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Characterization and material constitutive model considering anisotropic
visco elastic and plastic and damage for the purpose of multiscale analysis

of unidirectional FRTP

ABSTRACT : In this study, macroscopic inelastic material property of carbon fiber rein-
forced thermoplastics (CFRTP) is observed in detail and anisotropic material constitute law
is developed in order to realize multiscale analysis. CFRTP is attracting attention because of
its excellent characteristics of high specific rigidity and strength, which can contribute to the
weight reduction. In addition, thermoplastic resin can be re-melted by heating, which make
them highly recyclable. However it is not easy to design a product made by CFRTP due to
anisotropic mechanical property. To make matters more troublesome, CFRTP has also char-
acteristics that combines various types of inelastic behavior since thermoplastic resin has a
temperature dependent inelastic behavior. It is also important to design the CFRTP consid-
ering its inelastic behavior in order to use CFRTP in various applications. In this paper, three
types of inelastic behaviors, visco elasticity, plasticity and damage which are important for
the practical use of CFRTP are discussed.

In order to realize multiscale analysis, it is necessary to accurately characterize the anisotropic
macroscopic material behavior of CFRTP and express it by the macroscopic material consti-
tutive law. Macroscopic material behavior is observed by material testing in FEM simula-
tion using micro scale model based on homogenization theory (NMT : Numerical material
testing). The inelastic behavior of the resin constructing micro scale model of CFRTP is
measured by real material testing. The inelastic behavior does not necessarily appear as a

mixture of all features and only specific inelastic behavior can be made manifest by setting
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the appropriate test conditions. So, we study each type of inelastic behavior separately.

Firstly, viscoelastic behavior of CFRTP is focused in chapter 2. The viscoelastic behav-
ior of the resin can be independently observed by performing a vibration load test in a tiny
strain range (DMA test). The temperature dependent viscoelastic properties are measured by
performing DMA real test under various temperature conditions. The results indicated that
the thermoplastic resin show strong temperature dependence not only on viscous properties
which has been considered to be the main focus of the previous studies but also on the elastic
modulus. Anisotropic stress relaxation characteristics of CFRTP is observed in NMT using
a micro model that defines such temperature dependent properties for the resin. Two char-
acteristics of the temperature dependence of CFRTP were revealed. First, the temperature
dependence of the viscosity properties was confirmed to be isotropic and characteristic of the
resin intact even when the resin is reinforced by carbon fiber. On the other hand, the temper-
ature dependence of the modulus not only showed a strong anisotropy but also depends on
the observation time. Material constitutive law is constructed to represent such temperature
dependent of modulus by adding individual proportional multipliers for each coefficient of
the elastic matrix that makes up anisotropic generalized Maxwell model. The effectiveness
of the constitutive law is demonstrated by confirming the good fitting of the macroscopic
stress relaxation properties obtained in NMT.

Anisotropic elastoplastic hardening behavior of CFRTP is discussed in chapter 3. It is
confirmed that the thermoplastic resin has an almost isotropic hardening behavior from the
results of tensile and compression cyclic load real test. In order to observe macroscopic
initial yield surface of CFRTP, NMT are performed under several conditions where the stress
ratio of in-plane shear and fiber perpendicular components is kept constant. In addition, the

same analysis is performed for the state hardened by uniaxial tensile and shear pre-stress
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in order to observe yield surface after hardening. It is confirmed that initial yield surface
has bale like shape which is agreement with the shape predicted by the theory of Bimodal
Plasticity. On the other hand, the macroscopic hardening behavior of CFRTP is found to
be very unique despite the resin has isotropic hardening characteristic. The yield surface is
expanded almost isotopically after pure shearing pre-stress, whereas yield surface changed to
be hardened with a large overhang only in the pre-stressed direction in the case of pre-stress
for fiber perpendicular direction. In other words, CFRTP has anisotropic hardening behavior
that depends on the stress component and is characterized by the collapse of similarity of the
yield surface. Based on these finding, new constitutive law that combines Bimodal Plasticity
with anisotropic hardening is proposed. The yield surface is represented by a combination
of multiple functions in Bimodal Plasticity. The anisotropic hardening behavior is expressed
by developing back stress for only a specific yield function depended on the stress state. It
is confirmed that the post hardening yield surfaces shown by the proposed constitutive law
show good agreement with those obtained by NMT.

Lastly in chapter 4, integrated constitutive law that combines the anisotropic viscoelas-
ticity and plasticity discussed so far in addition to damage is built in order to extend it to
the most general purpose applications. The macroscopic material constitutive law discussed
in this chapter is formulated for the plane stress problem because CFRTP is generally used
in the form of thin laminated sheets. The damage is expressed by multiplying the dam-
age variable by the modulus of elasticity that constitutes the generalized Maxwell model.
Results of NMT suggest that CFRTP has anisotropic damage behavior. In macroscopic ma-
terial constitutive law, the damage anisotropy is expressed by multiplying each coefficient
of the elasticity matrix by a differently weighted damage variable. An example of macro

structural analysis and localization analysis using stacked shell elements is also presented.



The analysis is performed under various fiber orientations and stacking sequence and the
relative comparison of magnitudes of reaction force qualitatively confirmed that the macro
analysis correctly reflected the defined fiber orientation. Furthermore, the distribution of the
equivalent mechanical strain in the thickness direction is confirmed by both macroscopic
and microscopic point of view. As a result, it is confirmed that the layer where the maxi-
mum equivalent mechanical strain occurs (first ply failure) is different between macroscopic
analysis and localization analysis. In other words, it is important to evaluate the results from
the microscopic point of view because the result from the macroscopic analysis may lead to
misjudgment of the position for first ply failure.

In summary, this paper provides a more accurate insight into the anisotropic inelastic be-
havior of undirected CFRTP by NMT base on the homogenization method. We have suc-
ceeded in transferring macroscopic material behavior characterized by microscopic analysis
to a macroscopic analytical model by constructing a material constitutive law to express it
analytically. The anisotropic material behavior of CFRTP can be known only by taking ad-
vantage of the NMT and providing a wide variety of test conditions. In composite materials,
it is not realistic to design products relying only on real test data and important to work
together with NMT as in this study. Multi scale analysis is an excellent method that can
contribute to a wide range of phases of product development from material design to product
design. Since the benefits of composite materials have a significant impact on the solution
of global environmental problems, they are expected to be used in a wider variety of appli-
cation in the future. I expect that the knowledge of various inelastic behaviors and analytical

approaches presented in this study will be of great use in product design in many fields.
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Table- 1.1 Young’s modulus and density for steel, carbon fiber and typical resin. Carbon
fiber has an-isotropic characteristics and shows high value only for longitudinal

direction.

Material Young’s modulus [GPa]  Density [g/cm3]

Steel 200 8.0
Carbon Fiber  200-400 (Er), 20-30 (Er) 2.0
Nylon (PA6) 2.6 1.13
Polycarbonate 24 1.20

Epoxy 2.4 1.30
Polyurethane 0.3 1.1
Phenol 6.0 1.4
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twill woven Cross woven unidirected
overview of unit cell model

Figure- 1.1 Microstructure of composite material reinforced by unidirected fibers. Unidi-
rected reinforcement is the most basic form and used for many types of com-

posite materials.
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from coarse to fine and
change of cross angle from fine to coarse

Figure- 1.2 The change of density and orientation of fiber during press forming process.
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m Material behavior of composite
- depended on direction (=anisotropy)
- controllable by microstructure

Material Modeling

Cycle for
Material Design
Al
Optimization of
material property

m Definition to FE model m Reasons of failure
- Lamination sequnce - Fiber breackage
- Fiber orientation depended on - Crack propagation
molding process - Debonding at material interface

- Delamination etc.

Figure— 1.3 The change of density and orientation of fiber during press forming process.
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Real material testing

Micro model
(= Unit cell of microstructure)
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Strain

>

Characterization of macro scopic
material behavior

Micro scale analysis

Homogenized macro scale model

Stress
A

Strain

»

Curve fitting by suitable material
constitutive model

Macro scale analysis

Figure- 1.4 Conceptual diagram of multiscale analysis based on homogenization technique.



15

14 ~70#BEKAIICEEY %5175

CFRTP %t 9 % ZArTEMERIIR X, R BAIC MR- T, RIRERBIZB 247 X
K& S T LREE R TIREIME 2 F5 o 2 IBARIBA L 2. REEB ORASRMITZ
NENH T AEB M, Bl UTERDIToNED, T OEBIZBFEKICAE L %Rl
B d DTIF AL, HWFEINIZRZONIZEML T, MEERIED £72, 3 DOIREED
FERICHNILTIEBE ST, H7AREE TLRE, HD50VIXTLRE L BERELE
TEUTRE RO Z & in s, FIRBOMEIZEE) % — D ORI CTH— L THAR
ICRETED ZEPEMECTIXE E LV, 20 FE TIZ FRP % FRTP DIEMREEEE) % %
FE U RN FHE TIOVICEET 2SR IIEFICIT DN TN B 28 89, KiE D AR
DWHIHE X EARIIZEH U CZOERNBEFOREO T 2175 T0WE T — AN
FEAETHY, KEFOWIIIBRE T4 7258/L 28D FRP X° FRTP D 2 5 M IERIE 2
BEMECTFHTE S LS RPHANTEEZIR L TO 61X ICDR . £72, B
FIVEVER G 13 BRI & LRIR U C, BREEEM & U T O ER < MRIZEEI 23 584
CHHEINT WD IFRUTE AR\, AREiCIE, BArEMEBIEOREE 1ORHME, 2.
SEAME, 3HEED 3 DDA T IV —IZHT, FENoDEITMEEZMHT L & HIT,
BUES FR B MRS 5 KX D HIAN & FFEIFT VL,

1. AhaE M

CFRTP D~ bV v 27 A TdH %A EVERIIR I3 ZEREHE 2 R - i WESR D &0 7T
BB, FREHE LT 2BWAMEBE L IR L C, KR FTho CTHRBIEE %
B ATIHEWEEYE, 9 b B RBIERE 2N E L 9 5. Z D728, CFRTP % EMAEH#M:
DR E N B REE AT 5 720021k, IREARATE D B VR 2 ST e
B2 ZEWMOTHETHS. —7, MEORMBMERESZEHS 5EIIE, RIKH
TEIB T IE B RN T % R T 5 726002, — MR AR AR M 0D BRE ] - VIR 8 i B F & ) P
T2ZEMEV. ZNZEoT, BB DIREKRFEERBILEIND 72D, K



16 BI1E T

IR DRE M E &, R R 2 @R N2 < 2 & TR OFHARE R 2 S Tl
TE5 L5175, HES® 1%, TRF VB T2 THAL L 725K O RER
FENZZH LT, BRARBETICBII52)—-7av 7107 v A% 3 fhiFik
BRIZE o CEHIIT 2 Z & T, RIFHESEIHOMBIZEES KO, BRRHED R -5 E A
HIOFEZIT>72. ZTOFER L UT, FRP OREMEHE QBRI & T K g H
ROZEF L —HT 52 La2R U, FLS 3D RERS O F72, Hig s EM O
SRALMITT U CIRE 2T VRO Z R U7z, Y65 4D IX FRP O 3 sl D5
ICE LU CHIREMRIENE 2 EBRIICBIER T 5 2 2 T, MRERIEIC & mOIRERIATED B
D, Uhd T OMIFEIIEBE ORBHIRHE & [H URE-RERENAEHA TS 22 2 %
mUTz. — /T, BUEEES E7REIKET 5720, BHREDAIZEH U 7 Iit-
TR TR M B B O IR R AF M 2 BRI I RBITERV I LB HIS N TV .
Sullivan & 12X 2 &, T OBRIIMNEIRID BT EINZIEF M 5 ) o < D SRR
BEIZEBLTWARE, $hbb 74 VNI YV 7OETICERT I NTY
. ZORMEERRIT 572002, EH 5 349 [FMEEE O EE A~ DRIFIEL Z R L 72
[EIERI DRFRJR SR 23R U 72, 12, Bk s 4 L ABOE R % B 5 Eih
SIS NG FRPIZEM T 5 Z e T OAMAMEZMERL T0Wd. Th o AEDERAR
(ZEED SIZEHN & o T, BB DORHMERAE DR KA XD 2 FREMFE N, Z0
HIFLIZ FRP OB AR MR AN KIS 2 Z D ERIC ko728 VWR B, LAL
RING, TS EEBRIASETIE, REHFIC LD 3 iR EDERE — FIZRE
U7-#af 7% <, FRP DL O R AMREH IS U TERRIICHEIRE S h T
WD ERFEWATWN. 2=y bRV OBAERNTE TV K O RE 2R B O LR A7
MeaBAT L, 7 RSB O AR S FHE T & 528, [EROMZE TldiE
FIRFMEIZ B9 B RRETCIE £ 5> TH D 49, MR O W T O|EHNIFEL 2. D
E 0, GBI EPREBE QR DY, TREZAIC & o THRERIEIH 2\ I35 il



17

FNZ PR BN BRI 2EE), T2 b BRI S OIRERFEDOAZELTE Y,
MRORERFEITEETE TV AR 2.
2. 88

—H, W ODLDOEMNERD L, BAEEBBICE W THEZID RV THAA
OTADPED b d. Tk, BHRIZET2IGEEE L UTHEAITTEIRE
Th A5, it b T NG AR Z 3 UGTRICRIE T 2821, ok
ZH) 2 RIIIZRIFT 2 Z 125 U, FEEARIZEN: 2 75 U7z 8GR X
NBGHEHRH 506 L. HEHOSEMEPMREHEZ ZH L T2 &EME
TIXERALIZ & > THEMATEARAEL K OCETST 205, @507 O 4GS P8 M i1
R U 7 B ME 2 RE ORHIE M T I, TN 3R M CHEELR 24T 5. ik
WA, RS-0 FAREDOIRICZITER T, @BELEML TV, FEH I
GEMEHHR ORISR 2 7 O £ EHIBICHLEHT 2 Z 25200,

von Mises ¥ Tresca IZ & - THE X Nz BRBEIEUL BB R O BRI B 2 & 558
FEEMICRITE D2, U TRICHTE IXBA AR R 070  BUEETE & O FE
LR\, Z<OPHCAEY — VIS RESNFETHIRSEHIhTWS. Ly
U, #IHTT v X L7t 0L & R o 722G BIBIK T H > THEMER M- T, £
AL HAIE A BN TR GVEO RO G CE R R T e D 5. H— DAL
CERITIZER TR, MR TRE KR L RE DT RO E L TOATET 572
O, WWERGVEERFED. Z OBUEMHTI I D o EAEEEM R ) THEamI s, L
U5, BSEARRPORMUN S SEI T WV S B RHEAIAN & LT, —BRINIZIA <
HWo N2 eEMEIORES T ORE R 2 ORI NS o, < 7oz Rihm
DILIRZBIEE L T, REERAIZFRRBEEZ iR 3 5 J5ikA e o5 . Hill I von Mises
DFERBIBE LT 2 S EHAZ A ORI TEAMINTI T2 Z L TERREAENLHLEL
7z, BT EOBRIS SR RMEME e U TERET 5 2 2T, IS YEL



