, DH
MIERINOMSLIRRSY L 725, £, JSIEEICOWTIEN A O3 B HERICE ST 5y DA EFRLT
DETauE, X821 oo~ ~ v 7 ARFITKRRO LS IThifEns.

Th Chii Chim Chn D Ry,
Tt = | Chy Choy Ch |4 Doag = R (8.79)
To‘lz C1L211 C1L222 C%zlz 2Dy R}z
72, XB1)2FLOTEDLELDOE
(T} = [CVUDY = (R ) (8.80)

L. 2L, FmOTAEFOLAEIEA (8.79) IZFEiE L TW WS D EomA RS b IEETH Y, R
THEIND Z LITEE S,

T3 Cin Chm Cop | Dn Ry
O R S L L L
Tost = | Chyy Chy Chp |4 Db = RS (8.81)
. L L L L
T3 Gin G Gl (2D Ry

F7=, X (8.79) OHERLAD~ + U v 7 ZFROHMERI 72 S N (8.81) DiEAME I DFFERIT~ 7 o O
AT DWW T HREEDOBRB Y 2o b D &3 5.

8.6.5 IEAT MY v XDHER

K (8.26) 3 L UK (8.39) (2B D BT EHBEMIZRTEIC A DG~ R U v 7 2O TSN D72 TR
BEERIIFEGT DR OHZEETNE, TLThRAD LD IR SND.

Tw 0 T, O

0 Tn 0 Tp
1 =| 0 2= Tz (= | (8.82)
| To 0 Tm» 0
T T =(Th+Txn)
2 0 T, 0 Ty



110 8 AIRERIEIC L DEEHUE UL

™ 0o TH 0
2T 0 T i 12
o 78 o 718
H H 22 12
=] 0 27 i Com=| T T (8.83)

TH 0 TH 0
1 12 22
THrH o _(7H 4 TH)
12 12 2 11 22 0 Tg 0 Tﬂ

ZITC, [Tl [Ti] [TH B LTI B2zhensdfie b v 7 2ATh 5.

86.6 TOMDT Y v ADHEH

W 2 WG EIT RN 2 BREDHR TH D Z LR b TNI~ 7 nfEIEIT LT h FEOT 25
PEHSND 2 &2 BET T, KX (8.32) OFEEE~ R v 7 2FRAD XS IR SN D.

r 1 1 19
xitox?ox’ ol
1 1 1 1
' X b,
I n o_
] = el = (8.84)
| X%lm X%zlﬂ Xézﬂ‘l | ¢3n

RIS, R [ (8.4 ICB I 2 EMI S~ MY v 7 2 {AUY BE Oy, JERE~ R Y v 7 A [¥] bk
DEITHERKISNLD.

1
1 !
Mu! no 09w
1 1 1 1
Aub 0y
{4U"} = R 4 =T - (8.85)
M 1
Ay w0 o
AuM 1
’ |0 ]
UL, Yaefid JIE TR MEOEA IR L) icEkbahb.
ON" ONY
Ixi dx D X EAA
[J] — (9)’1 6r2 _ 1 (91"1 i 67’2 (8 86)
= om on Ny BNOIXI ........................................... .

arn onl |55 2an

8.7 RO
8.7.1 ¥MEEZRAW-I/O-3Y OERK FEM BHDRN

WEALIEZ WAL, S 7 oGO sinb 570, @E oA RERE & ik U CRlkR 3t FIE
EWRD. TIT, FTIEAMETHW DM EIET L EBEETICREES G EEH L7280 RESR
EO— I EAT O Z L T ICICE LD D.

(1) BEHRT —ZOMBIER - BIE AT A =20 EZ N7 7 AN bairirte. £z, BEEZIEULT 5.



8.7. fRtr Dt 111

() 27 ufErED [CY] B LR 5 2 7 nfEE o mBtE iR (X (8.35)] 2545, 612, [
FREX e fiR < Z & CRIMERE [y B L O (@At} 2455

3) W1 BE O ¢4t} ¥ AL EHESR DR E R [ (8.46) B LUK (84N ICHEA L, ~ 7 nfEnHH
{eprEbE sk [CH] B8 L O R4 2 HHT 5.

@) [CH] BEOARYAL) 1B~ 7 a0 2 WEIvE A [ (8.45)] #4545, Sbig, FHRAEAEL
& Ty n BRI (Au ) B S,

(5) JHFTLREIRE [2 (8.49) £ L UK (7.30)] (o~ 2 R R85y (Au® ) ZM L, 7 oo s % 8 5
5L L BT 7 u Sy (du') 2155, RS, du’) BL O 7 ok [ (8.22)] VT
GO ERB L O Caucy )N T 2 EH+ 5.

(6) BN 7 ulSh(T) 2 (7. 26) L TEHLL, ~27 ulSh (T 2 HH+5.

(7) ~7 uiEEOERENEEOERRIGEL THRITIVUE Q) IZRES.

(8) fiRbT#& T

8.7.2 KWMEDEHFT DR
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— Microscopic Analysis

— Calculation in each slip system

Hasan-Boyce inelastic response law
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Fig. 8.6 Flow chart of numerical analysis with macroscopic scale, microscopic
scale and calculation in each slip system.
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Fig. 9.1 Computational model of glassy polymer, (a) Schematic image of
computational model, (b) Finite element and boundary condition of quarter model
of specimen and finite element of unit cell.
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Fig. 9.2 [Initial direction of molecular chain base vectors in glassy phase under
plane slip condition.

Table 9.1 Material constants and numerical parameters for multiscale analysis of
glassy polymer.

Elastic parameters Ey = 600 MPa, vy =0.350

Inelastic response law you = 15.0ns™!, 7oy = 57.0MPa, @, =0GPa™!, @y =1.00ps™!, {=5.00
of Hasan and Boyce ag = 1.06eV, aeq = 0.905eV, ag =0.0435eV, aeq=1.00eV, So=0eV
ﬁl = 1.44111’113, ,82 = 400, ,83 = 150, ﬂ4 = 100, ﬁs =0
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Fig. 9.3 Numerically obtained nominal stress-strain curve with experimental plots
of uniaxial tensile test of polymethyl methacrylate.
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Fig. 9.4 Distributions of equivalent inelastic strain rate of polymethyl
methacrylate in macroscopic specimen.

Fig. 9.5 Distributions of equivalent inelastic strain rate of polymethyl
methacrylate in unit cells at sampling points I, IT and III ( at 50% elongation ).
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Fig. 9.6 Correspondence of distributions of equivalent inelastic strain and

orientation of molecular chains in macroscopic specimen.
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Fig. 9.7 Correspondence of distributions of equivalent inelastic strain and
orientation of molecular chains in unit cells at sampling point I.
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Fig. 9.8 Direction of each molecular chain at sampling points with minimum and
maximum orinetation intensity in unit cell ( at 70% elongation ).
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Fig. 9.9 Schematic diagram of analytical model for crystalline phase (mixed
lamellar structure and microscopic region in crystalline phase).
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Fig. 9.10 Initial direction of crystal base vectors in crystalline phase under plane

slip condition.

Table 9.2 Inelastic parameters for crystalline phase used in analyses of Fig.9.11.

yor[s'] gV [MPa]  m  joelns™'] k. AF[eV]

Case 1 1.00 8.00 0.04 15.0 1.94 1.22
Case 2 1.00 8.00 0.08 15.0 2.87 0.91
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—77, Eyring JEEALAIAZ FW 2 HEITIEBRBERE O EFIZEY, BERISDBADT 2 & 5 BREEIRER A3
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Fig. 9.11 Stress-strain curves obtained by analyses with various deformation rate
and two types of hardening laws (6 = 293 K).
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Fig. 9.12 Stress-strain curves obtained by analyses with various ambient
temperature and two types of hardening laws (D9, = 1s7").
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Fig. 9.13 Infulence of initial direction of molecular chains in crystalline phase on
stress-strain curve.
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Fig. 9.14 Orientation state of molecular chains in crystalline phase corresponding
to stress-strain response under plane slip condition ( ¢, = 135°).
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Fig. 9.15 Infulence of penalty constant on stress-strain curve.
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Fig. 9.16 Initial orientation of molecular chain of crystalline phase in unit cell
with 1, 4, 9 and 16 crystaline phases.
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Fig. 9.17 Influence of number of crystalline phases on nominal stress-strain curves.
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Fig. 9.18 Standard deviation of nominal stress with repsect to number of crystalline phase.

