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Fiber-reinforced polymer matrix composites are fractured by accumulation of microscopic damage in fiber length
scale. Therefore, accurate prediction of microscopic crack initiation is extremely important to predict failure of
composite structures. In this study, multiscale modeling approach that consists of a macroscopic scale analysis and a
microscopic scale analysis is proposed, and is applied to tensile testing of unidirectional off-axis specimens of
carbon fiber reinforced plastic (CFRP) to predict their failure strain. On a macroscopic analysis, off-axis specimen is
modeled as a homogeneous body, and 3D finite element analyses (FEA) are performed using an anisotropic elasto-
plastic constitutive law to obtain accurate deformation field under off-axis loading. On a microscopic scale, 3D
periodic unit cell (PUC) analyses are conducted by applying strain history obtained from macroscopic FEA to
predict initial cracking strain. Two failure criteria are employed for matrix resin in PUC analysis. The first is the
dilatational energy density criterion for brittle failure, and the second is the ductile damage growth law for ductile
failure. In order to validate the accuracy of proposed multiscale approach, predicted results are compared with the

experimental results. (Received December 28, 2015)

F— TR IXNVFAF—VETY ¥, CFRP, WWIEN, MLV, & )55 R
Key Words  Multiscale Modeling, CFRP, Failure Strain, Periodic Unit Cell Simulation, Off-Axis Tensile Testing

1 #& 7 MIEERESDTE R, Lo THBRANO VT A%
Jﬁé??ﬁﬁ‘@ﬁi{t 75 AF v 7 (CFRP) X7 ik A ANTAEE O L W Z 24T O RIEAR D
CSLE R A B 700, AR IS BT B Rk LENTW5
*W ELTOBMANEEICIARKL TV 5. CFRP ik ERETES, %ﬂﬁﬁéﬁ%bmﬂﬂu Hiy& Lz~
WZBWTIE, MEHICAE U A0 B85 E O3 A A% 4’7DZ7~)D@ B FEPHEENTE TS, Asp
EJri’E““EUD~02: LTIESHWLN TS, LA LAd NE, 2=y bR EFW R ZRIn A R B AT &
, MEHETE s EERICBW T, ﬁb‘, MEAEE LI BT, BRI S8 JIRE & %
’%‘E%DZ HHWEFIC L VMR OT A E L5 2 & D, ToOFRE U THEAIE T T b IREmIEIE L %
VHLENTBY, T07, W EEEEDO TN ZF Z&&IRL 72, Okabe 5?13, Gurson-Tvergaard-Needleman
BASZA 20154E12H 28 1 TTOVINCIED CEIRGERI & BIEIEA L,
Toray Composites (America), Inc., WA, USA MEAERCIE 2SR ORI 125 2 D38 D» Cilkin
FULRF R TR AT FEX RS L7z, SHSDOWZeL Y, BIsEsoms % ERk ks
FRi284E 3 A — 7 —

This document is provided by JAXA.



i, REEMER, A

, Dongyeon Lee, [l 5BI ik

5720120, i - WSO W TR T T TV
bT2LENHLZENHLLEL>TETVS, &
INHDOTA 78 AT — VN Clatkh o —iA
T, &5 WITHHE 2 A A DR G TOREN )
ThnTBY, —MIGICHW SN BB O %
DT HRIREIZDOWT ORI TN T, ZD7:
¥, Okabe 5°1%, WM % KwE L 72 AT &,
Wik - BHIE % & OB 2 A G bE 2 VT A
T VBT R AT, 7UZ?74%EW$®U€&%
%ﬁ@tsmgmm%§%% 2w Tafkam L 72,
X512 Sato 571, MARAYIEAT I 35 1) B B 58 & H: g
IO IZ oW TET VAL L, — MR L CFRP
ﬁ%ﬁﬂﬂbﬁmw%ﬁ%(u%omumﬁ%tié)
DWW O T h %2 I F A7 — VIRHTZ L iim L
o D5 TIE, FEERIZBIT S off-axis Eﬁ%ﬁwﬁfﬂx
DWW OT ADBIEE L CHHTE TV D25, EHLRYHE
WZBWTY 7L BBV OEEZ MG L T 5
AHFZE T, off-axis aBRIZ 3BT B WM 0§ 4 %,
FALA A — b E B A r — L O A5 BB fRMT & LA &
eIV F A —VETY I D iEwmT A, B
WASIRRTC I, FRBRR A O RGP & L <
ETMLL, Hilhy BREAT BT L 0T RGO Tl E
1o 7z, IR Cl, MiE LA 2> & R S 7
v T3 L CERINT A 515 5 7z 04
AR BIRGEE LRS- L, BHIRERICA: U 5 9l &
W%LU¢&®JMIﬁot.é%K,mW§””
BRI S 2 & L TR L D A S ok O3
J%?:Hﬁi’i’ﬁof:. if:, Sato B DI FEIZ BV TH
EENhho7z8 T UNNEGE D) 7 1ol
BRIz X BgE L7z,