18 BI1E T

WZHHEMEDO LT WEBIZRE I ETWS . Logan & Hosford X Barlat & (%, [
R DORE AR ICE 2 50D & 5 Hill BiGh 2 LR U 7z 4950, Bkl o X516
% LT 272D DIFFEHNIZZ DRIZEZBRE I NT VDA, I DR ENITT S
FEM f#ti = — XD E £ 0 2% T, MITAROBEVEFZE#RL 22 MbrmstE n
I 5 & 5127 %, Barlat & 2 RIC IS, @EHADVEZ RRRBEBEED LT,
DHIZZ D 3 WoTIRIRI R 2 L 72 152, ZIXBIE Y1d2000 & fid S, $EMEA
RN ZEEINTOY I 2 b —y ary — LI IEERICFEEI N TN Z
L%\, X 51T, Yoshida & Uemori (% Y1d2000 %2 HE5R L, 61RD 3 RoTIIRBI% % $2
KUED. Hod 72, BARMEORBAENOBRIZHEE 5T, MEERORE
IZDOWTHFEMIZERLTWS. HEMEAZINh o REEROMBHIZ@EH U 726l &
UT, IWARSIERY 1 —FRx— MR Z B & U7z —Fmssibi B & OS2 v 24
7357%% CFRTP D I 7 BE TN EHAWT, 3 AMOHEEEREE 3 Hroft A koGt
6 FEEHDZENE — NIZH T 5 A0 DIEII-0T ABIRZ BB REARRIC & > TR L,
Hill IZ & > THRESI N R AGEHBURENIZ L > TRIFIZ7 4y T4 v TER L
ZRUZZSY, BRICHIE KESEET B Z & T, #1700 ARMBEMER 2R R EUE R
TRAZHVHIATE LI L2 RUED, HEALZDREH ETHIE—FDOATDH
D, ZHNSH5IZE T AMREE £ TOMRIZTE TWar o7, Owen 51F, Hill &
BOLRPRE 25 L, BARIMEZAMHHANS 7 B UTHWEBRERD Z 5,
S QBRI DENE 5~ 10% ARG IZH A 2 #PAAHERITH 0, Hill BAKEE L
TWEEBHEIZ KO S N EMRIDANEHT S Z A ffgES RLUTW
%3, kit CHL X N E AR TIX, ST Z OREEN SITENT 5.
AR E ORI DX BN E H U 2% E 7)1 1%, Mulhern ¥ Rogers 512 & -
THIDIZIRE I N0, RS ML AR N7 MLz AWEHF LV AZEEE
E#LUT, BRBEIBIZEALZ. 20 &5 48FE 2 2Rl T Lok 7



19

LERAINMEHEH D, HD5—EDHREZIND TS B, Bedzra S 1EHkHE S M~
7 PUDHTIZRWR Y T AT Vi L~ ) 7 A0 5 5/ L T, w
OPDIRSIED B LTI DOAEG O TEMEM B Z 17> 72, £ OBLIKER
5, EfE 2 1AM ORRINEIL, EROVHEZMAGDEZRY T RO E L
TWBZewEE LD, TNERIHT 57-0DEN/LTDH % Multisurface Plasticity ¥
AmERE L. —FHmE b OBEEMEZEE) & U Tld Dvorak & 12 & o TEERIIZEIEE
TNTWD. S ITMHMEZE B BNz ZE XA T2 LT, #ihmEEeat o,
ST OICHEMEZMAGDE S Z & TEHIGIREBIZE T 5 3 lid BRI L 25k
REZMED H U7, ZDfEE % Matrix Dominant Mode (MDM)®? & Fiber Dominant Mode
(FDM) 2 (2 43\ C R Hh T O Wi i % R I @isk U, — G riss bt o 8V IL, RE D
LORREAWICTI PR TH 2 &\ D, HIHb U728 OS5 M iw & LU 72K
w12 H D\ 72 Bimodal Plasticity Blaw (A8, NA £ — VB LIER) 2425 L 72 0.
ARG IZ X B R R o A ELRE ) & m < FEl & 4, SBATIFYE %2 U T\ 7z Roger 5
ENA T XNIENBERE2ZIZEFF L2 DHEDH BB, IS5 DR TIRES N
T MRS RN T RTHkHE L ~ N ) 2 AR BRI D 5 R 5 EEMEITH - 7273,
FER DD~ Y 7 A5 FET HREETIECFRTP AL TH 5. Lizhi-T, ¥
WORRIIT 258 U 5 ETlX, CFRTPIZEFAMKOMKAIZHEHTE 2 L5 1CB8bns.
UL, BRI IZERESBAZIDAV VYT, SEMHEITENET 27, &
A 13T IREE W e LT 2 728, BRRB OB LZEEN D —T 5 L ITR S T,
- EBRIIZBI S B 7.

MEALZSENIC BT 298 S £ 72 BEARMEIRET LTV B 720, Th o O E%BEH
CEEEA NG 7 — AL\, RHTHER & EAEH TR RSB A2 B I, £ Bk
FEXRHEIRICRD 7V AR AT E WML b5 b RE L I NTE

Tz. TD XD 7515R - [EAEIZ BT B FREF ORTEIZX U T Prager 1%, FERERIZEM U2



20 BI1E T

SN E D L DI EZ Y 7 XRS50 (Back stress) D&
ZE AL, X 51T, Frederick & Armstrong 1, B DOFRBIZIEEMEZ 5§
52 THISIDEMEIET DT 2 HE L2707 2k U T, Chaboche (275t
NaZHRNTHER U720, BINEEIZBIEZEAT S Z LT, RERBIPTSIZEDS
N7 727, Figure-1.5 D LEIZ, %5 DIRET A AIAE 9 1AL T2 D BRI O TE
WazRT. 1o 0ERMUITBERIMEOBE LIERKIZ L > TOAREINT WS, &5
P, Khan 5IZ K27V I 2T AR NRE URIC L2 ™, BEERORRimH
DGR ZAIHRED 5 RE L EATE D, HUBRZ RS 72206 OELRNZIZEH L
DRRFDIH B, TR U T, Figure-1.5 D FEIZRT & 57, EFGHL (Anisotropic
Hardening) %> %3 A fifi{t. (Distortional Hardening) & FFIX4v 5, Ba&AR i o 24k 5341 A
OHEPSEHP ZMAEANERET LEFH 20 ANHLAISIREINTE 2. £
DHHIDIFEH] & LT, Yanaga &1 YId2000 THEMIMEE & U T 7268 50% FH Y ¥ 1
O ARIFICIEIRT B 2 & THVEER I S BefR il o B8 2 RE L7 .
Ishikawa (MO AR ITEFET 2 BB EAL TWA 7. Baltov 5 13 Hill DR
PERRREAE 2 FR S BT, WHMEERICAEY, BRIE D TR S BRI 2 d 50
FER T BEEEMARAL . 20 &S BERMLIZ VTS BRBEEE KT 26
HEICH L ThIH%2FET L THIGLTWSHDTH Y, Shutov and Thlemann™
DEHEZMBD 2L HIlBMIZET 2L TH S, 72, T1 o OREUXRERETTZ B)H
SIEAZFFDZ 255, Armstrong-Frederick D it J11Z 72 % - T Backstress-like tensor
EBHIEND. NS DFEBUIIERNFRR 4O T YNV bZ ehlbd b, Ytk
ExFEST 5 &AM CTHREET, EERIC TS B WM TIREH IR H - 7-.
EAEDBUEMBEABROBEIZ L 5T, TNHDVHOIERHRIZH U TRTELET IV E
FHFHTHEHATE L EN s gy, —F, EAEZOMmEBIRZ EEE
B UTEZ BRI HREINT WS ., BAHLEOMERIRAEMIZT —



21

WEFR->T-ZAREA L TWA Z 2 H 5, Figure-1.6 127 & 5 LD IR %2 KB
T & % Limason of Pascal B % fifi - 72781 50 & 5 A%, AL DR % BE 12
BB 5 Z L I3H L\, Shutov 5 IZRFE THLAFZIREO RN % FIITDE £ b
TRIL, MHRE»SER2CHEAT S ETOMIE, 25652 00RENLSAFT S
ZeTHInI 2™, Hill ORI & U T, FitEo s 2 E2EE) 2 KB
TE 50, BREIMEOMMEZGEHT 2 Z B H LW A HEE LTI hTn 5.
F 72, FIHAOBRREEILMNEZAEEE LTWa 720, G 5 BAME DRk R E
EMENCIERT 2 Z e AT &R\, — 4, EEMENIX LTI, Dvorak 54—/
FALA IR U CREEZEE) 2 B L TH 0, MR BB LRl cRETE 22 %
FLUTWED, ZhdLEMEZ M ULEBIITHY, BIEROEAMEHIIBWT
A U288 %2 9 ERAE IR 2R\, S2ER, R & 13— 5 rgR b Af O RGHERR 2 22 bk L 7= & S
BIGIRD =y N IVEFIVEHWTAYF VI A ZVOMRIZEE 2R L, PIXD
BEAEDRER DB B HR O LAl TIERIT 6 Z L DT E R VWEAMAEE VBRI N
2l eZMELTWE, ZDXS5RERNS, FIHRED SRR GVEZ R o 724
BHZN U T, RAMECREEZZR T2 GHIIMNEIIREI L FHRINS.
3.1815

MBS SIZKRERGNEZITD L, BERHPBETE R R2IL0H5. M
AR NS CRIED R A LB EL L UL TOMEER L > TR HDD, Y71 A
TSR IE Wz o TOWRWREBRZENIZH 725, £ < OMENIIEGIZE
B, Bl U 7RG o BV 2 D IERE DR AE L TE D, BIEGEEI DA Z ML L
TEHUT 23RN TH O, X oIZHMIFORMERZ T TAS &M  FHELL 725 -0
TARMEZ I 72, HBEL XA -V OFLGEZ ML CRHET S Z L IXREETH 5.
BEEDOBZEHITIE, SR O MRIZEB) O BIEHE R D A b & M 2 #§4E S L OFHE L

TWBHIEZ <, MROAREZ EMIZE 5 AONT WP AN H 5. HIGOHF



22 1= Frim

Sjo]

Isotropic hardenig Kinematic hardening Combined hardening
(Chaboche™", Armstrong-Frederic’""" etc.)

¥~ hardened state

T~ initial state

Anisotropic hardenig Distortional hardening
(Baltov et al’”) (Shutov et al’®)

Figure- 1.5 Five types of proposed shape for hardening by plastic deformation.
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Figure— 1.6 Yield surface made by function of Limason of Pascal.
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Table- 1.2 Overview of contents in each chapter.

Chapter Material Matrix Resin Stress Proposed Model
Type state
) Visco Poly- 3D - Isotropic Vertical Shift
Elastic carbonate stress - An-isotropic Vertical Shift
3 Plastic Thermoplastic Plane - Anisotropic hardening
Epoxy stress
Visco - Isotropic Visco Elastic
4 Elastic Poly- Plane + Plastic + Damage
+ Plastic carbonate stress - An-isotropic Visco Elastic
+ Damage + Plastic + Damage
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Figure— 1.7 Rheology model proposed in this study.
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Figure- 1.8 Conceptual diagram for identification of material constants.
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Figure- 2.1 Configuration of dynamic viscoelastic test.

Table- 2.1 Frequency and temperature levels for dynamic viscoelastic tests.

Conditions Value

Frequency [Hz]  0.01, 0.02, 0.05, 0.10, 0.20, 0.50, 1.00, 2.00, 5.00, 10.0

30.0, 35.0, 40.0, 45.0, 50.0, 55.0, 60.0, 65.0, 70.0, 75.0, 80.0, 85.0
Temperature [°C]  90.0, 95.0,100.0, 105.0, 110.0, 115.0, 120.0, 125.0, 130.0, 140.0

145.0, 150.0, 155.0, 160.0, 165.0, 170.0
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Figure- 2.2 Generalized Maxwell model for anisotropic viscoelasticity.
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Figure- 2.3 Schematics of error functions to determine the shift functions for master curves.
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Figure- 2.4 Master curves of storage modulus obtained with horizontal and vertiacal shift

operations.
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vertiacal shift operations.
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factor; (b) Vertical shift factor. Reference temperature is set at 150 degrees.
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:l?,Eﬂ@ﬁﬁC?Bi@C%ﬁ,%M%MM%WM%%®$@%&#$%%@%

RIREZICB I 2HET VY VDEATH Y, by B LU b EETNTNIIET B HPER K

S-mEMEZ AT 2t 7 FET, EWIIHN.THIEDLRET S, 7z, FF

% Maxwell ZEOZ TS 7 VEZTEHRTHILEHABETHEIN, £5UL
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B, BEUZT7 4w T4 VIRERPRBONDVRIENEAE L2, —F, $XTHUHE
7 NEEEZELZLAD, KOVLENTHOERETD R 71v T4 Vv IHEZES
N5 EPHERTE20, REBAIE UTHRFEOENMZRALEZ. b, Thood
7 R, BIEORMEE KL THREKRFE 2RO Z EABEI NSO T, BIED
B & FRRICIRE TN U C L ERER Tafld 5.

PLEDOEES 7 N &2FR L MRS X OREREZ W5 &, R R o sk
DIFEIFEIZHE S 24X, PATFO &K S gt 7 > )L @ Prony fiBATERT Z &
MTE 5.

N
C@O=Cu+ ) Coiexp(-12,)) (2.30)

pomr
mP, TITEMBMEEZEDOEHBTHMEIZS RAMEZRE LA, BEEDHZE 40119
12 KX CFRP OREBMERENIBIEDO ZNZ2 5| S Z L AMRINTWE 72,
)9 B — At Maxwell € 7 V2B 1T 2EFFFEIFE AR EEZ TR, Bl 7 Ma
LEEMEEFRICIXTTHS. 2D, A (2.27) D Voigt it T U 7z 2 BEDIEFR R 7
YINENIBIEE R U AT T —fH 7, IZHER U, Prony SREUE At & FRFAris o g

BT VY NICDOARESTHEZZR U ZIRAD & 5 KRBT 5.
al t
C() =Co + Z C, exp (—~—) 2.31)

722U, BIGMEEMRE T > VLV OEHRAT, =, : CJ ITBWT, MEDRTTEOY

a

MR ANETH 57280, A0 7 —(HADHHRIZHIATIT AW L IZEEI N .