BERETHZEICERTEEZLND.

NFFOFHD 10~50% £ TD 10% fBDOFAFOTAEIZIIT 51 9.17 DISTHEDIE D> = OFEHER &%
MTRDOLIZLDNRK .18 THD. FXEHLE, FEFHAOED 15 4 HICHN L7 & & ITHEER A
RESPHLTEY, 4005 9 H~ERHBEHOREZEL L L SITHELNTH D B EER AT LT
L. £z, 9E LD 16 HTIEHTNTH L MMEERAEITHD LTEY, —EDEICHIIL TWD Z &3 fHER
T&%. Thbb, 2=y bEARBICEENLMRAOKZELT Z LT, 2=y bE/WIET ORE
LD, 2RE LTH—RERELELDLLEZLNLD.

~ 7 a iR 2T BRI = v bRV RIIISED L9510, FHEREOEN I EEICEL T
WOMENDH DT, 2=y MEAWEICHREN 16 HREILETHDL EZEZIDND. LnLREL, K
RATICIB N T =y P EMICEL ORI E 52 212132 =y P A OERSFNZEMSELLERH 57
O, FERHOGHEMLTLES. 618, ERICEMRNZR <Y nikBR A O 21791203, 7 0liETH D
A=y MR ORHREEH N~ 7 v RENTR O BRI EEMSE SN DO R ERR 2 E S 5. Liehio
T, BIERRFRRHAZEZE L CERMZRRBRA B L 2=y MR AVOERIT 21T 5 55100, 2=y M
VNG OB EILIE T DIFERZAEDED 16 HOBAITEVEE 2> TWD IMETL20OBRLETHL &
Ezxond. UEEY, DTOMrCliz=y b VNOREHEOMEEEZ 9L LTtr21To 2L &5,

9.23 BRI IDBINEHEEIUMHER

< BT R L LT 9.19(a) 1T & 5 A X L ~ULTEIR O PP BB A O AT O 2 A AET 5. Bt
B O TATE O R E SI3E S 2L = 60mm, 0§ 200 + AW), 7 A2 R L/W =3 L+ 5. $£7=, ke
AT 2AW ISR Y ~ DBA L RBICR (9.1) THX 5B, 22T, FEIEBE W) = 0.00375 B L0
Wy = 0.00150, #4% m, =4.00 L9 5. SHIZ, FEaA MO0, EROSHELEL, EF L0
1/4 ODHZEFRNTT 5. WEITERTH S EMNET H I LT, x3 BRIEICK L CHERE) HHROOT i HEd 5]
MOTHEMEZEAT 5. RBRA O RESZMITT T /LIEK 9.19(b)-(1) D & 5 \ZfifhriEsk % 768 16 @ Crossed
Triangles 530> 3 fi A S ABERICHET 5 L & bio, —ERE U CHMEICRIENE 52550 LT 5.
8, AHOTHD 100% (2T D F TORM AT v 7 %% 20000 &9 5.



9.2. EFEMERY ~ D~ LT R A — UM 129

RETCTITRNT G & U CREPER U ~ 2 ET 5720, 7 oI 9.19(a) (R d & 5 ICIEMERICHE
B OREFFADNRAE LI E DN AN ET 2 b D L ET D, TORIBRERMTET L Thd2=y ML
12 9.19(b)~(ii) 1273 & 5 lc—DE S 4w = 1.00um OEFBFR L F5. & bIc, Voronoi 4EIEIC L -
TIEFEHEBONEBICHE Rt KOS ORE A AR L, EOHAMHELEL Delaunay = AT L > THHEIT
LI ETHEM LGS A2 o 3 fim=fAFpERs1r=y bELOERL L THWD. £z, 2=y iV
ICEENDRERBAOENL 922 HTOMFIHFERNS 9l & L, RO =y M b 5 IRFE =X
12% 35, &biz, Anko I 7 afEo B2 3720, 2=y M AR EO®iAIZX 9.1.1 THT
AT AT D MBS 2 52 5.

AR N TIET N RE 0 2 TR B~ LMEAL, TN 9.1.1 HITR Lz )7k & FERD
HETHZD., —F, MaEHOTRYRICZONTE 9.2.1 THE RIS TFEET Y R~ EH{ELTE. ok
EOXAERIAICIST D0 TV AL ¢ 13K 9.20 DL HITHZ 5.

Unit cell
v 2(W+AW)
. 2L >
(a)
Crystalline phase ¥,
Glassy phase
S
xl
N
w
U <] By | W+AW
xz Q. Q. Q! QQOQOQOQO) [e]e]e]e] 1QQ QO QO Q, yz J W
L > <
(1) Macroscopic specimen (i1) Unit cell
(b)

Fig. 9.19 Computational model of crystalline polymer, (a) Schematic image of
computational model, (b) Finite element and boundary condition of quarter model
of specimen and finite element of unit cell.
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Table 9.3 Material constants and numerical parameters for multiscale analysis of
crystalline polymer.

Elastic parameters Eo = 1400 MPa, E, = 4000 MPa, vy = ¥ = 0.330, Yo = 100 GPa

Inelastic response law vou = 15.0ns7", Toy = 24.0MPa, ap = 0GPa™!, @y =1.00 ps‘l, =45.0
of Hasan and Boyce ag = 1.06eV, aeq = 0.880eV, ap =0.0435eV, aeq =1.00eV, So=0eV
B =1.44nm?, B, =4.00, B3 =150, B4 =1.00, 85 =0

Eyring hardening law Yor = 15.0ns™!, AFy=122¢eV, =194, gV = 8.00MPa

n=10.0ns7!, g =1.00ps!, y.=0.350, w*=1.00
Craze evolution equation

C] = C2 = 0500, D] = D2 =0.0252 eV, PrL=p2= 50.0
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Fig. 9.21 Numerically obtained nominal stress-strain curve with experimental
plots of polypropylene and corresponding numerical distributions of equivalent
inelastic strain rate.
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Fig. 9.22 Distributions of various quantities of polypropylene with modified
numerical parameters in macroscopic specimen.
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Fig. 9.23 Distributions of various quantities of polypropylene with modified
numerical parameters in unit cells at sampling points I and II.