2 5 k& H B
off-axis FBETIL, & 7EICBWTHWITAE A
WMIEExE LD ENMENT WA, £ CTRIFZET
\&, off-axis B 2 1T\, BMOTHLEY THEDOD
FTHRERET AL LT, ¥ 7OMFIZ L BUHREDE
BAME L7z, E5I128 TORE EBRIIIH S 2
FTARLEHA Y 7T TOREBEAT - 72,
2.1 EBRFE
ARBFFECIE, B (ARGl 1A AS B 5 S L
TI15°, 20°, 30°, 457, 60°, 75°, 90° D MR % $F D
— 5 1) Tkt / = R DI E A M R T700G/2511
B £ 0V T800S/3900-2B (H L, il (A F% & A 256 % )
MW7z, Fig, 1 BERERICE 3 2 3B oIk
R, T700G/251112 BV TlE, EEF ICE S 1 mm
» GFRP #EH ¥ 7% B =K * 2 REEH
Araldite® 12 & Y 355 L 72, BUBRIE, DIIRGABREE (MTS
810) & M\ CikEgh I —H5 [BRAMZ 52 5 2 L2
LA, B OB AT 130, 0lmnys & L7z,

787

25mm = 190mm
[@D T

Stlam gage

e

F1ber direction

= [ 1 = 19mm

(a) T700G/2511

L =152 4mm

&[w ,,,——F“\\ @1”"19.1mm

Strain gage Fiber direction ~ Oblique tab
o 10 £ = 24ply
&~
¥y

(b) T800S/3900-2B

Fig.1 Dimensions of coupon specimen for uniaxial off-
axis tensile testing.
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Table I ~Comparison of strain ratios on the failure strain.
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Stain ratio
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Fig.2 Comparison of the simulated initial cracking strains
with the failure strains in the experiment (T700G/
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Fig.3 Comparison of the simulated initial cracking strains
with the failure strains in the experiment (T800S/
3900-2B).
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Fig.4 Schematic view of macroscopic analysis model.
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Table II  Elastic properties of unidirectional laminates used
in macroscopic FEA.

T700G/2511
Longitudinal Young’s modulus Ei 130GPa
Transverse Young’s modulus E2, E3 8.21GPa
Shear modulus Gz, G13 4.00GPa
Shear modulus G2 2.77GPa
Poisson’s ratio Viz, Vi3 0.260
Poisson’s ratio Vz3 0.480

T800S/3900-2B
Longitudinal Young’s modulus £ 150GPa
Transverse Young’s modulus £z, E3 9.16GPa
Shear modulus Gz, Gi3 4.62GPa
Shear modulus Gz 2.55GPa
Poisson’s ratio Viz, Vi3 0.302
Poisson’s ratio Ve3 0.589
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Fig.5 Comparison of tensile stress-strain curves between
macroscopic FEA and experiments (T700G/2511)".
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Fig.6 Comparison of tensile stress-strain curves between
macroscopic FEA and experiments (T800S/3900-2B).
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Table III Elastic properties of carbon fiber and epoxy resin
used in 3D PUC analysis.

T700G/2511
Fiber longitudinal Young’s modulus F1. 230GPa
Fiber transverse Young’s modulus Er 17.5GPa
Fiber longitudinal Poisson’s ratio V1. 0.17
Fiber transverse Poisson’s ratio v 0.46

Fiber’s coefficient of thermal expansion

-0
for the longitudinal direction @1 Lo
Fiber’s coefficient pf thermal expansion 10x10°/K
for the transverse direction @

Matrix Young’s modulus Em 3.2GPa
Matrix Poisson’s ratio Vm 0.38
Z/Iatrlx s coefficient of thermal expansion 60x10°/K
T800S/3900-2B
Fiber longitudinal Young’s modulus 1. 294GPa
Fiber transverse Young’s modulus Er 19.5GPa
Fiber longitudinal Poisson’s ratio V1. 0.17
Fiber transverse Poisson’s ratio vt 0.46
Fiber’s COCf:flCl?I]t of ther'mal expansion _; 44/
for the longitudinal direction @1
Fiber’s coefficient pf thermal expansion o 4o
for the transverse direction @
Matrix Young’s modulus Em 3.2GPa
Matrix Poisson’s ratio ¥m 0.38
1;/llnatr1x s coefficient of thermal expansion 60x10°/K
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