242 ISHFREDEEBEUL

FHVEDORHMERE R & FRRIZ, o REORMEEL AR %2 RT. =720, £D
EHERIZOWTIE, S0 IFIZE U TH S 7-0EMITEIET 5. Maxwell

WE PR T DM EEPHMEEELIR 2.25) PR (2.26) ITRLEZESIZT M) 7 A
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BATKREIND Z &, X 5ITRBED 2K ITIEDEL RV T IZERURA
biEeddE, BATY TOIHIIE

N
Tt =T + ) T, (2.32)
a=1

ETED. ZTUTHIRIEDTIRD L D12k 5.

o =Cs €11 (2.33)
N At , Ta At - -
01 = €XP = (Tn+Eyd 1 —exp = (01 — 0,
At Ty At
= exp (—~—) o+ T—'ya {1 —exp (—7)} Cw : A€ (2.34)
Ty At ”
(7 =Coic2)

PA Lk, AFEDEET 2 BNk Maxwell & 7OV & #tfilids X ORifiio > 7 b BT

ZHAGDE MR & 2 OEFIEDOE A2 HROR Y 7 A 2212F L dT-.

243 NSIA—YDEE

B DEABRTIX, H2MTHBERAZE S L3 AHHIFIZ &2 H—DREE— R7ZIFT
MRIZFEB O KRB BB RMRI AT A =R E2TRTHAETZ I N TEEH, Bz
A3 % CFRTP Tix, H—E— FOMERBROATHK (2.27), (2.28) 8L UK (2.29) D
TRTDT VY NERERET DI LIETERY. DD, ¥2700T AT VYL
D6 DDMNLIRK DD Db —HDDAPMEEFEL, TNUNDOH IR THD LD
BRI UERE—RE 6 XX —VHEL, TNENEANT — & & U THIEMRIEAER
RERT D, 2B, BRI A B L - BEMRERRR T, EEEIE VIR
WET LT ZITOBERDY, FEIAINEREL BRSTLE S 20, AuFg
TIFBARGEMEEAER C 137 < BN 2R DRI 2 it 5 Z 2129 5.

M — % AL Maxwell € 5 )L 12D\ T D Prony fk# B & O&EG DY 7 N ED[H

EIWZBRUTH, 22 BT U7RE & A OB L EICE D S FiEzEM 5.
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FitE—feAt Maxwell € 7OV T, MERIBMET >V IV E K OERMKHE T >V L D id
INEFNHLLTED, TOITRTCEAET D2HEVRDHSD. ULrULANs, BUEMEE
BRizB 2R ch g, ERLZLSi1IC6 20N ey n ATV
VDS DAMEERD, TNUNDOEDZEETHE LS50~ 7B E—
REAWSZ LT, BT VY IVORESDOMEIGE 2 BB IG5 Z LT
&5. 7z, SR 7z Prony M EH DKM R AT TIE, IEhIE~ 7 i O
TAX U TRIER A I R TERMEI N T WS 720, BRIHET >V VDKL)
MU T2 ICRET XL V. 72720, ERBRTHT - =Bk AR & OF
ETOR AL IIRRY, FTHICTAXR—H—T % Prony i TH—774v bL, %
DERIZKEHORGVEDMEE S 7 bEZFET . T0ix, Mtdlis 7 bEIX (2.28) AP
(229) RTRUZ &Sz, MEEMEIHE Maxwell BEOBMIHD 2 DO %2 K272 T
H5bH. BVWHAS L, CFRTP Tl —EDEEREE NIZT, IIEMEEDIIR Z R
U D DEHI RRHEHEIF TF U < Mt G AISEATBENT 2721 X R S Wiz, ik
FIBRIREME D BT E R 72 TR D SR B A ED h—T 7 4y N & T 5T EHRHL L.
— 75, BAEMEEABR T, R WIS OMEEE 2 S ICIET 2 2 N TED T
EMS, B BIREORMEERERPHIZY 7 hEIREZ L, B—DRETFT-XDA
MORXAR—H—T GBI ENTELHOIDMEEZIRT ZZENTES. VWE,
Voigt RFLTONRNRX =V DY IZUBEKE—Fj (j=1~6) ZANT—R&T5H4EM
BERBRZ 1TV, 0 (i=1~6) ) OREMIHIERD KR 1, TOMME C;j(n) WHEET
EbDLTH. ZOLE, Prony BB (2.31) DFRHICB T 2 HMERDKS C LU
Co i3, MERICHE U 72 HMRIRE IS5 1 2 2550 O MR EZ N T, AT ORE
A R/MET 2 Z L TRIET 2 ZENTE S.

m+1 s
¢dnl§0(C”, c?) = Z (C’ij (t) — Ci (tk,r Ciys C“)) = Z (Cij (te) — [ S+ Z Ci;exp (__)))

k=1 k=1 a=1
(2.35)
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ZIZTC; MR AIDIGETH S, 748, FIROD K 512 CFRTP O~ 7 1R
DTN Z 5 EMk< 7280, BAMRFRICIIBIEERCEZ 52, FENSREILUR
WZ kT B, Eiz, HHEREDANOBHBMERZPET HERIZ, il 7 PEIZOW
TIEBIEDZN 2 HTE 2D THNIKFEENFITT 5 MBEILR VA, REITIEED
ZLEMERT B0, BRAMZIKELTET VY IVESZRAIET S LIZT 5. A
RIIZIE, HEI3HICHHLUZZBIESEARD Y 7 NE2FET 5 HIEICM- T, LM

OB RITIZ D WTIRD AR 2 /NI 5 X5 ITHll > 7 b2 RET 5.

m+1
P2(ay;) = Z (Cij,L (t) = Cijn (tk; aij)) (2.36)

k=1

Z 2T, C;; i3 Prony X (2.31) D 7, IC KX E 2 Z & TR 7 MEA L 20
BThb. —J, M7 PEIZOWTIE, R (2.28), (2.29) DZEHEHI% T Prony
MR (2.31) DIEEE Y7 b IR BEMEERDBUEA RO & —BT 5 L 51
PET D, BRIIZIE, BHERK

m+1
PO (by;) = Z (Cij, L (tk, aij) -Cijn (fk; bij)) (2.37)
k=1

ERUMZT BREMY 7 N BB, RS T S ITHNLIZIRET B, 22T, G ik 7

NEAED Cjiox U CHitilis 7 b &2 U 72 ORAIHMERTH 5.

25 HEMBEERICKEZ I OMBEBSORFHDT

BN RGMEERBR D P H & FE S iz PC DM RN 2 F\W T, #BE LRI &<
BAEAMRIEABRIZ & > T CFRTP O~ 7 Q78K B ORI 1 2175 & & 1T, Fiff
TR U= RGO N T A — 2 Z2FET 5. Tk, JFLH FEM ity —
)LD ANSYS19.0" B X O DIFE AN T KA > —)L Td % Multiscale.Sim19.2'1>
WS, EEKEMNE 2 ERCTEMU 2 7 N8B X OO > 7 FEE) %
KRBT 572D DMEHERRANE, Y — IV O IFEEEE I N TWARWZD, MERERK

H|%Z FORTRAN ST LT, 22— —H TN —F L 2 LTY —ILIZEEL .
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2.5.1 fRWTEHE

FENTIZ B U 7z FE € 7V OB & 85t 3 & OVR RliE o 138 =Mk R %
Figure-2.8 IZ/R9. ¥ MV 7 2 %Mk T 2 BRI, Wb L 7-8s L Ot 7 - %
ZR U7z PC ORI 2 ERT 5. KAWL ~ M) v 2 A TH 5 PC Kl DILH
AN, ABERIC L2 RFEBHRAOZ R RY A IV THORERL Y Vi
fLAERIC & 2 FUELERLIZ X 0, RN £ CRIFRESEMEDNBONE Z RSN T
W53 10 2D OARMGETIE, KREMME S PCHIEE OREIFERITHAEINTVS
CRET D, TNHDERMEDT, 70T AZREZEA L UTH A NN I8E
FHRRER 2 R0 U 72 AT 217 5. B KHEIZ I Table-2.1 127R U 72 5258k & [A] U 5 % 3

Md 5.
(b) Geometrical information
Geometry Value
Fiber radius 2.5[pm]
Fiber volume fraction 60.0[%]
(c) Material Properties of fibers
Type Component  Value
V2 11 230x10°
Young's Modulus [Pa] 22 14.0x10°
33 14.0x10°
12 0.20
v Vi Poisson's Ratio [-] 23 0.25
31 0.012174
; : 12 9.0x10°
(a) OverV1evZ of trmc&;)scale model Shear Modulus [Pal] -3 S 0x10°
Hnee 31 9.0x10°

Figure- 2.8 Finite element model for numerical material testing.

B U7z & 5102, etk R OESHRHIMD THRWRGET 2R3 720, B
DEE — FIZH U TBUEM BB 21T 5 BERH 5. MBI NR & Ue—FmsRiett
T, yo—y3 FHA TS SRR 2 G 20 E 2R D720, Bl 5REwNE D
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E— NiZidy, AlAE y; FAO 2, MEAME—NIZDOWTH y, AL yy HAID
QDA 4FEHEOAERE— NIZDOWT, 6T 237807 AN % 1.0%, Mok
I TITRKF T B & S S TR RGAER O BUEMENT 217 5. AR ISR ZEE A H
72N K 512107 5[sec] DR TRV TH X 2RI 2D~ 7 1O 3 Aisr % 10 [sec]
DL E THRET 2. ¥ 700 TAD 1.0 THD0 5, ¥ 7 OFEHFHMET VYLD

Bk, TO5UTHEONIEZELILE— RO 2700 Ea% 1005 L7-ETH 5.

252 MRFER

—HmAE M D= s 2IVE T IITH U TIo IR OBAE M RIEAER % i 5 Z
& TS NI KRR OKE R % Figure-2.9 5 L 0 2.10 12/R 9. BUEM RIS D
Tay MIMAT, Y AX—H—7% Prony fETHEMBLL 72AER &, iz L TR
(2.27) ~(2.29) 12 K 2 fftlifi s K ORIS 7 hEEZ G A TT 4 T 1 V7 U TR % i
TRLUTWS., 22T, Prony SECELUZ W2 AR —J1— 7121 150 [°C] D&
REBEALU. BREREROGE LFAEKICEN L D b EIRREOME S 7 b EidX o &
BWiz. 2B, TITEMEEZRPTLTH72012, 2RET —& Tk, 30~ 170
[°C][#17% 20 [°C] DHIFE THiH U 72 iRE K EDIERDOAE KR LT WS,

WA DA L T\ 2 R ORMMERE D € 1, o J51 & Fhli U TR I K & 72 fE
ZRUTWSHDD, DS & FRIZEMT2FH 2R L TWS. 56127, KilR
ML T CRERIBME R DS E PR UL U 254 X BRI 7 3 2080, IR
TOBEHBHEREEIZEWTH UL TV AR FHMERTES. 2D L, CFRTP®
BRVEEEN TR AN BHE CTH 0%, T OMMBEIIIZITELNIIREHES Z & 2 RE
LT\, B, HEEEE 150 [ClDYAR—h—T2—HT2L>, 757 %k
WY 7 MEETY 7 bEZFEEL THAD L Figure-2.11 1IZRT £ 51272 5. KHIZIT,

23.1 HiTRD - PCHIIEHRARD S 7 PEBELH L TWBED, T RTOREIY 7 Mo
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DB DRME L IZIEF—H L T WD Z A nh b, L7zhi-> T, CFRTP OFEFZE)IZE
T 5 I H-REHRERIZOWTIE, BEOERWARETRE I L TWD L S1Z, BilED
RitE % D % £ CFRTP 25| SR ND Z L R TE 5. T/ b, CFRTP DEA
Wi B & ORI -EE AR XS LN THh 5. ZOHE, FET R E Prony AREUILH
VRO AL 75728, FH S 9IZE > TIREX N FAEFEIBHETEN LB EHE
MR, BIEOGHMERA CFRTP O~ 7 0fiMERIZE X S BENEILE— FIZL > TH
B LTH, BIEOMERKTICERKL T 7 niiERE KT 2MHAZRT I &
FHHTH 5720, Z0OX 53X, BIEOREE MGG DIIRITIKET 5 Z &
BAPREINDEEZOND. 12720, EAEMBZRET 2B O KB A
BHAELTWBEGEITIE, GIAITERNRET VY VBRRAGEZRTIEHEZ o0,
ZFDRDENINTHY T FEBAENRERLIEVEZONEMN, ZORIZDONT
TS E DRGSR &I LR,

Wiz, el 7 N OFERER % Figure—2.12 127539, CFRTP O~ 27 TR HPERE A HI &
U CERA U 7z 550 — L Maxwell € TIVIZDWT, T DO FATEROBMRET >~ VL
BT At 7 PRI, TRTORDPIFIEE O THS., Tz LT, FEFHE
DBVERIT >V VICBT Bt 7 b &I, Bils e BN H 20D, —3
LR TRANLEEZRT I EVERINS. 2k, BIEOHMERA CFRTP D < 2
OAMERIZ G X B EIC R STEDREET 2720 THE. TNSOFERNS, Mty 7
N ORI BB 2 MUFERBI NG, £7, FHRH & IEEH O 7 N EAEL
5Zen5, HEAMICIZERFMEEFIZTELIY 7 PLTRVWIZ ERGNS. Z0D
{7 % E BRI R S 721, AABRBHLAEE (1.0 X 10715 sec) &4 THF (1.0 x 105 sec)
DEEZEH LT, FHKIEE 30[C] £ 150[C] D & & OFFFMMERDO LR E G5 L
7o kE R % Figure—- 2.13 129, ZOM» S, BIIEXSERICHEM U ZRZ (B TH) <