134 9T AT R L OE

O 11% B0 25% 12237 TS CIDOTERL « RIS, < ORI IV Tor 8235 13- 5 1)~
MLTWDZERHERTE D, FFIC2=y hEMTEBWTH~ 7 1 e fd i sREE AN\ GRS AL B S 7= A
HIDz2=y MW TIEREMICERBRENTES /2o TRY, v 7L 7 a0 FiIcB\TER
FREFMENPHFHRINTWA I LRHRTES. 2771, <7 nR R TiE< ONENLIC BT %4 T80
A CHIRAFMAEI L OIZxtL, = NME/LNTIES T@’\%féﬁuzx%%ofb\fm\ Mz <, % LbE
BRI DGR < 72 WSRO BRI AFTE T 5. 2o k912 W% & JRPTRIN I o T8N BL I LIS < WSS
GFHET D Z L1 9.7 IR LIFERMER Y ~ 0 T%H%T%o## 4 9.23(b)-(iv) D I D= k&L
DR FEEEIER ) v~ OBAEDO TN OBANEFICEND. ZHUIK 9.23(a) b bbb kol =y
N B VPRI BT O RUOERAHNRIE L2 2 S0k - T, 27 uEENICBIT DA OSHmNIHERERY <=
DFAELD SHICHEFICEND LI Rho72l20ThHDH B2 LND. LLEXY, FERERY ~ T,
fER Y ~DH N 7 ok BRITRIE LT, ~ 7 afEEOERITRIL LI Ko TWnbHEE X 5.
wIZ, ®9.22(c) ZRD &, BIRBOMOZE 11% (2B 555 < ONEITENLIZ 7 L — XF B O gk
ﬁéﬁkﬁé&), FD%, KUNOEIEE & HIZEE BNt 7 b— X EEPFIEMEIE L TWO RT3 R T
5. S5, K9.22(a) 8LV 9.22(c) kT 2 &, OTHEEE AW L O L — B EEPHIEO
FEEMEFHIE LTS Z ENbn5. [, X922(0b) 2R5 L, w7 L —XEEEEFEROMME L O
FHIERE AW DRIL S IZIERIE L TS Z DR TE S, 20 LTI L—REEOEET Tlxmz<,
EHETH D7 L—XBEHEPERNS < ONO#ETICHEY, BIEFR~MEIET 5 &0 ) 7 L— XHERICFHK
HRERPAHRTETCNDLEF 2D, ZOBLOBANBBIIRO LS 1CEx 6. £9, K62IRLE
7 L— RO O B E RS L OOTEENIC L - T, SOTHEE TER L= fEiE ERLAE L O
FTHRICET DETICEET 27 L—ABEOMIT/NESL 725, LEB-T, EFITEHONOTHHETERT D
R PLEICE N TR L—RBER R LISV, —J7, BB O < CRETTEAIZ B W THE O 2ol
A IMRIET D 23 F DY FERPE OF BB 1 TR 2 1N & < o T 728D, 7 L— RE L OIS T
EMICBOTHRLRLT V. ZRHOHMEICEY, v 7 ol UIFIC ORETELO 7 L— X%
ERR R E 720, 7 L —XERFEIROBIEPFR IS, UEOLIIL, RET VLT L—XDitE
IZHS <, AU~ O < CHEITHER A & OMEWHEIN 23 FRIFTRBIZ 2 5 L F 2 5. ek, 7 b—RERICE S
WO TH|NIE 9.5 Filo CTHEfET 5. Fi-, 9.23(a) BFL 1V 9.23(c) 2T 5 &, = ME/ARNIZHB N T
BOT AR L OV 7 b— R & ORISR 2RI R 5T, SOTRBERORIE &R LTy
L —REERRT DT~ 7 e BT IR OBRTH DL Z L Nbd. 51T, K9.22(b) BT,
TS DOELR 2N & B FREE TR OELFBREE @ 2% 0.58 LU EOFEIRIZ RV T o L — R R FE AN TIEER [ 9.22(d)]
Lo TEY, HFHEEMERICKBITS 7 L—XEROEENFHRTE TWHEERS. —F, K9.22(c) kB
LU 9.23(c) 72 5 NCIK 9.22(d) F L K 9.23(d) & Z AL EAVLBET AL, BTk 0O FH 24 FEBEME O™ ol BE D 45
AL, ~ 7 aflER IO 7 oG Ickil 57 L—XE@icb~ 7 n iR KE WHEkO=2 = L
WNES TIHENRKREL RD L VWIMISEBERH 5 Z EB3bs. 72, 2=y bEANOKBHEICBWTIZY
U—ABAPEASN TN, 7L —ABEBIOI L—XBEERE L HICEL 2> TS, Fiz,
[ 9.23(a)-(ii),(iii) ¥ & OV 9.23(d)-(ii),(iii) Z FLBT 4L, FRAMA I ICALE Sz = by CE
LI O T EESB LY L — REEHESR OIS 5 REMSERRH S Z L Nbs. it
[ 6.2(a) (2R L7z X D ICFEFPEOT HIHEE OB LT, 7 b — XEGEEEH L TGN E 22 5720 ThH 5.
A AR ONSR ORI AR TICELE Sz = b2 5 NSO 25% T2 RFIRBRN L b e nold,
¥ 6.2(a) |28 L= OF Al EREMETIER L, K 6.20) IR LY L—XEROOTREEN, Thbb, i
ME(IZ L D 7 L— XEROE LN 7 L— ARBERUICB W TR E 2o TN D72 Th 5. [FERIZ, UK
2% D=y MM DAY IEFEOT Sl E A0 72 b NS 7 b— RSB oy A & Ll 5 & BRI T
IR TH D7D, ELOLEMHEZRNTH IV ERoTNDR, ZOMIIKELS BigoTnD. T



9.3. KEBHMEZNRIT & 2 BRfa b DO IERE OF A [FE BLR D 8 135

Tebh, FHYIEHIMEO T R DA IES/ NS WD, TPERRIZE > T RN E R 5 0, 7 L— R
HESICBO TUIERIEFICRELSTTIZZ L—ARBE LD TVWDL I ERNDNE. Z0kHcr7L—X
DOFRRILAR VU ~ OIEFEER G I D —F, EERIZIZEMPZREMERER 28 2 5 L0 il g eE b B
BWCTAELS. A7 L—xXgREAUICBN IR (6.25) s L— %4 @ N—ELU EOEE Lo &
LS T, ZLb—ARAEUTERRES. AT TR IIITRLIZEIICC =0.500 & LTEHY, K (6.25)
DU L— RFEANM BRI = RV — P VT AT LB IS b = R V¥ — AFy K0 /h&<7e%. L
2o T, 7 L= AR KERISIEIT~ 7 o REERICEDISHEL D /NS 25720, Bk &5 724
WL BEPIZB T 57 L—XBAENFIIND.

9.3 MEMHRICZKIBRFRDERBVIARERROBIR

AFETIE, 502 IR LD FHEEB T R LX— 0542 L0 BT ST 2 Efi4 5 = & T,
R~ OBRLETH D RO O T @RS O BHR A RS D . AR BN G0:1E 9.2.3 THOHKE
ERVER Y ~ OBt L RfE L U, MEHERE L OB/ A — 21341 - 1al CY 017572 PP ORI
WCAFRIG I—AROT B D — 8T 5 L O FE L72K 94 OfEE AW 5. 7ok, AMEHT CIEBRFmHRED U7
HEEBLOBFBUCERE Y THD, 7 b—ABEXIHNT, Flo7 L—XEEEFELE LT . Fiz,
BRI 0 = 293K, ShE TR O AEE U/L = 0.001ks™ L9°5. 72721, AEHCILTAR%ORIIRE
EHBLT B0, MO 16% £721222% £ THED 217-721%, U OEZ2KEESE, AMSHENFI

30

20 - Experimental

Numerical

10

Nominal stress [MPa]

|
0.00 0.05 0.10 0.15 0.20 0.25
Nominal strain

Fig. 9.24 Numerically obtained nominal stress-strain curves with experimental
plots under reversal loading condition at 16% and 22% elongation.

Table 9.4 Material constants and numerical parameters for unloading analysis.

Elastic parameters Ey = 1050 MPa, Ey = 3150 MPa, vy = ¥ = 0.330, Yo = 100 GPa

Inelastic response law Yo = 5.00ns7!, 7oy = 54.0MPa, @, =0GPa™!, @y =75.0ns"!, {=5.00
of Hasan and Boyce ap = 0.720eV, acq = 0.650eV, ap = 0.0435eV, aq =1.00eV, So=0eV
B =25.50m3, B, = 1.00, Bs = 15.0, Bs = 0.750, Bs = 0.300

Eyring hardening law Yor = 15.0ns7!, AFy=122eV, k=194, gV = 16.0MPa
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Fig. 9.25 Macroscopic and microscopic distributions of equivalent inelastic strain
rate corresponding to numerical result of Fig.9.24 in which unloading starts from
22% elongation.
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Fig. 9.26 Nominal stress-strain curves obtained from reversal loading analysis
using different values for 8, and Ss.
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Table 9.5 Material constants and numerical parameters for uniaxial tensile and
compressive analysis using model with dependence of hydrostatic stress.

Elastic parameters Eo = 1500MPa, £y = 4500 MPa, vy = ¥ = 0.330, o = 100 GPa

Inelastic reponse law vorr = 5.00 ns~!, 7oy = 64.0MPa, a, =2.00 GPa™!, wy=750ns"!, £ =5.00
of Hasan and Boyce ag = 0.720eV, aeq = 0.650eV, ap = 0.0435eV, aeq=1.00eV, So=0eV
B = 1.44nm?, B, =4.00, B3 =15.0, B4 =1.00, B5=0

Eyring hardening law vor = 15.0ns7!, AFy; =1.22¢eV, k=1.94, g“) =16.0 MPa
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Fig. 9.27 Numerically obtained nominal stress-strain curves with experimental
plots under uniaxial tension and compression conditions of polypropylene.
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Table 9.6 Material constants and numerical parameters for fracture prediction.

ne =4.00ns™!, g =100 ns~!, ¥ = 0.350, w*=1.00
Craze evolution equation
C; =0.650, C, =0.230, D; =D, =0.0252¢V, p; = p> =50.0
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Fig. 9.28 Dependence of stress-strain curve and yield stress on strain rate and temperature.
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Fig. 9.29 Dependence of craze nucleation density and craze growth density on strain rate.
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Table 9.7 Fracture criteria for polypropylene based on effective stress and craze density.

Name Criteria

Criterion A o™ >44MPa or w > 0.20
CriterionB  o* >41MPa or w > 0.30
CriterionC o¢* > 38MPa or w > 0.40
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Fig. 9.30 Nominal stress-strain curves and predicted fracture points obtained by
three types of fracture criteria.
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Table 9.8 Effective stress and craze dentity at fracture strain predicted by three
types of fracture criteria.

(a) Criterion A

Strain rate  Fracture strain  Effective stress  Craze density ~ Cause of fracture

U/L[s™] U/L o* [MPa] w
100 0.20 44 0.20 oforw
10 0.14 38 0.21 w
1 0.10 34 0.21 w
0.1 0.07 31 0.21 w
0.01 0.04 29 0.20 w

(b) Criterion B

Strain rate  Fracture strain  Effective stress  Craze density  Cause of fracture

U/L[s™] U/L o* [MPa] w
100 0.16 42 0.19 o
10 0.19 41 0.23 o
1 0.24 41 0.30 oForw
0.1 0.17 37 0.30 w
0.01 0.11 32 0.31 w

(c) Criterion C

Strain rate  Fracture strain ~ Effective stress  Craze density ~ Cause of fracture

U/L[s™] U/L o* [MPa] w
100 0.12 39 0.16 o
10 0.14 38 0.21 o
1 0.17 38 0.26 o
0.1 0.20 38 0.35 o

0.01 0.25 38 0.40 o orw
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Fig.9.31 Distributions of effective stress (left) and craze density (right) at fracture
starin predicted by criterion B.
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Fig. 9.32 Computational model of glassy polymer for three-dimensional analysis,
(a) Schematic image of analytical region, (b) Finite elements of micro-specimen
model of glassy polymer.
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(a) x,x,-plane (b) Rotation around x,-axis
Fig. 9.33 Determination process of initial direction of molecular chain base

vectors in glassy phase for three-dimensional analysis.

Table 9.9 Material constants and numerical parameters for three-dimensional
analysis of glassy polymer.

Elastic parameters Ey =700MPa, vy, =0.350

Inelastic reponse law you = 15.0ns™!, 7oy = 42.5MPa, @, =0GPa™', @y =600ns"!, ¢=5.00
of Hasan and Boyce  ag = 1.06eV, aeq =1.00eV, ap=0.0435eV, aq =1.00eV, So=0eV
B = 1.44nm3, B, = 4.00, B; = 15.0, Bs = 1.00, Bs =0

n,=10.0ns7!, g =1.00ps~!, y.=0.800, w*=1.00
Craze evolution equation
C] = C2 = 0500, D] = Dz =0.0252 eV, PrL=p2= 50.0
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Fig. 9.34 Nominal stress-strain curve obtained by three-dimensional FE analysis
with experimental plots of uniaxial tensile test of polymethyl methacrylate.
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Fig. 9.35 Computational results for polymethyl methacrylate obatained by FE
analysis with modified parameters, (a) Distributions of equivalent inelastic strain
rate, (b) Distributions of craze density, (c) Orientation of molecular chains, (d)
Direction of molecular chains in eight-chain model at sampling points I and II.
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Table 9.10 Material constants and numerical parameters for crystalline phase in
three-dimensional analysis.

Elastic parameters Ey=4.00GPa, vy =0.330, ¢y = 100GPa

yoe = 15.0ns™!, AF; =1.02eV, «=3.10
Eyring hardening law g = 12.8 MPa, g@® =4.00MPa, g® = 13.4MPa, g = 13.4MPa
2® = 12.8MPa, ¢© = 4.00MPa, ¢ = 13.4MPa, ¢® = 13.4MPa
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Fig. 9.36 Infulence of initial direction of molecular chains in crystalline phase
with three-dimensional slip systems on stress-strain curve.
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Fig. 9.37 Typical orientation modes of crystalline phase with three-dimensional
slip system under uniaxial tension, (a) Mode 1: primary slip system of chain slip is
oriented in tensile direction ( ¢,, = 90°, ¢,,, = 135°, ¢,, = 0°), (b) Mode 2: primary
slip system of transverse slip is oriented in tensile direction ( ¢,, = 0°, ¢,, = 90°,
¢y, = 60°).
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Fig. 9.38 Three-dimensional computational model of crystalline polymer, (a)
Computational model and finite elements of macroscopic specimen, (b) Finite
elements of unit cell.
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Fig. 9.39 Initial orientation of crystalline phases in three-dimensional analysis.

Table 9.11 Material constants and numerical parameters for glassy phase in

three-dimensional analysis.

Elastic parameters Ey=1.80GPa, vy =0.330

Inelastic reponse law yon = 15.0ns™!, 7ou = 19.0MPa, @, =0GPa™', @, =1.00ps™!, ¢ =45.0
of Hasan and Boyce ag = 1.06eV, aeq = 0.900eV, ag =0.0435eV, @ =1.00eV, So=0eV
,81 = 1.44[111’13, ﬁz = 400, ,83 = 150, ,84 = 100, BS =0

n, =10.0ns7!, g =1.00ps7!, y.=0.700, w* =1.00
Craze evolution equation
Cl = C2 = 0500, Dl = Dz =0.0252 eV, P1L=p2= 50.0

ARSI 8 435, BFHEIC 24 45E], EIHEIC 1 B L TELNSE 192 Ho 8 fi N EES &+
%. JENTREIS O LN 10 3B L O AN S TSR BERAIE 1/8 EF A ORE 24 & 5 ki THRE

T 5.
u?:O at x; =0
uy=0 at x=0
u(3)=0 at x3=0
wy=U at xo=L U (9.9)

F, =0 at x; #0
F, =0 at x#0,xx#L

Fy =0 at x3#0

Fiz, AT O E R OFHHE U/L = 1.00s™", BREEIRE 0 = 293K & L, AFOT A 100% (Z#ET 5
FTORFRAT v 7 4% 20000 &3 5.

—Ji, 7 elEThHL 2=y MEAIEK 9.380B) IRT L OIC—WOES w=0900um, EX h =
0.0500 um DIEL M E T 5. HiddthER U ~ DT 2 fE+ 2 Z Lanb, 2=y /WIS 9 o
Az E b0 L L, TOREZRIT 12% THITP LB L2t e 35, VD EHEIL 2096 fE#0 4
HiRUEAEERZTHY, 2=y FEAOER EOHE RIS U TEMICE T 2 AR 2@ 5. £,
BRI RICBIT 28 REE 1 &7 5. FEEICIIT 20 FEILERY A OWIIG LI 9.6.1 TH TR 7= F
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Fig. 9.40 Nominal stress-strain curve obtained by three-dimensional FE analysis
and experimental plots of polypropylene.
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Fig. 9.41 Distributions of equivalent inelastic strain rate and craze density
of polypropylene in macroscopic specimen obtained by three-dimensional FE
analysis.
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Fig. 9.42 Distributions of equivalent inelastic strain rate and craze density of
polypropylene in unit cells at sampling point I obtained by three-dimensional FE
analysis.
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300 nm 500 nm
(a) SEM observation (PC) (b) TEM observation (PS/PVP blend)

Fig. A.3 Microphotographics of craze observed by (a) SEM and (b) TEM.
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Fig. B.1 Concrete representation of inelastic deformation.
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Fig. B.3 Inelastic rotation of slip system.
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C22 =H (C.16) DEH
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FBM RO R [ (3.12)] ILAA L TR %15 5.
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C.5 Jacobian Q¥ & KM
TR EBA:
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LiEFL, Tha W T (D4) & Legendre #1935 &
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- ‘ aGH . s .
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Chin Chas Chs
Sym. s (o
Cisi
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D.3 Hill ®AEDER

Hill ® 7515 & 135K (4.43) O K 5 (MR A O MR T E E 4 RA T HE 3 X ORI HE D& TR
T2 & CTHIEMERE A E T R M AU S T D HIETH D, T2 5, Hill O BB R T
HoThH, WHEITHEEEOACL > TRESNDIENI ZLEZERL TS, Z0OZ E&IESI-07 7
MOBXE LCERLEIE, MDI1 DL D. M D1 »LEREOEBPHEEEFIZENTYH, 16 EIE
WEOTHRICHMERBIC L o TRDOENDIBEEZFT L LIS L o THROND I DN D. THUE, BRAFIC
& o THIEFTREZR FPE O IR K > TOIISHINIEAETH Z LIS LT 5.