1%, TARTOEHMERDORIMIZDONTIDHENMFIFIOTHD, HEDENILS
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EFIFL ARV DN hD. TR LT, EHRTORZ GABRBIAR) ORI
MR TIITRTORAS TREDE NI LZENKEWN. 2O ehs, BHHMER
%, IR OEICHE - TRMEIERZ 2L S B R3S Mt G Iicy 7 hLTWB e E X
5. AU, #EHY 7 MBI REL BRI TH L. KD, Cp P Cs DX,
~ 2 UARAIMESRI 6 S 2 SR OERIHME R ORI KR E VS TIEZ DAL D
BHEIZRDNTWSZ 05, —F, AN BB~ 27 o fiiERIzE
BrH52THY, FIZCp 32l OH TRLBBGENRKEVWI LRI NG, @,
S OWINED LR E— N Tl, ¥ 27 OflERHIVNE 2l 2 RS D 5 23,
Figure-2.9 8 £ U 2.10 TiE Cpp 1FMDE D & IR U TR/MiEZ R L TV, T,
NIBRTY VHE Y OHERIZDRN S THEE G5O THILEIOLND.
PR FIHME SR DI i IH DY 2RISR EE T H 228, T D & 5 sl TG I % 5T
TEHILIT&oT, MENIZS 7 MBI ORI AAEEICRS X TH 5.
PR OMEE D> 7 M E Y 1L, RBEICT B 7 g RO Z(LE & Fasd
UdHKNEBRE—BLUBRNWZ L EEHIARETHS. Figure-2.13 2 125 L, fHEHFTO
FEAIBE R DR TN T BB R PEDL REVDIEC, TR IIH{THLDITH LT,
Ciy TIEHLTH1.0055TH 3. & 25D, Figure-2.12 12 U 7= I FHE 0 Medi s 7 b
B KT 5L, 1IBAOHPRELRMEERLTVS. 2O & GiHR 25 HA
FIEEHIOMMERDIEIZH DD EEX SN, TDOILEMAT =01, v
T ARFIHE SR D 72 9y T AR O BE R H (5 D 2 E4 % Figure—2.14 15RT. TN 5,
11 B TIEBAIHMER D 5 508 97% DEIGH T Hb s NTE Y, AL
OHMERITOTNRETH D Z L and. FEHEHOHERIVNS WGEIZIE, &
iﬁﬁ97b%ﬁmé<f%,ﬁ%ﬁ%%%bﬁﬁhﬁﬁ%@V7b%%%&Téz
ERTERVRIZHEBTA2HENRH S, b, SHITBHEOAREEERE 60%IZRE

UT 21T o720, REERRVPEML GEI1IE, BilE ORI LB T H
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% by ETIX, TOHEDN Figure-2.13 FIZHHZF RN S & FHEINS.

PLEX Sz, #dhs 7 Ndkke RERTY 7 MEFMREI NS 2O, BHIEED
RA7ZIHZEH U TRIREOHMERENSHET S Z L IXTE Y, @il liz
BE U ALTFIRIZ L > TRET 208N H 5 ikt ons.

e o :NMTat30.0° e e:NMTat70.0° e e:NMTatll0.0° e e:NMTatl50.0°
— : Fitting at 30.0° —— : Fitting at 70.0° —— : Fittingat 110.0° —— : Fitting at 150.0°
e o :NMTat50.0° e o:NMTat90.0° o o:NMTatl30.0° 4 a:NMTatl70.0°
—— : Fitting at 50.0° —— : Fitting at 90.0°° : Fitting at 130.0° —— : Fitting at 170.0°

(x10)

7.5
X R S

I R

Relaxation Modulus Cq1[Pa]
Relaxation Modulus Cys[Pa]

9. I I | L 1 5 | I | I
1%-15 10° 102 10° 107 10 o 107 10° 100 10° 10V
Time [Sec] Time [Sec]
(a) 11 component (b) 22 component

”“mj T wﬂﬂ:

2.5

1.5

Relaxation Modulus C4[Pa]
Relaxation Modulus Cy3[Pa]

05 \ I | I
o"® 10° 103 100 10° 10"

05 | \ | I
0® 10° 107 10° 10° 10"

Time [Sec] Time [Sec]
(c) 12 component (d) 23 component

Figure- 2.9 Components of macroscopic relaxation moduli tensor of CFRTP model. The
responses of material model proposed in this study show good agreement with

numerical test results.
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o o :NMTat30.0° e e:NMTat70.0° e e :NMTatl110.0° e e :NMTat150.0°
— : Fitting at 30.0° —— : Fitting at 70.0° —— : Fitting at 110.0° —— : Fitting at 150.0°
e e :NMTat50.0° e e:NMTat90.0° o o:NMTatl130.0° a a:NMTatl70.0°
— : Fitting at 50.0° —— : Fitting at 90.0° : Fitting at 130.0° —— : Fitting at 170.0°
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Relaxation Modulus Cx5[Pa]
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o2e]

Relaxation Modulus C4[Pa]

20 S S N N I
1" 107 10° 100 10° 10% b0 07 100 100 10
Time [Sec] Time [Sec]
(e) 44 component (f) 5S5component

Figure- 2.10 Components other than those shown in previous page of macroscopic relax-

ation moduli tensor of CFRTP model.
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8 : : :
& | ; | e—e : FRTPau
.q:: Ol e ........... e—o : FRTPa: -
ﬁ : : e—o : FRTPQu
E o—o : FRTPQ2
Solt o .~ ,
8 | e—e : FRTP Q2
g ‘ ‘ oo : FRTPGss
Tdre s | e—e: Pure Resin |+

0.005 0.010 0.015 0.020 0.025 0.030 0.035
Inversse of temperature [1/°C]

Figure- 2.11 Macroscopic horizontal shift property for each direction of CFRP model.



56 HB2E BRI OMMERZ Z R U 72 B GMREME ORE D 1 & AR
0.06] it @ 0.06 - E
Pure ReS}'n
0.05F \ """"""""""""""""""" 0.05 o g P

ED 0.04f g i e A iob 004 SRS A R R
& [o—e :FRTP b7, 2 003 e—e : FRTP bl
z 003 |o—e :FRTP b7 2 WP ey |e—e : FRTP b}
é ‘| e—e : FRTP bis é’ e—eo : FRTP b
2 0.021 ¢ o o |o—eo : FRTP b2%: 2 0.02 |- gt 1e—e : FRTP b2
All components | ¢—e : FRTP b% e—e : FRTP b3
0.01F OfFRTP b ;| e—o : FRTP b5s Q.01 F it :{ o—o : FRTP b5s

3 l 3 '| e—e : Pure Resin .| e—e : Pure Resin
0.00 e < ES - 0.00 L I I I I

0.005 0.010 0.015 0.020 0.025 0.030 0.005 0.010 0.015 0.020 0.025 0.030

Inverse of temperature [1/°C]
(b) Shift factors for Non-equilibrium parts of elastic moduli

Inverse of temperature [1/°C]
(a) Shift factors for equilibrium part of elastic moduli

Figure- 2.12 Macroscopic vertical shift property for each direction of CFRP model. All
the components of vertical shift factors b7, are much smaller than that of the
pure resin. Anisotropic behavior is observed for the vertical shift factors of
the non-equilibrium parts b}, and its tendency is not in agreement with the

relaxation modulus.

B Time=1.0x10"" [sec]
B Time=1.0x10" [sec']? ,,,,,,

—_
—
=)

[a—

S

00]
T

—_
)
(o)

—_—
(e
N

Ratio of relaxaton moduli
C,(T =30°C)/C,(T =150°C)
=
[\]

—
]
()

T

Cll

C

22

C33

Cp=

C66

Css
Components

Figure- 2.13 Ratios of relaxation moduli of 30 [°C] to 150 [°C].
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[%]100

N : Temp.=30[C°]
B : Temp.=150[C°]

T

80

Ci Cp=0C3Cy=Cy Gs C,=C; Cy Pureresin

Components

Figure- 2.14 Percentages of elastic moduli in equilibrium part with respect to relaxation
moduli. The result of pure resin shows the C;; component as a representative.
The fact that C7]/C;; is close to 100 % implies that the elastic property in the

equilibrium part mostrly contributes.

26 F&H

ARFETIE, RRRBFTEWRIETH B K A—FKx— b (PC) BillE % ik RilifE
T— /M2 B U 7z CERTP @, JGBEEAKAEDREHIEREF 2 S 2MZT 5L & HI, £
N EITINZHL D 375 720 D BIMED 7 7 MRS B 2 #4522 HIY
U7, ZDOIT, BEMBIIERAORM 2 ERIZKE VBIE LT, I 7 o
MRS DRSS S X OMBIMEORE 217572, LT, ZTh s OWHEEE v

27 BETIVIZNUT, JEIIEROBUEMRIERER %2 FEiE U T 25 VEM RIS & R
D} 7z. CFRTP D RJ5MED < 7 v MR RHE AN, € DREICE DWW THEES 1
. UFIZARETRHRONZERE2Z LD 5.
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1) FEEBRCEHAI S 17z PC BHIE BAR O BRI MERE X, TR F VRHIRIZ OWTE
SNTWVWARERDIR L FBRIZ, HT AMALR K D @EWIRE TR E) IR
JEARAFME 2 R — 5T, AR T R (2 B 7R AR 2 7R SRR A
AEINTz. PWHERORERAIZ O WTIZEFHE LEHIND 22550,
S A D EFHARE R TR R & WEEDGRD S N7z, BIIRET O 2 SR
75 BT, M 7 2B ETEZLVENTHELERSD. £2T, FhHl
FEHERFMEDMEEN S 7 N 2 KRBT 27-00H U WERAI 2L L 72, ERBRER
DRIFIZA—=T 74y NTERZ 0o, REKRIOZ Y %2MHERL7-.

2) MR 2 e U7 PCRIIE &, SHMEAR 2 BGE U 72 Mt 2> S R & v & G Ak
ETMIHUT, v 270 IfEZEE) & 1T 5 720 OBUEMRIEARR % 17 > 724
R, AT OFMERITENE A ZRT I LEH>TH, BHRHOREMKFME
WZEL TIRIZIEE AEOEER 2R L, P OEEMEEERT SEEORME 2D
FEFIEMS I e 2MR LUz, ZNEBHMEQEBDIRZELIZENT, BRES
ZE—FroBlllcanNfERe s KT 5.

3) — AT, HEROEEKEMEIZOWTIFRVEGEZR U, 56102, BHHIRHE
IZHIRFELTH Y, BRI & D B AT WHPARTE D S5 D3R AR A A8

EThoT-.

PAE, RETIE, BHHMEROEREREEEZZET 27-00MEHERIIE LT, Z
NETORITMETIIZBREINT WAL 572, RGO —H/L Maxwell € T IVIZE 1T
B SEMER & JE M TR A A A D Y T b 7 7 2 X — % E B L R RS R R %
RELUE., TUT, EBICREATEICEILSI—T 714y b2FE/TE 22T, BUE
MREABR T/ 5 172 CERTP O~ 7 TS JERFE R RIFIZ 7 4y T4 V7 T&EB 2 L
EHER Uz, AFETHLD L7z PC A TH, CFRTP % {3 2 B ¥EMERE D% <

GEBEI N & RIRERFEVPFET 22 ENEZ ONL 2D, KT 7
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O — F X CFRTP @ 24V 2EE) 2, NHMIZ L0 SR E R P 2§ 572127

HTcEselifizns.

2.1 i Bt Maxwell Zi#fiflis & Ol 7 b BIBOMRME SR E b ———

WS FRE
N N
o= (Km + Z Ka) €° + 5% + Z 57 (2.38)
a=1 a=1
s° =2Ge (2.39)
t —
§7 = f 9 exp(—t - S) L (2.40)
0 T, | Os
W SEAIREE (r,) DS 7 b (i) & MR (G, Gy) DY 7 b (HitHH)
T, = ar7, (241)
G,
Vo = = 2.42
Y a (2.42)
Goo = bTGoo (243)
é(x = bTGaf (244)
W A E 7 L T A 4
N N
Ot = (Km £y KQ) e+ 52, + ) 5%, (2.45)
a=1 a=1
%1 = 2G o (2.46)
A . 7, A
St = exp (—Tt) sy + 2Ga% {1 — exp (—Tt)} (e,+1 —€,) (2.47)
),
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2.2 At Maxwell Ziftis & O 7 b BIBOBRHERAE XL ———
WG E

N
o=0+ Z o (2.48)
a=1
0 =Cy: € (2.49)
! t _ 00
o = f exp (— N S)f/a : a{;’ ds (2.50)
0 a N

W BRI () D> 7 b (W) & #E~ M) 27 A (Co, C,) D7 b (HitHH)

T, = arT, (2.51)
Vo =Cot € (35 = CoCod) (2.52)
Co=bF:Cu (C5oy = bY1imCrnntl) (2.53)
Co = by : C, (é;;kl = b%,ijmnc:;mkl) (2.54)
(2.55)
W R T L T XL
N
Ou1 =0, + Z (ol (2.56)
a=1
o, =Cy : € (2.57)
N A\ ., A\ .
o, =exp (_‘T'_Q) o, + A {1 —exp (_TQ)} Vo :Cox: A€ (2.58)
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B3IF EREEEERLICELMEREBHEORE
DT & 1B Rl

ARFETIZ—HANZEAL X N7z CFRTP OEMEZEE), F5IZ 24 % T CFRTP TI3AF%E
Bl NECEEZEH T 5. Kills & MR L MG w T, v2no
A EZ TR RV ULTH, BHRVEMEEZRERL 25813 R —RIC R
U CRAINZIS DR T 5 72012, ~ 27 0L 38 O (L% % 2D £ £
FIEMS LITFZHE. 50T, BHEDP—SFICEM U WA 5HEITIE, FREIRIIZE
T — RICHRAZ T 2 72O BENC S B, TRb0bRAMIOREMAERDZ & A
EZoNb. £IT, BHRHEAROMIERZFEBRZ L OBIHRL, TORMEELK
MEEIZ0ET NV EHCTEUEMEEAREZ T 5. TS DOFER» S, CFRTP
DR O WIATLAR B DO TR E iR S 5 Z & T, RGBT 2 RSO 5,
ZUT, THIZEDWTE LD~ 7 o BRI 2 LT 5. 228, Fimics
W T BT IR E IR VL 4 AR IR DNRAE U - MR B 2 95 T L Rk R 728, R
FEDNH T AEH ML &KL, OF ARE D BIHTE R uE, Ko
BIIEHATERIFLITNIVWEEZOND. TZTARETIE, I ABBAIPERE
DEFHITEL, PORETHW PC R L L THEZBE N H E h HEl L2
EWFERTETVIAMENR T RF VBEE~ M) v 7 ACRAT 2 Z & T, #HEEk
DA DRI MU TE 2L DL ET 5.