A
m .
5 & :Total strain
$— . .
A &° : Elastic strain
&P : Plastic strain
Ol-----mmmmmmmmm o N T
| C°: Elastic modulus
Ce
! =C'(e—¢&")
g g Strain

Fig. D.1 Schematic expression of Hill’s method.

X;

Fig. D.2 Three-dimensional polar coordinates.



D.4. = RICHEE 201

7, WHERZHET 258 IR0 THBHEOTHRLEOL DO TH L0, WHEHERAZ O EEHO I
JIENDFHAEFRRTH D, ZAUTK LT, BB E 72 13 R OS5 T O B 2 BRI 5 2 &
IRTERWW, Hill DAL > TEOT AN LEWIEOTH 2R Z & THEOTHAEZHRELTWD L E
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ZDEE, ¢ BLW ¢ DEOHIHITIZNTIL0<S ¢ <nBLPO0L ¢ <271 THY, ZOMEDHATr O
BEEFTSHZLT, “REZEMPTOETOEERETENTES. 2B, K (D.12) Z W THFHIEE~
7 NVORG ERTIEGE, G THEEBEMASZ ML ThL I E b r=1 LETS.
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E.1 Hasan-Boyce M 3EE 4 IEZ B D4 E

ARETIE, # S 12 ko TH &7z Hasan-Boyce O IEMMEIGZ Il OSBRI 55 X ORI % 7

E1.1 BHABEROER

K (52) ITBIT D gDUF)) BELUK EL X, &HEELTFLF—% L ORFTNREYOREREZR LT
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FTHZET, HOHEMHE LT XX —DEICK LT, EERICEBDEZ 2O ORFEELROL LN TE
5. bbb, 2R (B BLOK E3 IORTHRSMEE EOUF,,0) Th 5.

AF.
EO(UFy,0) = ¢ (AFy) exp (— k—g) ....................................................... (E.1)
B
g
2
k3]
=
&
2
§Z
g
Q
o
2
2
O
o
S
[a )
1
a at(l1.57a)

Activation energy

Fig. E.1 Probability density function with respect to activation energy.
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exp[-AF,/ (k,0)]

Fig. E.2 Probability of local shear deformation with respect to activation energy.

Activation energy AF,

(AF, 0=296 K) [1/eV]
[\

—
-
—_—

Fig. E.3 Probability distribution function of local free volume with respect to

activation energy.

Strain

Activation energy [eV]
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0
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/0 e o)eXp( ka0
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........................................................................... (E.2)
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K (ES) HBD S OEESED~BEL, BT 5 L
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E1.3 BHABEDFHOF U/ EEEDEE
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FEGMER Y ~ O H HRERO @GR, 3725 5 T80 CRFTE VBT TE A3 AT RE 72 BRI AN AR
LTEY, ZIEOYHNCIEWTIZ O R S 2@ B IR (IREE(b = 21 —) S0 28 2B+ 2 2 &
(2 & 0 ISR B S RIS 5. T D%, ATEANHE D FH O B SR B S 0 2 BE O s L —
WHDLEWEEZBEA DL, ZNL EOTRAVX—%E 2 572D OF - 7em B ISR R S, B
REERMRBND. £, BRZIEE B BEREIROERT 5720, 2 THOBLEVORTRENELDZ L

CE o TOTHILEB Z T L1725, #O 1%, KME4ITRT LI, ’@%t*%ménfﬁﬁmw
FESEIIZ W TP O T O 5| & k& 7p EREERER D ER, 1 KOS5y T8I %% v 7 [EAIC K D) )5
HASOEL DA U 72 DR T o WEEREDME S 72 o THAMMET N E LT <25 H D kﬁ%‘z Argon €
7)1 & Hasan-Boyce &7 /L& FE DT TV 5.

4 . . ) 4 . )

=

Stress

@

(& J
Strai (c) (d)

High local free volume sites

» »

Molecular chain

Fig. E.4 Schematic representation of relationship between local free volume and
rotation of kink in molecular chain.
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E1.4 RNHBEHROEROEIR
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Fig. E.5 Evolution of internal variables of probability density function with
increasing true strain.
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T’
D = PP E.15
YT (E.15)

L7274, 3 (E9) &3 (E.12) X572 b D TH S, 7 (E.14) LR (B.15) ZH#T 5 &, 2 (E.10) 55

PP = gép = VDR DD (E.16)

OSBRSS S S EBbNE. Thbb, ST £ T DBEEREEOKE S| ST EF, A
UTARTEIC 35 2 WAL A0 T 2 EEIC b, B AMBRIRIBIC 351 2 SBVE R AT O P 2 12 B AR LT
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w = (é)2 ................................................................................ (F.11)
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(a) Cubic void (b) Spherical void (c) Ellipsoidal void

Fig. F.1 Conversion of volume-area fraction for each void morphology.
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w = % ................................................................................. (F.17)
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Low free volume High free volume Void

Fig. F.2 Correspondence of activation energy and free volume fraction.
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/Lj]TjkdyZ /(“ZTjk),jdy_/ 77:‘Tjk,jdy
y - Y Y
= / vl Tyjnday, - /y UTTHjJAY e (G.4)
Ay
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Fig. G.1 Periodicity of disturbance velocity and anti-periodicity of normal stress.
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Fig. H.1 Schematic expression of Newton-Rapson method.
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BB ORI DR s, 0y SRS OBy S COEA IR ITCOIMERE 0 DIE WO Z 055
BHTE 22 8bns. FlziE, % 8.1(b) I2/r Lz 8 fi A NHEDREIRI Y AV 5 K Ei1X % H.1 ® Order
23 3 @ Gauss fi5r & V7= 3 ERES OMEICKIG L TWD. 72720, # 8.1(a) 1R Lz & 9 2R ER F 7
X = AFEEO Gauss By R OMEEE X OEATE H1 OEOAZNSEERH T2, ke - ARESR
DOHEFERE T & 72 5 Gauss T RO L OEAIEH2 0L Ic526Nn5. HEL, £#EFZOD
BAREE R CORMEEIIK H2 DL 25200500 ET 5.

H5 MAMRERDEDRYERBERES

Mg Ha T~ 72 & 50T, DA TR EER ORIy ORI B3 1 WU OBy 2 2 HEITAT 9 BRIC B2
B RBE LTRIEREETH S, BlAE, MM 2 IREHR (8 Him, 9 HiNZER) OEAITHITRE ZRFET D
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Table H.1 Coordinates and weights at sampling points of one-dimensional
gaussian integration'?",
Order Number of sampling point Coordinates Weight
Tint 7 w
1 1 0.00000 00000 00000  2.00000 00000 00000
3 2 + 0.57735 02691 89626  1.00000 00000 00000
5 3 + 0.77459 6669241483  0.55555 5555555556
0.00000 00000 00000  0.88888 88888 88889
7 4 +0.861136311594053 0.3478548451 37454
+ 0.33998 1043584856  0.65214 51548 62546

Table H.2 Coordinates and weights at sampling points of gaussian integration for

two-dimensional triangular elements*?(4),

(a) 3-node triangular element (75 = 1)

Sampling point

i

Coordinates

;
ry

;
)

Weight

;
Wa

1

0.33333 3333333333

0.33333 3333333333

0.50000 00000 00000

(b) 6-node triangular element ( np = 3)

Sampling point

i

Coordinates

;
r

;
)

Weight

;
Wa

1
2
3

0.16666 66666 66667  0.16666 66666 66667
0.66666 66666 66667  0.16666 66666 66667
0.16666 66666 66667  0.66666 66666 66667

0.16666 66666 66667
0.16666 66666 66667
0.16666 66666 66667

(c¢) 10-node triangular element (np = 7))

Sampling point

i

Coordinates

;
n

;
P

Weight

;
Wa

~N O W B~ W

0.10128 65073 23456
0.79742 69853 53087
0.10128 65073 23456
0.4701420641 05115
0.4701420641 05115
0.05971 5871789770
0.333333333333333

0.10128 65073 23456
0.10128 65073 23456
0.79742 69853 53087
0.05971 5871789770
0.4701420641 05115
0.47014 20641 05115
0.333333333333333

0.06296 95902 72413
0.06296 95902 72413
0.06296 95902 72413
0.06619 70763 94253
0.06619 70763 94253
0.0661970763 94253
0.11250 00000 00000
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Table H.3 Number of sampling points of gaussian integration for two-dimensional
quadrilateral elements.

R SR
Element type  na  n, n3

4-node element 4 1 5
8-node element 9 13
25
25

4
9-node element 9 4 13
12-node element 16 9

9

16-node element 16

Te DI E 7 1 WIED Gauss S ORI nig 133 TH D720, WRBIICHE R AT 32 =9 ML
8%, TOXD IO ZIE L < RILTE D &) MO REAZRIE LIZBDI3se ey L HEns. 2
USRI LT, 82T 1 IRTCOEMER S OR5y 58 % Se 25 OR RE L 0 b S8 TS T 0 Fik & IKIK
WA LS. BRI S SE RN K o TR RICFHE S, ERICHEVVESR N0 Y $ )
EVHBBEEEET LIV OND. L LR s, REIEER S 2 H0cga, WiiRe— RLsMc=
X =R LRI S NS HELE— KO8 B~ b Y v 7 RCEER, BEREMHFICL - TIH SR A O
PELNDTIZ0, TOBEMAIITEEZET 5. P, 8 HiRIUALESR R EORBIKHEIE T 2 A TR I H
FMUZRIR 2 2 M2 2 AP OERAEN2HEbH D, SbIT, vy i Z7HRE L OHEUET— FOXT;
DIEELWHNIT DM TIEE LT v X 7 ORIA &7 2T DN TORREBIRBRE 7 2 £ L, < OfMOIR
ICOWTHLSE RS & F T 5 BB IR 2y & V0 O B IR BAFET 5. 1272 L, BB RIS 5
TIRREARIA 57 6 L Qe A0 O OFEGy KOG HE LE LT D720, FHREOMHMH AT Y B L UOFHE =
ANDBERT DLV ERANHD.

Bk, WAREROERBSICBELRRSREERHIICELD D, 22T, n, 0y BLORR 3Zh
ThsEefy, WEIRREAEIT I & ONERITB R EARRRR /) & Ehi§ 2 DI BRI R TH 5.

H6 TEEZRZRU\=FEED Jaumann i RE

A Y Wy BEO W3 BETH D & LA O Cauchy Jin /1 T OWEEEFS X O Jaumann 3£ O £ A%
S OBRIIRKD X H 1272 5.

Ty = 2Wia T Tn
Ty +2W2 T, Ty
h %33 H.21
N B Pl (H.21)
Tos + Wia T Ty
T3 = Wia T T3
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H7 FHEHIEARGEDEBRADT L) v I ART

KREITlE~ 7 a & OO FEIS S22 8 L5 A ORREo~ U v 7 ARFEICO OV TiRR5. 72
B, 8.6HiLHARY, v/ uiEEOREMRORIx L ORISR E D~ b Y v 7 2O % FEhid 5 B
HiZ, BEHFHETHD y3 FENS S FEEE S TW5 2 7 s ios U CRESIRIR 2 08 9 5 Vs
NENERFREG L D7D THS. 22T, X(B21) #&HFIC=RcMEIZHIT 5~ 7 nfiEOMENEZ ~
U w7 ARFTLTIUTKARD L H 1272 5.

°H
Ty - ~H H H H H H 0 H
Ciin G Chss G Clis Gy Dj, Ry

~H
T H H H H H H 0 H
2 Con Com Oz G Gy Coyy D5, R,
°H H H H H H H 0 H
T33 Con G Gy G Gy Gogg D3y Ry

- e T TTTRTR (H22)

° 0 H H H H H H 0 H
Ty, Chon Ciom Chss Chpn Ciny Gy | |12D), R
. H H H H H H 0 H
T Con Cim Gy G Gy Coagy | |20 Ry,
H H H H H H 0 H
7 LG G Gy Goip Gy Gy 112D, Ry,

31

E, FEIGHARETIIRD 280 OEREAEZLND. Tabh, EHARAEY W) BIO W 12Nz,
D), DY BEOTH 2FLT2EMMLALICHAAE Y W, BEO WS 2z, T3, T BLUOTH 2%
ETHERMTHD. UTICENENOLHEORHEHN~ b Y v 7 ZOMKNTHONTIRA D, 7rds, Fhs i
Wra Zhid 256 0K~ U v 7 2SO~ 7 e iEEDOF~ FY v 7 ZADOBMRTBIL 8.6 fill R LI-b D &
R CTH 5.

(a) BN EAMERZR LT HERL

WE, ESMEAMIEREE D), DY BETHD I ENBR (H22) 2RO X5 ITHifITE 5.

~H
T H H H H 0 H

1 Ciin Chin Gl Chn Dy, Ry
~H H H H H 0 H
Ty Con Com Gy Gy, Dy, R,

- O N P (H.23)

° H H H H H
T3 Con G Gy Gy, Dy, R3
. H H H H 0 H
T?z Chn Cim Cisy Chypp 112D, R},

7ok, H.23) Tl R EIZ B 2RO~ MU v 7 AKTRICHIE L TR Y, X512, mAREA L
D33 HFETHD & LTeHGB IR FEOT HEMEORRA~ Y » 7 2 [(8.79)] IZIiaET 5. 22T, mIEE
IENECE, Tiebb, T =Th =0 &0 ) &40 (H.23) @M huE, DY, Bk L 51cfions.

DYy = —é(c;gnfj?l + Chn DYy +2C3 DY, = RES) oo (H.24)
X (H24) 230 (H.23) (IR HE, (A FRICH 57 28 E RSy &
701?1 éle CA'Ililzz CAv?nz D?] RII{]
Tt = Ch, C,, R, 032] - {feg‘z ......................................... (H.25)
I Ch, Chy Oy, 112D Ry,
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DEDICRRTES. L, AT OBRAIT > Y O 5 L0 R KA L5 1RSI D

ct ct
AH  _ ~H ij33 ~H AH _ pH ij33 ,H
Cijk, = Cijk, - CTC331<I s Rl-]- = Rl-j - CH—R33 ......................................... (H.26)
3333 3333

R (H25) &~ 7 oD~ b Y v 7 2HESNEFHBROHEVHRICEHTIIE, 2 < OBSHIERK
Ka WA, BEANEIRS T, TR 5L O T R L 2 5 MHT 2 R THS. LA LARS, MR
KOWHELET & 72 I WL A BRI ST B AT, BFLS TH BEOTE BEL b2,
FHS, SRR OMR A% T AT E T 0 B E LR VIRY, JEREZIE EAR M A
THZEICRD. DL BRBECEINEN RS EEET BT, WICRT & 5 RER(CET 5 LB
b5,

(b) BN AWML HET LT HERXEL

1T UICR (H.22) 2k 2 KU/ EET 5.

i (Ciin Gl Gl | DY [ Clizs Clias Gl | D% Ry,
Y = |y, Ol O, [ DG+ | Oy Ol Ol 42D, — ARG (H.27)
T B [ Clhi Cly Ciypy 1(2DY, | Clyy Clyy iy 1(2D5, RY,
T [Chn Gy Gy | DY [ Clh, CR,y Gy 1( DS, RY.
b= [ Cl O, GRS DY+ | Ol CHLy Ol 32090 — {RE (H.28)
T LG Goin Gy (2D, |ty i, i 11208, RY

22T, A H28) ICHANEN N HICE, T7abb, Th=Th =Th=T% =T =TH =0k oms 2
MEEV) Ffhai AT g, X (H28) 0n0 3 lanELiRd. SHig, AXEmINHRERS DY,
DY, X0 DY, 12 oW TRRITIE,

0 H H H -1 H H H 0 H
D3y Ciys Gy Gy Con G Gy Di, Ry
ol _ | ~u H H H H H o |l _ JpH
2Dy, ¢ = Chy (s Gy Can Cam G D;, Ryl oot (H.29)
0 H H H H H H 0 H
203, Gl Gz Gy CGin G G 112D, Ry,

Lis. 3 (H29) AR (H27) ICRATIUE, (ARt SaRIc % 53 2 I 1 R 4y

~H AH AH AH 0 pH
Ty C1111 Cllzz C1112 D11 Rll
ul _ | AH AH AH o _ JpH
Tyt = sz C2222 sz D22 Ryt e (H.30)
o AH AH AH 0 AH
Tt Con Cim Ciop 11205 R

DX Hi (H25) RO THELND. =720, R (H25) ST ORI~ N U v 7 ZDOR 0
oTHY, TNENRADLIICERIND.