ARETHETIICOIZ, YD~ 27 Rl z e 3 2 BREHRIZOVWT, &F
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MR 2 W RITHRE S N7z Hill DFRRREE L, Wb 2 T RITiE I NN 1 £ —
KOVIRMEBGER D BEARBIBUZ DWW TS 5. KW, ¥ MY 7 RZFERIZ K > TRE
SNHBEMRMEZEA LI 78T V2 HWTEMEMEEARZERBL T, v 71
IRIGSI-OF AR E BT 5. B4 2 2 Wt S R 2 2 U 72~ 2 1) b & iR
MELLUTHR, ThoDOE»SR/ONIBREAEZODLEGDOE S Z L THHIORR
R Z/ERR T 5. 5612, FARROAR & BEl5 RIS P AWISIIZE > TTY
A b VA% G ZTHAEMIZH U T WK R 2B T 5 2 & T, BRihnmo %
FeEE 2RO 5. BAMO < 7 otV RIE SR TIX, N1 T — XV
HEIZHEIS D OMEZEINT 6 2 & TRAMFH 2 RET 5. BRIZ, HEMNSX
7 (oblique-tab) % ff1F 7= — 5" CFRTP M2 U THEBIZ I F @il 5 7 D 5 [ 5REARR % 5
fEL, ZEHRET SHKAOBEMRE s 25 Z & T4 2R 5.

3.1 EAMDRAREH

BHMORERBEEE LT, Hill DR L N1 € — ZOVEMER RO BRIRBEEUIZ D
WTCHHAT 5. Hill ORERANZ S EIRE T 28 U WA OB 2 R 720 O Hig

ELULTHWS.

3.1.1 Hill D&REIEK

Hill 3£ 7 VIZ B 1 A BARBEIEC (DAF, Hill B(RES%) 1%, von Mises DF%IRZE

HERIRLZEDE LT, MRD LS IZHEZSNE D,

1 1
¢(o,a) = 2 (om)” — 2 (oy (@)

1 1
:EU:Mmpo—Eumnﬂf:O (3.1)
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ZIZT, oy FHUNDOHYIGHTH Y, oy(a) ZRBBEEMO T Ao ZHVEHET S
LS TH D, ZOSEBEMEDT A alk, IROMYEMED T AHEE O RS
B UTRATERINS.

. ) Vo : My : o . .
& = Vo M 7y = el = (3:2)
Hill - - AVAHill -

¥ 72, WALEEE oy (@) IZIELA TR D Voce FEALHTZ W 5.
oy (@) = 0y + Roa + R (1 — exp (=by@)) (3.3)

Z :T, 0'y0, Ro, Roo, b] KKCi%EﬁE,‘j{/:ﬁ&b ‘5%5“%&1\"3 A ‘—&TZ/D% if:, MHﬂ]
ZPERRE DR EEBRT 27-DITEAI NI4T VNV THD, Voigt KL TR

TERDE S BAFHITEHEINT VD,

QO+R -R -0 0O 0 O
-R R+P -P 0O 0 O

-0 -P P+Q O O O

My = (3.4)
0 0 0 2N 0 O
0 0 0 0 2L O

0 0 0O o0 0 2M

ZZTP Q,R L M, NIZEFMENT A =R EIEIEN, MANTEHREINS.

b (L 11y 31
2\R, "R2ORY) T 2R
(1t 1 1 31
O =5l *tm 7] M=5% (3.5)
2\R, "R, R, 2R,
R ML, L 1) o 31
2\R, "R, R 2R,

ZZ TR, Ry, R, Ry, Ry, R (\FHVE Hill €& FEIXN 2 MBI T, 3 DD

PRl 2B U CHEE S M DA & B A B AR 2N S ARG o, o),

xx? yy?

O'ZZEBJ:@
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ot L EHOWTIRATERINT WS,

Xy’ "yz?

%
Ry = 0-_%7 Ryy = 0-_}3’ RZZ = O-_Z:Z
o o
oy Ty 0 (3.6)
ny = \/g%, Ryz = \/gié’ sz = \/g_xYZ
o) Ty o
z Z“C“O'OY WEEBEERIGHTH D, FEIZERELTHE WD, KiFETIFLATFTD X S (2
RETS.
oy =min (0, o), oY) (3.7)

Z O &SI HIll EREB L O ORBREEUL, 16 6 RITZE M DKl 5 1 D B fmf iz
W3 B WA AL O R KER (HEWIEHER) ko THEINS. K
REAEZ Hill DR SFTHENRT X =R 2o TREBT S &

2 2 2 2 2 2
¢(o,a) = /P (O'yy - O'ZZ) +Q0(0,—0w) +R (0'xx - O'yy) + 2NTxy + 2LTyZ +2M7,

—oy (@) =0

(3.8)
& 720, von Mises DE MR DKIERZ /NT A =R THADIT UL L>TW

5T EMn5.

312 NA E—FILBHIEROMFEAREK

Dvorak & 1%, —J5F5@ bis O EMEIIMIGHE & SEAT 2R LD D AWIEIIC & > TH
A9 % eF AT, FHIGREIZE T 5 BeR 2 L 72 . Figure-3.1 I2Z D
DR A WS OB SR 2 g P IZAEHE & AT T H S 728, MG T M I E R
IS oy WFEVEIZBI SRS, BMEE o B X O o ICOMMEET B, MR D 12

B Wz L, BT ZDOIHEBIRIZH B g N HBFAET 5. W& DORERIE

B=B1=n—p 0 =0, (3.9)