\

I

AH AH AH H H H H H H
Cin Gin G Ciin Clia Chin Con Gan Ghn
AH AH AH — H H H _ H H H
Con Com Con | = Gon Con gy Al O3 Gy Gy |oeeiviene (H.31)

AH AH AH H H H H H H
C1211 C1222 C1212 C1211 C1222 C1212 C3111 C3122 C3112
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pH H H
Rl 1 Rll R33
R = R b — AL R b (H.32)
D H H
Rll_lz R12 R31
H H H H H H 47!
C1133 C1123 C1131 C3333 C3323 C3331

- H H H H H H
Ml=|Cll, . cio A, Cloy Chol (H.33)

H H H H H H

C1233 C1223 C1231 C3133 C3123 C3131

K (H30) (4t L LCTH = T8 = TH = 0 A STV D70, Y0 k5 ket z A= 5aic
LESMENNBEL R BN E BT CTH 5. 12721, FERISHEEOHAIITEROTHEMEL B0, K
REARAT B, AN EER AR L. EERITE, N (H.29) 12 & - CEHRE S 7o s AT R EE & HIv
TIBNEEFHTH LT, MANSINFEERD LI L TWDHIw, FHEEEICL > TEINEI DD e b F
ACD. ZOXIRBENHFETEROVEEITE, AHiTIT o 2ERLIZB W THEHAMS T HEICFE TIERZ
DI AT v TETICAECEEINEN ZH HHT & O 22 RAT 2 2 & TREZMET 2 Z L EELLV.

H8 THEHERDIEME

PRSI 8.6.1 THIZ/R L7z 3 Bl AR EHR TN, K H2 R8T X RFEEOEENGFET S,

ZIT, SARERIMAROEA LICOZEANRE SN THWDHEE, T7habb, 3HA-MAPERL X
O 4 f AU AT BRI (H34) 35 1 Ot (H35) 2B bind & 5 ICHIREI A S BRI 1 KB D 2 T
WENDHZ LMD 1 REREMEEIND. R, 8.6.1 IHTHRAZ X HIZ, 3 HiE AR ERIIIRBIE O HEE
TO BN ERE D PO EOTHERLMEND. —7F, 4HRANARERIT I REETEHDL D
DD, FOJGREED 1 BEMSITER L 1T 6T, BENTOOTHOMERBARETHD. 20L& D RiEh
2D 4 TR IR 1 KB L IFEN 5.

o, ZARBLOMNATRORTARICNZ, &0 %2 EMBI 8T 2 R EIFERNTIC S EiR 2Nz 22
FIEEKER LIRS, B3, B H2)-Gi) © 6 85 = ABERIT = A 2 KEE, ® H.2(a)-i) © 10
AR SARERIT =AE 3 RER LIS, —J7, WAFRO 2 )RESHR [K H.2(b)-(11),(ii)] 38 L O3 KREH
[ H.2(b)-(iv),(W)] I EZNHICH A2 A S 20 b OB L OEZENBICHAZ AT D2HO0 20 BFET
b, EIREFZOTTHATH T serendipity B5E, %3 1% Lagrange B3 & MEEL 5. Lagrange T3 (3 Lagrange
ZIEAUCEE SO TR AW TRE CTH 5 A%, serendipity B3 OFREEE T 8.1.4 TEHIZHR 72 L 9 2R B
BOWEEM-T X ORITOICRES N LD TH S, — IS, serendipity BHRITNHELLEZH I /W72 ®,
Lagrange R LG L CHE A NEMA b5 WO FLERH D, LEO XS emkBRIZ 1 REHR LI
8 L CH B EES O BN 5720 R 2 2 MR T 5 0 ICEHREREICEND. R, 8k
WHEISEZA L, BIRBENERE D ZENOEBENTOMITEZRETE, LEOTIZRICEH LT
EWIO BN DD.

BB, K THEHEO BRI RSB D IIREIEE DL R Ic 245 BOWD 772 =M ER oMk
BT D idnsl-rn-rnThs. T, | RKEHR, T74bH, 3HRAFEREL LV 4 HAUAE
HR O BREER TOIBREE Z 2 (H.34) B L O (H.35) ior~7.



H.8. -1 258 OFEEH

227

4

= 0 =r)(1 =)
A+ =)

“Lasmaen

N = l(1 — )1 +77)

4

3
(0,0)

(-1,1)4

1
(-1-1)

r

1
(1,0)

(1) 3-node element

(i) 4-node element

(i1) 6-node element

6

1 3 8 9 1

(ii1) 10-node element

(a) Triangular elements

r
1,1
Dy ! 3 4 ! 3
r 8¢ 06 ge 9 06
2 1 2 2 1 2 2
(1,-1) 5 5
(i1) 8-node element (ii1) 9-node element
PUN S 7R U S
116 p 8 11e 16e °o[5 o8
126 » 7 12 13e ol4 o7
S IR

(iv) 12-node element

(v) 16-node element

(b) Quadrilateral elements

Fig. H2 Two-dimensional continuum elements.
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Wiz, 2 kEFR, bbb, 6 MR ZAFER, HiANMAEERL IO HiAUAFEER O HIREERIZE
BRI E 22 (H.36), (H.37) 3 L 0% (H.38) IR

N =r@r - 1) N =457,
]\/O2 = 7”2(2}"2 - 1) ]\/'05 = 4]”2}"3 ..................................
NO =r302r5 = 1) N = 437y
N = %(1 —r)(1 =r)(=1 =7 — 1) N = %(1 - (1 = 1)
N” = %(1 +r)(1 =) (=1 +7 — 1) N” = %(1 -1 +r)
N = %(1 + )+ 1) (=1 + 71 + 1) N = %(1 A |
N = %(1 — ) +m)(=1 =7 +1) N = %(1 -1 -rp)
LS T 2 (e =
N = —%(1 +r)(1 = r)rr N = %(1 )1 +r)r
N = %(1 +r)(1+r)rr N = %(1 =) +r)ry [
N = —%(1 — )1+ r)rr N = —%(1 -1 = r)r

N = (1 =) 1-12)

N =

IHIT, 3WEHK, Thbb, 10 #iR=ARERE,
IS5 BRI A 2 B (H.39), (H.A40) 35 & O (H.A41) 107,
9 1 2 27 1
N = N =3)01=3) N = S =3)
2 1 2 s 27 1
N = 37202 = )2 = 3) N = S - 3)
5 9 1 2 27 1
N = 77303 =33 = 3) N = S s = 3)

NOIO = 277’11”2}”3

12 i P AT SR KON 16 Him VA2 0 F IR R

1
N = (= =r)(=10+ 92 +9r2)
1
N = 351+ = r2)(=10+9r +973)
Lol
NY = L+ +7)(=10 + 97 + 9r3)

1
N = 3= +r)(=10+ 92 +9r2)

N = =31 = A1 1)

%(1 +3r)(1=r)(1 = 1)

N = 3%(1 =3r)(1 = 2)(1 +ry)

N =

N = %(1 +3m)(1 =) +71)

N = 3%(1 +3m)(1 = 1)1 + 1)
N = %(1 =3r) (1 = )(1 + 1)
N = 3%(1 +3r)(1 = 2)(1 = ry)

12 9
N = ﬁ(l =3r)(1 =) -r)

27
7”2@(”3 - g)
27 1
N = 2 — =
227 trs(rs T) ........ (H.39)
]\[09 = 71’1]”3(1"1 - g)
................. (H.40)
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N = H'()H' () N = BP(r)H' () N” = H*G)H () N°° = B3 (r)H (1)
NY = A r)H () N = H*G)H' () N = B r)HA(r) N = H (r)H (1)

.. (HA41
N = HXr)H (r))  N” = Hr)H () N = H'(r)H () N = HY(r)H () Han
N = H'\(m)HA(r) N = HXr)H () N = H'(r)H () N = H(r)H (1)
=720, H'@)~HY ) IR0 X 552605,
H'(r) = ~2e(1 = )1 = 97))
Hr) =~ (1 + )1 = 97)
.......................................................... (H.42)

B = (1= 3r)(1 =)

HY(ry) = %(1 +3r)(1 =)
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e |
FEIOEDWRE

.1 FERXDEETICET S EHE

AFFE TIEEARPNCEEAIEZ FHWT R 7 a—~ 7 m i & 0 L T\ 2728, 3BT IR o B 722 i
FCThoTHbBEDI 7 nffiEizBE L7\ FEM fiffr &I L T OFHRa X bR EE 5. fl2d,
9.1 HiX° 9.2 HilZHB#lk L TV 2 X 9 2 i O A5t N CORBA O ZRITMHT Tk~ 7 vl % 1/4 7

VIZRiilE b L7z 5 2 C, K 5~6 RefoFHRR I 2 395, —J5, 9.6.3 HITH#H L T\ 2 = kocREICHEE L
ToitentE AR U ~ Ot Tld~ 7 m iR A & 1/8 7 /Wil {b L7259 2T, 1 B~1 A ERREOF R 2%
Whkied, 2L, ZhOOHERMIZIH ETHRZORMTHY, YROLERDBL, ITET LD R v
TaOER, BHROMME, FERECRRKERF L LIS K o CHAICE T HRIIRE < B+ 5 Z Licik
BEanw. ek, M LEHEMIT Xeon 3.10GHz @ CPU 8 16 a7 ##i SN~V —F7 AT —2 a3 Th
», OpenMP Z T~ 7 aiflifilc OV TOHEL 16 ALy RTUESUL L TV 5.