THhd. AFTIEB DHEHTZIFIZEH LT Drorak D& 23 3 5.
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A
V]
B, 9
Y \nl
~~~~~~~~ \p)
B\ >
: Planel

Y| (=fiber direction) —: Plane2 (Conjugate of planel)

Figure- 3.1 Geometry of conjugate slip systems under bi-axial stress state by 05, and o,

EHUTCWAHEDERAEANRZ My BEXOAR) v T filf s DT M LiE

n; =1{0, cosp, sin,B}T

(3.10)
si = {cosf, sinBsinf, cosBsinb)’
Thd. ZHoZHANIESEE AWIG 7 ZIRO XD IZEHHRTE 5.
Tos = N0;jS;
" (3.11)

= %sin 2B5in 805, + cos B cos B
MEIO R THHMED T V X LICBHEINT WS EEETELDT, H5WDEMHE LD
i A3E URii 2 RiD & B 2 56 Z L I3k U TG 2 KE TR R W. Thb s, RS
INFFHEAE ICKRGFE T EEME LTH A2 LKA RN, 22T, BRI Edos
fid AW DERKMEZZ T G L, —EORRISIEE KT 2 THIXR<

¢ (1) = (max7,)* —715=0 (3.12)

EELSIENTES. ZIZTr 3MBERDORERIGHTH D, —HAE{bs OmHNE

AWERERD S EEMNTE S (Dvorak HlE~ MU 7 ZHARIZHIE AWERERZ2 L7858 D
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BERIG LIZIEFE U & HIRART WD) . 4 AWNG IR OISR &M% W72 3 D

RANEZFHOZ IR 5.

0T,

= 0 (cos2Bsinf — gsinfcosd) =0
oB . O
Sq=—"for 0 #0 (3.13)
0Tns 1 in?2 9 nol=o 0%)
09 02 5 Sin S cost —qgcosBsinf| =
ZZT

sin 8+ cos’ B =1
(3.14)

sin @ + cos? 0 = 1

DR EEZRE T, EROEHESM L sing, cosB, sin 6, cos 0 12X T 5 4 oz FFEA

EEZBDIENTET, MODEOLHREZBLIENTE S,

) 1 2 1
sinf = E(l—q ,cos 3 5(1+q
(for |g| < 1) (3.15)
) 1_q2 2
sinf = 5 ,cos 6 >
1+¢ 1+¢
BLOU
B =0
0 for g1 =170, 0<0'22<T0
(for |g| = 1) (3.16)
0 =4 n for o1 = -1

21 for o1p =719, 0> 09 > -7

INos% GBI BET GBI ITRATE, BUFD KD N1 E— XOVEMEREIZES

I LBEARBEEREFSND.

\/ng + (o £79)* =79 =0 for lgl <1
(3.17)

o1, —15=0 for |g| > 1
J:?ﬂ@% 1 Eﬁci (0'22,0'12) = (iTo,O) % EP/D@*%C:?%OEE‘?% T0 @Fﬂﬂ:ﬁﬁﬁj—é TAVC
DEM%E F & O THRRIE % i\ 728+ % Figure- 3.2 1Z/R 9. Z ORERHITIX, kit
E A DORERISITEENE AW ORERIS T OFEIZ 25 ICEE I Nb 7280, HEICH

29 DRIV IZHIE AW E— ROMREABROA TR OND Z LIT45.
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Figure- 3.2 Initial yield surface for Bimodal plasticity suggested by Dvorak et.all.

32 BAEBEMTIRFHIEOHEBMREEDRE

AHITIE, FEREE T ORI R F S ERAR IS U TEMBERBRZ TV, 4
5 N7 MRIZEENIZ von Mises D FEIREEHE 2 F\ 7o o B Ze s EEMERE K AT ASEFH T E 25 6
DEMRELT, ZTOMRIEZFAET 5. 4b, BREIGEE - EMOT 1 27U v 73R
H17o T, FIoRM & FEMEIO BRI 2 I 5 Z 212 & - TRHE O L2+ iR
5.

3.2.1 EMHEBROFEM

— M R BT IR R 1, B =D RICEEG LRV Y —DRETH D, Wl
FEE N P D EEEAN D EIRVPNETH 5. TDOBEDWETIE, WILREE
TIHMED FETERMSEDE ) v~ —DOREBTERILMHEICERIET, GRBITEDHIC
ESHROES TICEGT 2B EAT OB RF UEENHAE S N, Rl
AL N7 FRTP BB BICHIETE D LD ITHm > TEZ D, R TIX, ZOBGHE
BRI OBTEME T RF URgE <~ M) 2 22 LT — )itk CFRTP 2 & L, Ekk

AR E 1T o 72,
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ARG CTEE U 72 B EA B O M TR X UBIIRO EX] (ST LT v 74k,
XNR6850A) IF=IMERE FIZBWTHEDRE W20, 110 COL A IV ANZAHNTHTH
PRARL S CHMME R R T S8, £z, BALH (F 27 LT v 74 ; XNH6850EY)
FEFOEEIZT LT 2wt e U7z, ZUT, HELZEANK U TEHE L 2L %
WL T, 90 MEHEEEIT, BT 1 VL EOSRI NI EREE S 2 A B2 U H
U7z. T, HMITEREHIC TRIZIEE 150°C, BRIP4 RREOSRM FTEAK R Z
157z, ZOZMTTHIES Nz B MR XV BHE O B REMERER 2 17\, A
7 AMERE R HIE U 72, BRI EREREG (IR R H NN T o7 A = A8 D
DMS6100 %A L, Wi E iy € — N Tl &2 17 - 72, WEHPFITEED S 160°C
FTel, AREHEEIL0.1C/min & U7z, ZTOREHR, BA[EMETRI VBIIED 7 J Ak
B3 972 CTH > 72720, AEOMENEOIRIZED) % B0 % 72 O LM REABR
FZDIRELNFTEMEST 5 Z &IiZ U,

FEMRERERIE, RV RRNIC B T SR 2R E 3 5 72012, Bifilig kel & 3
515 - JEMEABRD 2 T DORER 2 1T o 72, BB TRIE, XV OV O Biiffi5 | oREAER
Fre e osaE - EiEaAlR A O 2 2 HE L 2. X V)V O Biili5] aRkalbk i
JISK7161 (Z#EHL L, §EAY9.8mm, HRK/EA 3.8mm DFABRF 2 L7z, — /5T, Kt
B DRBIR - [EfEAER A 1XIEAY 15.2mm, JEXA35.5mm, & 7TEEEREAY 50mm O kG (2
T UdBRA e U, ERARDHHATIZIZT IV IBO X T2 HEERITHEE L2, A
Bakk1x, HRASBEEERHEOMERY — R OV B2 (I U7z, iRBERE 1
Imm/min & U, #20 COIEERE N ChlRARZIT o7, Shldu— KL THlEL
7 & BRI OB TR U 722 W7z, £72, O3 AGRERF it
EERITHMi- 72— 03 A 7 —Y (KFGS-5-120-C1-11, HRA&4ILFESE) OMEA

i J3 [ D REAE 2 N 72
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(x107) (x107)
7 a0
L e e T
. 61
4 .

L] 5 i
— 21 —_
< <

& & 4
S b

g 834
w2 -] w2

o, 2

—4 L)
%
. 1 1 : Real test
—6 1 e :Realtest V4 : Fitting result
—-0.02 0.00 0.02 0.00 0.01 0.02 0.03 0.04 0.05
Strain € [-] Strain € [-]
(a) Uniaxial cyclic test (b) Uniaxial tension test

Figure- 3.3 Stress strain curve for pure thermoplastic epoxy resin obtained by real material

testing. Fitting result is also displayed for tension test.

322 EMRERBRERED—TTavTaVY

FIEREMED Y 1 27V w JjE % 5 2 7256 L BIIRODAG- A 156D 2 DDRMETDEE
MBIEAER 2 17 > TR o N2 B B T R+ VR OIS J1-0 3 Alli#R % Figure-3.3 1271
T. TR (a) DREREEED S, 519 & EMFR TS OMNEIZEM L TH b,
FHFORHEE L TVWE LD LW TE 5. AR TIIE HEILOREIZIX (3.3)
(2R U 7z Voce B DIERFIEEAL B 2 8RS 5. 728, FRREEMEIZ I von Mises D FE{R
BEEmSEHATE, B0 TAORBANIIBEERNAIVNEHTE2EDLKET . £
DIREIZEED E, Figure-3.3(b) IZ/R T HIIEZ I OB T — R LTI 1v T4 VT %
7V, BIEMERE A O MRS 2 [JE U 72, 18 5 N7k S5 A — X % Table-3.1 IZ
mU, T OYMEEZ Wz & & ORI D% % Figure-3.3(b) (2 E M RIRERAS K

LADLETRY.
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Table— 3.1 Material constants for pure thermoplastic epoxy resin.

Description Label Value

Young modulus E 2.447x10° [Pa]
Poisson’s ratio % 0.30000 [-]

Initial yield stress oy 3.2003x107 [Pa]
Voce’sconstant 1 Ry, 1.0877x108® [Pa]
Voce’s constant 2 R, 3.3130x107 [Pa]

Voce’s constant 3 b, 3.6037x10? [-]

3.3 CFRTP OHEMBISER & HBEEF ORFED T

3.3.1 fRTEH

BAEMRERBRIC WD I 7 10 E T IVITIZATE D Figure-2.8 IZ/R U726 D & [A UK
WD, 72720, BT 2EMEERBROLMEE B¢ 5720, W#EOREEER
12 66.3[%] & U7z, IREMAEDOHRYMEMBIH LR U DD ZMAL 2%, BIEDOR
M1 Table-3.1 12/ U 725 FiBARBIE D LA 2 M€ U -2 A 5. %
7z, CFRTP O —fR7aFI AR % E U CFHIGIREBEZRES 5. y; il % HAH 7
CEHZLUTHHR 7Y —23 5. /272U, CFRTP I~ 27 vz RAVEHERILIR CTlEd 2
M, I 70 BRTANE, WRIEH I REZEHE S S BAGEIET 5720, TR %
%y BlA RS G 6D TA A RIS U CEMA L7z,

PLED I 7 0E 7V & AW TEMEMRIERER % /i L T CFRTP O~ 27 1 72 B 5 VAR
B 2RO T BRWZGABRSEE LTEET, 12 e 22 Sz thd
S5 B LB 2 AT 2720, EMHEIC L 28 HAOT A7)y
I MERBRZITS. & 5612, 2HEIPIRIBIZB T 2Rl %2 BT 5 7212, ISk
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D ET2 2 Z AT TIS I HMENT X 2 BAEMRIEAER &2 HEBUKHEITS 2129 5. TDRME
Figure-3.4 (2R3 & D12, 28 AHIANT11.259 D6 A ZE X2 T 36050 DiFF 327 —
ALT 5, AT 2SOl AEHDEIL, Dvorak DEGIGIEIZEDET, op—0on
Lon-op&db. Dvorak 5N S DR REE ZNENY MY 7 AKELE— R
(MDM: Matrix Dominant Mode) & it %Xfii € — F (FDM: Fiber Dominant Mode) & I
ORAILTWB 728, AETEH INEHEL CRROXRBEZHVWSZ L5, 35
(2T D BRI 2 B9 2 72012, FHTIZ 09 = 95[Pal B &V orp = 35[Pa] D
2RI B2 I 70 TIVTH U TH RO 28e IR E FEfid 5. &RIC, BiE
MREABRTE S N2t -0 Rz VT, SEIRET 2 EHRERIIT T 19 7 4
VI BIETHEWIMMEEFRIET 2L & BIZ, MEWERIA R TIES-0 3 ARRRP
BRI & SE AR BRAS BR e i 2 2 2 T, MR OMERE 2 MRGE T 5.

AGC))

11.25°

Angle of

stress vector(0)
0;

»
L

.:{22 for MDM
11 for FDM

Figure- 3.4 Boundary conditions for numerical material tests. Tests for 32 types of stress

ratio were curried out in order to create yield function.

3.3.2 </ O K=ROFHEAE

CFRTP Tl¥, MMERORKE K B L2ZMBALHEIZET >TWB720, &btk

RIFREE R I RATIZ @RISR AE S 5. ZOREE, EIEOT AL BRI EL,
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ATIDIEIN & & B ITIRA MBI R BWE SRR A5 720, EEM ORRRIGS I I3
fRDZNEIFFER BT TR, APTOIE-0F AHMI IR B R T2 RS R0,
D XD BRI U TIE, 0.2%i0 )15 6 BEIRIG T %2 HIE T 5 HIEDN—RITH 5 73,
BRSNS DAMITEAT 2 Z e B TERVWEZEZ S5 NE720, 2 G IIRBIC LR
U756 DBFEREERA Z RO 20 E R H 5. AL TIE, Hill 5IZL->TRES N
7BV 2 WS FEE2 AT 5 17 BRI EABREE R 2 4l 2 D FE%E
RY.

Figure—3.5 12 22 Bl h O FPAiE %2 5 2 TH L X B/ T, 22580 & 12 %0 D 2 fil
Ji5 1T DBUEM AR 2 1T - 7B DI 1-O-F AR TH 5. BHEAFHIX, ThZTho

FRATIBINZ & > TIT O N ERE ORI e UTIRATERT 5.
Wo = W + Wip = fO'zzdfgz + fO'lsz?z (318)

Z i, Figure-3.5 T L —iZf1D1) SN2 HBIC G 5. 2 DEMA-3 I M BaLA
EABRTEROMMEZFRIT T, S ILORBRERICTHUREEDD L FERAZHE T
T 5. AWFETIE, £ ORIEIZIEHE AW TR S N7z )5)1-0F Adh#RIZ T 0.2%I0
JNTHY T S EFHELZRHAT 5.
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(x107)
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| | e—e: 12 component
0 i ; i
0.000 0.005 0.010 0.015 0.020

Plastic strain [-]

Figure- 3.5 Definition of plastic work.

3.3.3 MR
YAy OHERHICE T BELED

MEAWISD B Ly, WAROBESTIZEDY A2 v 7 faE % &M L CTEEM
KRz EEL, 55N 725)-09 Adfiffz Figure-3.6 129, 72, BL2EE DA
% EBRINZHBCS % 7 D12 51 oRM & FERME D FER IS D Ei3R %2 3K & 7o 5 5 & Table-3.2
IZRT. NS DFERE D, BAWE—F & HEIE — N TIPS L ORHED R
BT L, TOITHEIE— NIIRHIZ 1.0 5 KRE @MU THIERM & [ 5 O x Fk A3
ANTWS Z s, BEIELD 5 WIESHELICE S SR oM 2R> 2 &

Wand. ZOXS5IZ, CFRTP DFELZEFHIEZEE— NIZL > TREDODR L 2 EEHH
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LE#Hze AL TNWDE I eh o, BREOBRAMIEIXAE RO M X > TEMIZLE

BLUOBHTLRHER>E VWA 5.

100

+— : ]2 component
75| e—e : 22 component

SO | ol

257” VVVVVVV - = i tens
Gvyiz

07” VVVVVVV l >
s s s comp
s . s ]GYIZ

B B I A S ] oo

Stress [MPa]

] f |

— 75 [ 1
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Figure- 3.6 Stress strain curve under cyclic loading for 0, uniaxial and o, pure shearing

deformation mode.

Table- 3.2 Yield stress in tension and compression. Compression state in shearing mode is

defined as o7, < 0.

Deformation Yield Stress[MPa] Ratio between two
mode Tensile(oy™) Compress(oy"")  yield stress [-(oyms/ o)
Pure shearing mode 35.000 33.821 0.966
for 12 direction
Uniaxial mode 80.000 58.598 0.733

for 22 direction
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~ 7 OFRERE

%\ T, Figure—3.4 (27 U7z 32 78 & — > D) J1 F D BB BRI RER S B & 7012 Fifi L
7= MDM 12 51} % B Rl %2 /" 3. FIRARERENTE IS A C, ®AMNE I & 21 ki
DI ® i U 7255 R % Figure-3.7 (2, HEESIZ K S AEL2RO T & FiH U 728558
% Figure-3.8 /RS, #IIORREIEICEH 5 &, onfiliAMICHEWEREZAL T
WBZEDWHRTE S, 51T, HEIOREEILS] o BRTRFORERIS L, #E A K
Jopn AfMROEN L L TRIX25DMEZ R L TH D, Dvorak 6B FHT 555 R
EHE—HLTWVWS., LBLADS, op>0n DJIIREBIZEWT, BEREHEIX o), Bl
CAFTFATIZR o TE ST, BEIZIINAS E—XVBENHERORTEE LD HEMEE
D DA 2R > T\ 5.

Figure-3.7 2* 5, HAWIGIIZ X 2 H{LEDMEAIZ DO W T HEIEL THAS. Table-3.2
CRUZEDIT, BAWDY A 7Y v ZHE FIZHEWTIIRIZE SR O ZH) % iR
SN TV, BRI OWTS, BERE S SAMINZE A2 > T, 2RI
Mo TCWAHAAR S NS., LarL, HAW G & KU CTEE H KD IZIEZED
2REMEIZIER > TE D, RUTEANTIZARL, EILREE & WIHPRIE D BER Hh ik D [
XA ER DAL 0 NE 72 727\, 2D & S 72 A 1d Figure-3.8 12 /R HE S IIIZ L 5
BWALTIRE VEEFICENS. FMEE L TEHEAEEERAAICIE, BRIEAK S
KIEMW>TWE—/7T, EELEMCEAMBOLANTIZIZE A LA LTHRY., X
51T, o1 > o DB TIX, oo Bl & IFIF AT IR DB BN S L 512D,
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Table- 3.3 Input and output of physical information in material constitutive law for two
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Stress State Input Output
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(01505 05) (e
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Figure— 3.13 Parameter identification flow at first half for proposed elasto plastic constitu-

tive law.
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Figure- 3.14 Parameter identification flow at second half for proposed elasto plastic consti-

tutive law.
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Table- 3.4 Identified material constants for two types of material constitutive law.

Hill Model Proposed Model
Parameters Values Parameters Values Parameters Values
E, 1.502x10'"! E, 1.502x10!! Coiz 7.830x108
E, 6.912x10° E, 6.912x10° Crm 1.227x10°
Vay 0.307 Viy 0.307 b, 3.515x10%
Vi 0.307 Vi 0.307 F 7.343%10™!
Gy 4.168x10° Gy 4.168x10° a 1.443
Oy 3.855x10’ a;sg 3.043x10’
Ry 1.736x10° Ry 8.101x108
R 4.679x107 R 1.489x107
b, 1.612x10° b, 2.113x10°
o 5.079x10! 0-1;})“ 1.487x10?
vy 1.000 Cin 8.239x108
oy 0.757 Cinn 3.059x10°
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Figure- 3.15 Results of numerical material test and curve fitting under the condition of

cyclic loading for 22 direction.
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Figure- 3.16 Results of numerical material test and curve fitting under the condition of

cyclic loading for 12 direction.
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(a) Stress ratio : (6,,/0,,) = tan(11.25°)

Figure— 3.17 Stress strain curve under biaxial stress conditions for stress ratio

tan‘1(0'12/0'22) is 11.25°.
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Figure— 3.18 Stress strain curve under biaxial stress conditions for stress ratio

tan~!' (0 j2/022) is 22.50° and 33.75°.
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Figure- 3.19 Stress strain curve under biaxial stress conditions for stress ratio

tan~' (012/022) is 45.00° and 56.25°.
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Figure- 3.20 Stress strain curve under biaxial stress conditions for angle of stress ratio

tan~!(012/022) is 67.50° and 78.75°.
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Figure- 3.21 Yield surface for initial and hardening state after pre-pstress by shear of 12

component, displayed on Fiber Dominant Mode.
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Figure- 3.22 Yield surface for initial and hardening state after pre-pstress by shear of 12

component, displayed on Matrix Dominant Mode.



103

—e— : Initial state of virtual test —a— : Hardened state by o, of virtual test
--o—-: Initial state of Hill Plasticity -a-- : Hardened state by o,, of Hill Plasticity
L7 —e— : Initial state of proposed model —m— : Hardened state by o, of proposed model
X
5 C10)
4
3 .
2 m
= Load step 1
& 1A
= of prestress
S 0
% —1 1 Load step 2
& of prestress
_2 .
_3 4
_4 .
-5 T T T T T T T
—-1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
Stress 05> [Pa] (x10°%)

Figure- 3.23 Yield surface for initial and hardening state after pre-pstress by shear of 22

component, displayed on Matrix Dominant Mode.
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Figure- 3.24 Stress strain curve under the boundary condition of biaxial stress after harden-

ing by normal stress 0,. Stress ratio tan~!(07|,/0,) after hardening is 22.5°

and 45.0°.
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Figure- 3.25 Stress strain curve under the boundary condition of biaxial stress after harden-

ing by normal stress 0»,. Stress ratio tan~!(0-1,/0,) after hardening is 90.0°

and 146.25°.
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Figure- 3.26 Stress strain curve under the boundary condition of biaxial stress after hard-
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ening by shear stress o,. Stress ratio tan~!(oj,/0) after hardening is 0.0°
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Figure- 3.27 Stress strain curve under the boundary condition of biaxial stress after hard-
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— g b OIEEE G I OMEIZEENX, ~ bV v o ABHED BT R DR
IR0 EGME RO Z RT Z EBR SN T WS 720 9, ghbAkHE D HHE S 17
LI B IETE G5 RAER (DU, off-axis il & FESY) 175 MDD D. A%
T, EAM TN U ToRAMkHE oMkt 757 & £ 2 00, 22.5°, 45°, 67.5°,90°
LA & 7 S B OER &2 FHE U off-axis D FEM BB Z 1T 72,

off-axis iMER T, WNA Y TV VI ER Z DONAMTHET S LI2LD, AR
DHIATRIZE W TEAMER DI EI BRI TN D, 2 DDA DOZENL R
IZ& T, MEBATRIICEAM AN EHITE— A Y FAEL, HBIFTOOTALME
—HRTIR < 5720, EOMMESR &Rl CllE X 7z 7o T otk oM
ZFEPEL D ZEDRHSNT VWS, 22T, Sun & Chung I, HHERFIHIZ & 26
NEFORE LRI EE57-0, ROXT (PR, oblique X 7 L IEYR) % HW 5 FHik
EREULRE D, ZORAREE % FFD oblique X 72 WA Z &2 T, IhERZ KR X

B, BEOEWIli2{T> 22 T 590, 22 CAMETIX, FEXHrORERLIC



109

X UTT IV IO oblique X 725 L7z, EBEORERF DG E % Figure-3.28 IZ/R 7.
F 7z, oblique X 7D X 7AHEIL, PABRF & B L 72 @i € 7OVITK U TRl &AL % 5
Z, RIWHELBRNEFVPRBEEI NG X THEZ FEM IZ & 2 EEMRTH» S KD
7. ZikBRF O oblique & 7D X 7 4% % Table-3.5 IZ/RT.

7238, oblique & 7 LBk T DHEEE L, BEmEY Y RR— —THEL 2%, #5
Fl (AV—Z LV v RUBARA :DP410A 7RV 1 b)) 2HOVTEES 2. $£7z,
ARBRSAEE 3.2.1 HiDFEMBIEARR & Fkk, MRt SRR O Y — R LIz TH]
iRARER % 1T 5 72,

(a) Before testing (b) After testing

Figure- 3.28 Overview of CFRTP specimen for real material test. Specimen reinforced by

fiber oriented to 22.5 degrees is displayed.

Table- 3.5 Angle of oblique tab for each fiber orientaion.

Angle of fiber Volume fration of fiber Angle of oblique tab

[deg.] [%] [deg.]
0 67.9 0
22.5 64.3 25
45 66.7 49
67.5 64.3 80

90 67.9 0
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3.6.2 RFEMBIEERD 7 & DR

Hi i Tk X7z oblique & 7% H\W 72 M RLEAERIZ DWW T, HIN O RGNS L 0K
W28 THRZE L T\ 2 B PERE R I 2 Fl 72 FEM 12 & % R 217 5. CFRTP iRER
FFOFEETVEEKRE L, WTENORRANZS, N2 naiili CREF ADMEY)
VefEZ W2, 726, SFHISIREZIRET 5 72O € TV shell ERIZE 5 T
ETNMALT S, oblique X 71X, TIVI=ZULEEEMELHEREEZ LYY Y
RETLTEHRL, “OOMBMIEHEAEZEET I I THEESES. EiR
RERIZHWZZRBR OIRIZIZET DX S D ENDH 5 7-H, T D FE EFIVIFEHM 72
fli& U CHE 15.0 [mm], #F 0.60 [mm] DIEIRIZHE—F 5. Hift5ef X oblique & 7D
WEHFEIZBRZELTWAE EICH U TE X2, —E eSS 28R, b
S~ RFAMIIZOTAZAMT 57-ODMHENZ2 5 272, ¥~ 70kt H-07 A
i, GAER A R D SR & > CTREEIT 5.

Figure-3.29 12, TR L L TR ONZHYHEOT AN R ZRT. SEFTIL, £
IO FEET VLT 5. AR RIEBEEZSHFIZLTERRLTWS. £/, 25
HTcavR—L VML TWa., ZL—3arx—L Y IOHEMNSEML TV
DA ERT 5. 00 & 90° MEASNTIE, MRIREEECTH T OO T A ERT 21
[MAASNDH, REBAFHEIEIE, ZFE—ROTARMHLRoTNSE I L5 Hi

FlaRAER DT IEE T b D LYl T NG,
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8=90°
I | I
0.0000 0.0114 0.0205

Figure- 3.29 Overview of FE and results for the model simulating real test condition. Con-

tour map is showing the distribution of equivalent total mechanical strain.
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3.6.3 SEMBIEER E RITHROLER

Figure-3.30~3.34 12, SRR & IZEMREAER & 7] U S T17 » 72 BT,
TRb RN RERBROK R Z 2 0 5. 0° SHAITMED MRV A L/ TH v,
I FIZHVEN 22 R %2 R DT, FEREATRIE BN R RS RIS E 2 5 2. Th
X LT 90° HMIFWIERRIEME 2 KD, RN T MOV Hill R & 52 U 724
FRHICTRU AFRNZ R 5728, BALANTEWIZD 5 O D5 5RFHM: 72 1) % AL 12
REWFENZRN, WHOERT 2L IZ R > BIZENS. WINDOMEDE
TMZDOWTH, SERKIZ HIl FEHIO A PE T REDDILT 2 RTEARH 5. L
DURD S, FEHIMEE DB L WS BAIZBWTI, 2 DDA TES D137
W, ZRE, B U7z s & B U 72 2 S 1 O F R L 1T RS, T
DL, SEOFRN S X, EMREAERDA S 7% Off-Axis ilBRD AT, CFRTP D%
MRMEDOAE 2B RICIETE TWARWATEEE TR I 1, ISk Z BB IR L 72
BUEMBLERER 2 0P U TR B 2 K D1 2 Z L OBHEEMD S IR 5. b, 45°
MRS LOHAMOBRE R L. ZhoDIEH-0F Al TIE, HEME
ZH 00 o THIFRNT, PORMEFAMTRLLIREE L > TWD I LR
TES. ZO&S BRRFEILSEIRESE U 72 VERPRLRE AR CIER BT E 7z, K
PVERIZRE Y & E TV B ATREMEAVRIR S N B,

Tz, WMERRHA 45 TV B RELARHTL B, FAEEOMMEERICE VT
b, “OOMEHERA  EMRRBROIGE I ENEL DR oz, FLT, 20
PR A DB A DY 90° ITED IFEREL L2 MM ERD. TO XS 3fERE -
PHENICI, REMMEO LRSI OMMERNREMTH 722 LHBBBRLTVWEH 0D
EEZoNDG. REWHEO LA ROMMERIIFHANETHD, H1ETBERZX
SNV O DOMFERIEH L DD, MAEIZL > THREARIZIFSODEDVH D, T

RBEFEE > TV, K OEEIZEINE ZHE T 570 3BE2ED 5 BED
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HBED, RTINS 2P L TEAFER E EbEIAZE L TH, MRMHAEDZE
DBIETT, SREEBREL ZMEHERIIOERIMER EDNE DT TIERWEEZ NS,
FD-®H, INO6DHEAEDELRL, AFOHMIZE > TIHEETIEIRWEEZ, ITh

U EDEHLE AT o7,
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Strain component for longitudinal direction & [-]

Figure- 3.30 Comparison results between real and virtual tests using CFRTP specimen re-

inforced 0 degrees.
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Figure- 3.31 Comparison results between real and virtual tests using CFRTP specimen re-

inforced 22.5 degrees.
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Figure- 3.32 Comparison results between real and virtual tests using CFRTP specimen re-

inforced 45.0 degrees.
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Figure- 3.33 Comparison results between real and virtual tests using CFRTP specimen re-

inforced 67.5 degrees.
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Figure- 3.34 Comparison results between real and virtual tests using CFRTP specimen re-

inforced 90.0 degrees.
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3.7 TILFRH—ILEET - ~ 7 OfETd L OBLEWT

ZZ T, — /i CFRTP ® X 27 0% 7 )L % H\W = BUEM BRI 12 & > T, #
St DOV RIS & SIS BIE T 5 L 2 BT, HLWMRRER 2 VW —7
T4y B LIZE>TEOYMEZFEL TS, 05 DT, FZERDE DD
<D DBRIZEWTIEIMBEEHIALEMN T oD DD TH L. —F, HMEAEICEDL
RVF AT — VRN D 7 v — ik, IBEAGRRNTIC RS 5 < 7 aHBE R B L
fEht, $ROLERPAT—NVDETIVENRE UEHIT5 2L TRMET S,
Z T, KREITIE, WEARNIC K > TRO M RWIMEAE %2 I\ 72 < 7 1S O AT 4l
&, ¥ UREEZHWKTSFEETIVO—HEHRIZEHLT, IZ7BETILVHTDIEIX
OF A2 8B5S 3 /Aol z2 4. e, T 2 TIXINA FEM i@y —L T
H % ANSYS2019R2 % FI\NTHENT 217 > 72, AFEIRE T B A0RHERHIIX, ANSYS
DR T DRSS D A A X v ABWEETH B 21— —H 7))L —F > usermat %
FAWTEREL 7.

¥ 7 ORGEMRAT T, Dvorak & 237 - 72 EMBLAB A BT 5. BRICIX, —54
[fi] CFRTP %* 5 7% 5 FIfdi N1 712 LT, AE - ALY - #linlREzHAEHDES LT
EEISHEGDRS (o = {011, 0n, o)) ZMERNCHIET S, fEHTE T VOS] & f#
Midelhz £ L7 D% Figure-3.35 1279 . FEETIVIE, HEOY—7z—A7—
% %, ANSYS ® Mindlin-Reissner 0 3 = VB 101102 % W72 813 % o 7 Ch 58
Yz )VEFSHELLIS1 2o TA Y ¥ V7 $ 5 L THEKINT WS, BEEEELE L
TEZ 0S5 [mm] DHE—JEF2ELZL, ELEAHMIZIODOMOREERZLZTNEND
T IS AL TR 72— J5 1 CFRTP DM RIMIMEZ @M T 5. Mi#xE2TRET
AANZEAmEE 5. HEOHTIE S TOWMEE KT 2L ofEL, 55— Dkl
XU CHREIZEMIZ > TR UV EEZRS. 22T, =AY MEAM L ZAEHH

9B L, EHRPALZECHRMEZGD Z WU o 720Nl e Lz, 25
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2, MEREICH U CERAROENFELAMTS. Zh65DRU D LEHAEIC
£oT, TNETNHNEAMIS LM e ERTHMER I ZMHLLTER D Z 2D
TELEDNZORBRGEORHMTH S, Z 2T, Z2ODIEHESHE 1T 40 [MPa]
LB XS MEE SRS, B, Hilk L7z FDM € — N OBAEAMEREARRIZ & - THlkE
FHIA O EITIEREM B ZBENIIZ L A LR EEZ 52N b oz, 2T
FAEMLURWZ LT 5, Z0XST, 7o XBEARK 2 2 s 35 12 5m W Sl
72570, 35HITIZBETIVITH U TEMEL 72 MDM € — R OEUEA RIS & [F]
ULRMEDPMED HETWE Z &l 5.

fRMTAE R & U TR o2 ofm, MEoAEAR e ER T 2 EELT) O
IS4, HARE ARSI A%, T N Figure-3.36, 3.37, 3.38 127, A5
A5 lE, MEAETIUDREMIZRUNTED, ETIVEHKT 2EEBENTAMER
ULTCWABERF DR TE 5. IO MIZDOWTIE, BEREM % A U -0 1345
FHRRMEZFO 720, MEIOHNEEFEEZ FIZEB LTI vy 2 —R 2 L Tw
5. WMEE R S QIES I ETHANEAWIS D ES SIZOWTH, GTZ K> THT
EVNERR DT PR SN B DY, 131X 40 [MPa] OMELETHAELTE D, EHEIZE 2
JIEIPRIEDHE TE TV AT AR TE 5. BB, Mo +alinz€ 7 h
INEFEDOERED 1 HiIZEB LT, mh-07 AlifR%E 7oy b U7z#ER % Figure-3.39
RS FRICE, 278 E TV EHWEEM R TEMO < 2 u R M2 5
Z 7z Figure-3.19 OfERE R T, MAIXIZIE-BLTWEZ 05, v 27 abbRHEAI

MIEU K RESNEY)R~ 7 u @i WETHERTVD L WA 5.
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Figure— 3.35 Overview of boundary conditions and FE model for macro scopic anlaysis.
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X
(a) y component of displacement (Unit : [mm])

Figure- 3.36 Contour map for y component of displacement as a result of macroscopic

analysis.



119

39.80

39.68

39.58

(b) Hoop stress (Unit : MPa)

Figure- 3.37 Contour map for hoop stress as a result of macroscopic analysis.

40.16

40.00

39.79

(c) In-plane shear stress (Unit : MPa)

Figure— 3.38 Contour map for in-plane shear stress as a result of macroscopic analysis.
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: Response of numerical material test

(x 107) (x1 07) ——: Response of macroscopic analysis

41 4
2 2
£ £
~ 0 N0
5 5
Z ) I
_4 _4 1
002 -001 000 001 002 002 001 000 001 002
Strain €37 [-] Strain €17 [-]

Figure- 3.39 Stress strain curve of 12 and 22 compnent at around the center of macro scopic
model. Material response means the output of virtual material testings which

is shown at figure 3.19

RIZ, 7 OHEEDHRDMEEGEEOERD 1 HRIZEHL, £ZTOYI/R0T A
JiE 2 T R bt &2 4 5. TSR & U T, von Mises Ji& 1704 & AH 2 S ME O
T A%, Figure-3.40 1R, A AIDOMEDOATHNL, EAANZ X D
BRIl Z FHIT 2 Z 2IXTE DD, TNUNDERE — FHBFIET 255121,
Z DREMHEID & S RN 2 R L 2 0GRS 5 2 2 IETE R VL. —
Ji, HE®D (b) % (c) 5k, EAMIZ 10%%2 A2V T AL 8% %A B MEVT
ADKEREDE S TRIFTNIZRE L CW A2 bh 5. —F, Figure-3.391k~ 270
R CIEBB L Z2%RBE UL OTAIHBELTWRNWI L EZRLTWEDT, ML
A TIEY 2700 T ADAENS 5658 DREROTADRFAMMIZHEEL TNWDE Z
CIZ%. TDEDIT, YI/BIZIBNSRAMTHoTH I 7R THAS LT

B RERISHDIFEET B L2k b. 2D &S 2Ri#IE, CFRTP D & 5 27
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D TREVHMEIMPES S NEEMEI T, BICHECENIEAND D70, #*
FEEIRERESBETHD VRS, BELUZ~ 7 oAl Z ANIE, CFRTPIZR LT
WD | 72 B ME O BMYEME A B & IEFE I~ 7 DHGEA KB E 5N 20, 2D LS
IRRVTF AT —UEITIZ K 5T, & 0 EIZR AR IZEED W7 CFRTP O & T 3E AT A

55517 5.

X
(a) Equivalent stress (Unit : MPa)
@ | I
19.1 66.7 105.0

(b) Equivalent total strain (c) Equivalent plastic strain

|