1.2 KETILOMHEERDBEE

2 BA~T HETICHELIEMEBET V2R TOMBIEREZ £ LD TRELETIUIR LI DX, ZO/
34 E<TH 5. 2L, HIUEH gD ITBRHOT R0 RO EFARTEET S, Lo, AFROHE,
FRETROBEETIE 1>, ZRTT Y METIE S 2OMIEIENRSBE LS. 22T, £L1IZBWT
i%ﬁﬂm@%#mmwﬁm,%%W®%%ﬁi@7v—fﬁ@®§ﬁ’%%ﬁﬁﬂmﬁ IENENSFELT
KT DL EBIEN-OTHILEB IO V=2 REOFIFIZIBWTCEIZEZE L THN D2 0% [0
2, Z OBEERTHHLENRNEDE () OFIZELLTND. RLI b1 d X 91Z, AFZEIZEBWT
IEARFHORY ~IGHATE D L9, WA 0ICH 2 TEKE LTERL TV DMENESR D
22D, FEEEOMTIZB W TRIET 2 MLEN S HMEER ORI REOEERETHL L E2 5. £z, &

Table 1.1 Material constants and numerical parameters in material models of
ductile polymer.

[ Eo, Vo, ToH, @0, Q0> Qeq ]
(’}-/OH’ {a ap’ 0'/07 a’eq, SO’ ﬂl’ BZ’ ﬂ:’)a ﬁ4’ BS)

Deformation in crystalline phase [ Eo, vo, 4Fy, &, g1 (%o, Vo&)

Deformation in glassy phase

Craze evolution [7, g5 ve, Ci1, Co] (W', Dy, D2, p1, p2)
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O DOMENERDRIEFEIZ OV TR 13 22 Rahizwn. 72k, RLLICEBWT () WICK LI ENE
BMThoTH—UEHRLRNDIT TIERNW I EICEESNTW. B2, ap TR OFKES R
%, B1~Bs IFERMRFOIERIEOT R EE 2 HIE§ 2B LE S5 2 L2k d.

1.3 MHEHRDEEFIE

AHETIE, KL O[] OFITEE LIEMEHEBEEC OV TE O BRI B ORE FIRZ fE S IER ) <~ D56
ZHNSRAD. 7k, WFOMEERDOREFIEZH ETHITHY, LT LHEUTD LBV ITHEESE
FET MBI L afi L Th<.

(1) £, WMUEERGICHT MEHER E) BE Wy 2, EBRANICHIEHBAS SN TO DAL OfED
5, BHITWARWEEITITIS -0 BIRE ORI 81T 2 BEAROME & NERME L —%T 5
EomkETS.

Q) WIT, FESMHOIEMIELETEOMEHERZIET D, 20L&, OO REEREESBEm Thh
2, Kk BEOAF, 2o Tixznznk (5.55) B LUK (5.56) OEIT 5. £z, s g@ i
SV TIERERAREF O~ IFLORERH ) £ 30 FENFEC L 5BE U b 525
ZEMEE L.

(3) &0z, FEELFHDOIEFMEIETE OB EE R BRI ZIE -OF i N ERIE & — T 5 L HOWET 5.
7%, MLLIRT LIS, ton 1 HEN-0F H il O FEFMEE IR OISR E, ag B XD aeq X
FNENERIEN B L OOT R HE OIS EEZZLEE2ZHNEH LD, £, oo ldX(5.3) B
FORK (54) 12505 K 512 Hasan-Boyce DIEFRMEISE RO NI AR OEREZIE L TWDHT2D,
L1 @ X 5 ICRARAT ORI RIS E 6 KL OBRE DO O T RN E L D REICEBEE 52 5. L
TR oT, ZNLOMEBHERDOREZFEINMAGDLED ZLICE ST, £ OEEDOKRY ~DIGT)-
O BB ) ARG TR T 5 .

4) s, 7V —ABATOMEBLEREZRETSH. 22T, nn BLO g TV V—XREEB IO
L—XREBEZOLOEEALSED. C BLUC X 620) IR LZLH I, FIZ7 L—XHERO
OTHRBERFEEZ ST S, £, BRSO TR y ZEIE B O AR Eic i CHd s
IENAELDOTAEEBZBIZRET IR L Y. 72720, 7 L—ZXRERXOOTAHKFHEIZEBT 5 v, 1%

Nominal stress

Nominal strain

Fig. .1 Effect of material constants in inelastic response law of Hasan and Boyce
on nominal stress-strain curve .
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Vo= 29D TEBSNTNDZ LICEESAEZW. B, 953HETHLEALTWVWS LIS, 71—
BEZOLOEZERAET D Z LIZREETH L 720, 7 b—EROMEMERITETE ORI T
SO T CTHWIREOAROT AN ERER E BT D2 L0 ICRETHILERD S.

PLEWOR LIZFIEIEXE S, FRIICHE WTRE R B E B2 BmICIE L, Z 0%, BUARHTRA O EHESK
ERETDENI ZEERLTVD. P, 7 L—XBEIBENREOFME, J72obb, 0.5 2820
ETHIIIEN-OFTHIEE G2 58T AN SV (2 L4]. 2o, ERROFIETIIERSOME
ERERE LT&RIS, 7 b= ZAREROMBIERZHEMTHET Lol Tns.

14 I L—XBEDGH-VF AEE~DEZE

1212923 L AREDIBNTSRET Y L—XBEBENE L 25 X OMBHER n, D&% 10.0 ns™! — 0.00 s7!
EEFEL, fRHTEAT S TZBEOAFEI—AFROTHlli# 2R~ 3. £z, RMIZITRROD, X9.21(a) &Rk
DIRFTHER, T7ebb, 7 L—XREEE D 5HE OIS -DHOT H it & ffE TR L Tnad. K12 0
IET-OFTBIEE T IUE, 7 L= XREEES ZEI2 kY, IEHIEERERICR T 5 AR ER %0
WOT 5z Ebing. TIUE, 2 L— REESEREEEHICS ML, &bic, Q.54 1ICkoTY
L — R E O, BT OREEMRBOEN DT 2720 ThDH. 22T, 7 L—ZARREEMHIBE
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Fig. .2 Numerically obtained nominal stress-strain curves with and without craze evolution.
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Corresponding to
macroscopic constitutive equation
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o

\\ Constitutive equation
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(a) Analysis coupling macroscopic specimen and microscopic unit cell

Constitutive equation
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Constitutive equation
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= T=C":D-R —I
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Xy V2 L —
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(b) Analysis of specimen (c) Analysis of unit cell
(Non-coupling analysis) (Non-coupling analysis)

Fig. .3 Types of analysis conducted in this thesis.
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Fig. .4 Schematic expression of three-dimensional molecular chain structure in

crystalline phase.
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Fig. .5 Two-dimensional slip systems in crystalline phase.
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0.26 w
(a) U/L=0.15 (b) U/L =0.18 (c) UL=0.21

Fig. 1.6 Distributions of craze density corresponding to numerical result of U/L =
1 s7'in Fig.9.30 .
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Fig. 1.7 Configurations with anisotropic damage.
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Fig. 1.8 Distributions and orientations of principal values of stress and craze
density in macroscopic specimen at 30% elongation.
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Fig. 1.9 Distributions and orientations of principal values of stress and craze

density in unit cell at sampling point 1.
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