0.00 0.06 0.11 0.00 0.05 0.08

Figure— 3.40 Equivalent stress and strain distribution in microstructure as a result of local-

ization analysis focused on around the center of macro scopic model.
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38 F&H

RETIIAN T AEH R LD B IRV RS N TN DR D A H038EEL T
LR 28 U T, CFRTP QIEFMARIEB D EE 217> 7. BUEMEEABRIZE - T
LR D~ 7 aBERIIm O & 28589 5 Z & T, CFRTP ORGiEEEE) %2 KD
F7z. T UTC, TORR»ORGMHE2ZEZR L 7~ 7 nEVER A 2 /R U 7z, Ak
IZx 7 ORI O Z YR E R R MREET 572012, 27 0in-03 ARHED 7 1y
T4 VIRERHRL, T OICHREISIROERBH R KL L. TGN
TRz FED5.

1) BREMGHE TR U TW A WEA BV LR SRR RIS U T, Blls R - e
D ERIERZ F2i U 72 #5R, EIREREZ B\ TN 2 R 03 S Bl € &
5ot i, IR ERMRITE, 1EIEEURRIGDEZ RS Z L
5, BIRIEE GBI RS DREEzR > Z L HMERL 2.

2) — S LI & B 7= i SEhE Tl & 7 BT YENE T R OB IC 3 L T, Dvorak
5 DIRIET DIHELEE— N (0 —0n) BEOY M) I AEBE—F (09-012)
FNTNDISHOMAEDOEIZT, Y12V v 7 AfkiE&D 7 2 it 1150
MRERBRZ FEHE U 7z, % 2 TR S N BUEMBEABRFE R IZEE D W T AN T DG TI-
O T AR, T oICKIIIICE T 2RRAREZRLT 5 2 & TR B3 L
7. TORER, WIHHOREIRETE X Dvorak & DIRIET % /N1 € — VMM &
FIEFE CRE RO Z L 2 MR Lz, —H, PHEL2 G BORRImIX, —
i 7 RS BIREAL RO HRELAI T RO TERWBIRE 22D, LhE FAHED
IR RAT U 7= G E B & K7D 2 L SRR I iz, T ORELEE) IR
DEFVEHIBMERFAITIIERIT SV TERVEDTH 5.

3) A E— SOV A BIR S HTU T, RRORAIHMLER % ZBLT 5 D5
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FiVERIBVER R R 2 R U 2. BRfRiii o9 IR P £ 0F) & & 3 D DR
BB L3 20ERNDMAAELETRE L., £ LT, &ERIKD %I
KBS THEANC R I E D Z E TRAMFEEHZ2REA L. 202X 0 BUHE
FORLABR TRV 72 WA D AR T D TR D A7z 597, BEALAR O BRI X0 b
J-OFTHHFUCDOWTHEH LR BRBET T4y T4 VT IELIENTE.
ZDED BRI T 4w T 4 v ZRERIEH BN HIl KA CldB2 Z e BT

N BHERL 7.

— MR ARG LT & S BEIEARE — N & o T, MR % fTE
fili > S AE 1S 72508k | (Off Axis #4) 2 F W72 S8Rl 2 SEE L 7=, £72, MkHE
B % > THEEINZ FEE TV E2HWT, [HUSM% B U ARG ER R
W& 47> THjE DOFERZ R U 7z, MPRMERRNIZ X, Hill B R & A58 THRE
TEMKA D2 D% W, 3, HEHIOIRE X5 FIRGE U 7= MR A 0 5
fHZBENWTIE, 2 DO OFERICHIRRZZZ IR o s o 7. 281G DL
AR R E 7 1y T4 VI UEBICR SN 3R 5 5D TH - 72,
Z 1id Off Axis #M1Z & 2 515REAERD A Ti%, CFRTP D %5 MM D¢ % 56
RITIFESAENTE ST, b Z RE I HIE U 72 BUEb R ER 0 B 2 % R
B LEDTHL. —J, FEMEEERGER & MEANE & OB T, MR
D345° X 0 HFEEA TNV T WS T — AT, FEMRERER L B0 1%
EIE L7228, WRMEDSRI BRSNS U CEREARAAIGED IF Y, EHRICERN
RO X510kl RFEMHEDOMRIIVEMEX I 27 1 E 7 )L DRl D A7 iE 2
BROZM % EMEICKMTE TWARP S ZAEEERE X 6N a0, T o 3R]
CIFUVBELTERABNESHETH D, REOEET TR 5720, 7R

BOLEIAREFITDEI 5T,
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3.1 AP RE T 5 ZGMEDORRREE B L RGO E b ~
B OTADMERRE 7y 7 OiER], BIREEK
€e=€+¢€ (3.59)
oc=C:¢€ (3.60)
= @ - B 1, < (o~ B~ 0y () (3.61)
1 if O > ﬁ[zlz]
3if B > 0 > Y
0 0O 0 0O
My =M =0 F o|l- M5i=lo 0 0 (3.63)
0 0 2 0 0 2
oy () = O'iys(()) + O'iysol = ai;g + Roa + R {1 — exp (—ba)} (3.64)
0 0 0
ﬂ[l] = 0'1;6“ + aO'in", +B/2[21] , ﬂm = —O'I;ion - 610';50’ +,B,2[22] . 5[3] =410 (3.65)
ﬂ]z ﬁlz 1812
W REEZH DR
@ =7y, (3.66)
o Ot
e = oo = YoN (3.67)
& =29, (3.68)
= gt GO (3.69)
LU — - ep, fOI 2, : & — pyerg @il (3.70)
0 O 0 0 0 0
Ci=10 Cl, 0 [LC=]|0 C2» O (3.71)
0 O C112 0 O C212
% g O FOUFHILEDSIPIRENIRIR T 5 [i] DR DAFET 5.
B Kuhn-Tucker &4 _ .
$,20, f1<0, y,/1=0 (3.72)
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W BB 7 L 3D XA
€1 =€, +E =€, +€ +A€ (3.73)
Tu1 =C: (61— €)= C: A" = 0™ = Ay, CN,.y (3.74)
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s g0 g AL DS IVIREDIRE T 5 [i] DR D DAFET 5.
B Kuhn-Tucker &4
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R2B AL MEHRMERRE SRR 2 18T 5. 56122 2 Tl%, CFRTP D&M E, &
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H, »25\W328E OBUEM FEABRZ 59 5 Z & T, CFRTP O~ 7 1785/ MER
PR - BN - G OMBIBEEI 2RO 5. 2 LT, FHinIREEEE LY 1
MRS 2 HEEE L, BEMEEABGE R 2 7 —T7 7 1y NS5 2 & T OMEMWMEEZ
[FES 5. mERIZ, FAESNAMEWIMEAEZ T, CFRTPREERD v 7 1 kG it
B L ORI &2 EfE S 5 Z & TYHGHBED YV F AT — Vg 2 HlR$ 5 &
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a) Unstressed state b) Stressed state with c) Effective

distributed damage configuration

Figure- 4.1 Mechanism of damage occurrence in micro scale view point.
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Figure- 4.2 Rheology model of anisotropic material constitutive low integrating with visco

elastic, plastic and damage..
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Figure- 4.3 Results of real testing and fitting analysis for porycarbonate resin.
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Table— 4.1 Material constants of porycarbonate resin considering damage characteristic as

a results of curvefitting analysis.

Description Label Value
Initial Yield Stress Oy0 2.78445x107 [Pa]
Voce’s constant 1 Ry, 1.51633x10® [Pa]
Voce’s constant 2 R.  1.72298x107 [Pa]
Voce’s constant 3 b, 3.00000x10° [-]
Damage’s constant 1 of co term dy 4.58215 [-]
Damage’s constant 2 of co term dy 8.24368x107" [-]
Damage’s constant 1 of maxwell term dy 4.58215 [-]

Damage’s constant 2 of maxwell term dy 8.24368x107" [-]

Maximum damage constant dpax 9.00000x107" [-]
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@ : state at previous step (n)
@ : state at current step (n+1)
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. —n >
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Figure- 4.4 Five types of scenario which drive plastic and damage development. Plastic

strain does not develop without damage.
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Figure— 4.5 Stress strain curve of CFRTP obtained by virtual material test for pure shearing

mode of 12 direction.
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Figure—- 4.6 Stress strain curve of CFRTP obtained by virtual material test for uniaxial mode

of 22 direction.
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Table- 4.2 Identified material constants related to plastic and damage characteristics. Visco-

elastic properties have been already identified by DMA test shown in Chapter.2.

Material Type Description Label Value

Initial Yield Stress for 12 direction O'iys(;’ 3.98998x10° [Pa]
Voce’s constant 1 Ro 1.37744x108 [Pa]
Voce’s constant 2 R 7.24483%107 [Pa]
Voce’s constant 3 b, 6.81368x107% [-]
Initial back stress o"y‘g‘ 2.99896x107 [Pa]
Coeflicient 22 for linear back stress Cin 0.00000 [Pa]

Plastic
Coeflicient 12 for linear back stress Ciz 0.00000 [Pa]
Coeflicient 22 for nonlinear back stress Croo 0.00000 [Pa]
Coeflicient 12 for nonlinear back stress Conn 0.00000 [Pa]
Damping coeflicient for nonlinera back stress b, 0.00000 [-]
Coefficient for curvature of yield surface F 2.49993 [-]
Coupling coeflicient for isotropic & kinematic a 6.53360x107! [-]
Coefficient 1 to define damage state dy, di 2.76995%10" [-]
Coefficient 2 to define damage state dy, d; 1.00000 [-]
Weighting factor for 11 component S¢, 87 9.75668x107* [-]

Damage Weighting factor for 22 component S5, 83 1.13909 [-]
Weighting factor for 33 component S35, 8% 1.38521 [-]
Weighting factor for 42 component AP 3.55166 [-]
Maximum damage value Ainax 0.10000 [-]
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Figure- 4.7 Curve fitting results by proposed material model for uniaxial test.
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Figure- 4.8 Curve fitting results by proposed material model for pure shearing test.
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Figure- 4.9 Curve fitting results by proposed material model for biaxial test.



BAT  OSEHISOREICHIS U2 RGN - BBV - G R

(x107)

1.75 4

1.50 1

0.00 1+

= : Curve fitting
° :Virtual material testing

0.000

0.004 0006 0008 0.010

Strain €13 [-]

0.002

(c) Angle of stress vector = 33.75 [deg.]

164
(x107)
2.5
2.0 1
£
— 1.5
N
o)
£10-
n
0.5 1
= : Curve fitting
0.0+ °  :Virtual material testing
0.000 0.002 0.004 0.006
Strain €37 [-]
(x107)
~I
1.754
1.50 1
&
N 1.00 A
e)
$0.75
7]
0.50 1
0.25 A
= : Curve fitting
0.00 4+ °  :Virtual material testing
0.000 0.001 0002 0.003 0.004 0.005

Strain €25 [-]

(x107)

1.75 1

1.50 1

Stress 0717 [Pa]

() (=) — —_

W 3 [ N

(= W S W
L L L L

0.25 1

0.00 -+

= Curve fitting
e :Virtual material testing

0.0000 0.0025 0.0050 0.0075 0.0100

Strain £13 [-]

(d) Angle of stress vector = 45.00 [deg.]

Figure-4.10 Curve fitting results by proposed material model for biaxial test.
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Figure- 4.11 History of strain for elastic element of pure term and maxwell term during

virtual testing.
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Figure— 4.12 Overview of FE model and boundary conditions for macroscale analysis.
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Figure- 4.13 Equivalent stress distribution in the case that material axis angle is O degress.

Stacking sequence is [0°/0°/0°/0°]sym.
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Figure- 4.14 Plastic strain distribution in specimen for different stacking sequence. Angle

of material principal axis is fixed as 45 [deg.].
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Figure- 4.15 History of reaction force in the case of stacking sequence [0°/0°/0°/0° sy

and [0°/90°/0°/90°sym..
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Figure- 4.16 History of reaction force in the case of stacking sequence [0°/45°/ —

45°/90°]sym.-
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Figure- 4.17 Equivalent strain distribution for thickness direction at center of the speci-
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D" = d; (Enax)™ (4.136)
(1-57)p" (1-5;)D° 0
S =|(1-5;)D" (1-53)D 0 (4.137)
0 0 (1-53)

C.=S:C.=5,;C.;; ¥ x : ©ora) (4.138)

| BNYAREiE:
€e=€°+¢€ (4.139)

N
=0+ Z o (4.140)
a=1
0. =C, :(e—-¢€) (4.141)
t —
o, = f exp (—t s)y(, 0% s (4.142)
0 Ty os
B MO T AFRE
= @~ By : M, < (o~ )~ 0y () (4.143)
oy (a) = 0'%) + O';S(‘;' () = O'i/s(‘)) + Roa,y1 + Roo (1 — exp (—b 1)) (4.144)
B =l + aoky + pOI + g (4.145)
B =c,: e (4.146)
BN =C, ¢ & - bg,BA (4.147)
& =,N (4.148)
& = 2%, (4.149)
&=, (4.150)
f<0, %20, fy,=0 (4.151)
N _/
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4 B L N
W LT LT XA
= d; (e™)" (4.152)
(1-s7)D; (1-5;3)D; 0
§'=|(1-s;) D* (1-5;)D; 0 (4.153)
0 0 (1-53)D;

C.=8:C.=5,;C.ij % x : wora) (4.154)

Tt = 0y = Ay |1 : Coo t Ny (4.155)

N
tr1 _ tr1
n+l =0y 2

a=

o4 At . tri 00
( ) o {1—exp( Ta)}yp.((roo—on)] (4.156)

0% = Co : (€101 — €)) (4.157)
A€y’ =
N At 32
Zc;f et Cae+ . o2 )ot s 2 {1 —en [} 5 D Gacia)
a=1 @ i=1 j=

3
Ta At o o
CH+ QZ:; At {1 — &Xp (_T_w)} ; (75Cis ]
(4.158)
T = A gy <&, fU<0DGE (EEG, BHEBITHEREL LW
D,.1 =D,, 0441 = O'Lril, €13 = €3 + A€ (4.159)

ST = A2 > e, < 0DGAE HBEOAERT S)

ool )

3
Z 753113]C[3D] A ve[3DJ] 0 (4.160)

i=

3
1
+ — Ta 1
Al‘ ceXp 4

N
3 B [3D] ve[3D]
gd (Afge) = On+13 Z Coo31 n+1,i + Z
a=

00i j

J=1

J




182 HAE  SEEISDMEITNIG U 72 R VER N - BBV - BAGRERA

a N
Di,, =d ()" (4.161)
O i1 = (4.156) X (4.162)
€413 = € T+ AG;e (4163)

ST = A3 > e, > 00GE (EEELEELERT D)

8p (Ayp’ Aege) = .f;l[ljl = \/(O-n+1 _:3511) . M[l] (O-n+1 _ﬂn+l) O_iyso (a'n+1) =0
(4.164)

3 N
3D 3D
8d (AYp’ Aege) =0Op+13 = § CL)31] r\:j—[l i ] + § CXp( ) O3
i=1 a=

3
A {1 — exp (——)} 2 Zy53?]CEB]A Ve[3D]] 0 (4.165)

1 j=1

O = (4.155) X (4.166)
Upe1 = @, + Ay, 4.167)
Bﬂl :BE] + Aﬂ(l)m + Aﬂ(Z)[i] (4.168)
AV = Ay,Cy : Ny (4.169)
ABOY = Ay, Cy : Nyyy = 2 Ay, BV (4.170)
€., =6 +AyN, 4.171)
€+13 = €3 + A" — AypNyi11 — AypNyii (4.172)
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Figure— A.1 Macro scopic stress strain curve obtained by virtual material test for uniaxial

tension-compression mode of 22 direction.
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Figure— A.2 Macro scopic stress strain curve obtained by virtual material test for pure shear-

ing mode of 12 direction.
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Figure— A.3 Four types of FE model in order to decide the thickness of unit cell for fiber

oriented direction.
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Figure— A.4 Result comparison of numerical material testing for four types of FE models

shown at FigureA.3. Boundary conditions for pure sharing mode are defined.
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