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The strength and fatigue life of Satin and Twill-woven CF/epoxy composite(CFRP) have been investigated, Damage mechanism fatigue
method has been used to assess fatigue damage accumulation, It is based on measured residual stiffness and residual strength of
carbon—fiber reinforced plastic(CFRP) laminates under cyclic loading, Fatigue damage evolution in composite laminates and predict
fatigue life of the laminates were simulated by finite element analysis(FEA) method, The stress analysis was carried out in MSC
patran/Nastran, A modified Hashin's failure criterion di rmfjapplied to predict the failure of the experimental data of fatigue life but a
Ye—delamination criterion was ignored because of 2D modeling, Almost linear stiffness and strength degradation were observed during
most of the fatigue process, These stress distribution data were adopted in the simulation to simulate fatigue behavior and estimate life
of the laminates, From the results, the predicted fatigue life is more conservatively estimated than the experimental results,

Keywords : CFRP(EXAMSZISIECIAE]). Residual strength(Tts ZE). Residual stiffness(fts Z2A). Fatigue lite(I|24H)
1 A—I = SN Z IFENZA FxE22 2FEMol Q0 = M0l
. [ —
Rolof| ofsh X|EHel Hi=stE, 54 S Sl skE
PRS- ‘ L ZE0UCE 2BER P2 TFMT £A51E HRE =
M i Z(fiber-reinforced composite material)= 7| S| ols T20f o5t AAMES EMET T2AnS of=
Zzo| &R Zol| HIsH == ZE(strength)2F ZFAd(modulus) S2l o ol _ _
gt = U diHnt mERR0| =Moot (Park, et al.,
et JIAN MEE JIKD D QHidoz E2 I 2010).
18 71X X2 deEspt @ ol
(fatigue) EME 7HK|12 7| W20l 2|2 ARt 27=1 U Cxm) ZAE Ssmae eluidoz x| AlRsie B
= 857|, ASAel 348 MEksol| A= Q= AlX™o|ch x)( ) / =i 20| Hls] QIRUEI} =
. lain woven) carbon/epoxy S Z0l| HI5H QI Tt =
E3| =tz ZolM ERMMFLstERIAEl(carbon  fiber _'}p - 20| sz p} x;; . ° A;°7 o
] cl = il S = St
reinforced plastic)2 Bz, 2F0lE, FEldFLEEERRE ) Tl S xd HT T ] | O,
. . L MZ&el =Hu X oFx oM 2 AEHCZ ARBE = 9%
(glass fiber reinforced plastic) CHE| 7o‘_'n:_, A EME 2= i Nonlia . SOl o 22 MSE T
XB ANEM SAEok| H2BIE S5t oi2mZE X2t &t Cl. SEX|2F | 2ZHo] Cist o477} ofu|$H AFolct w2l 2
CH 2 O|AMBIERS HIS X|Zte| BHA7HA Ealol| 37| 7|ofskn &) AFoIME 271X] | z=EAo] w2 CFRP Skl =of| thstod ¢
C} (Park, et al., 2013). O|2{3F EMMM D25} Eoitjm s X238 TAEn} D20 S A5l 7(AN MES H|wst T2 &
Efof] w2l 37| durst ERM RS SERIERL DR (plain), = Aoz ZAE Mo THE Zk(residual strength), B ZA
= (twill), TXFE|(satin) ST} 20| X510 IS 4 Qi) kst (residual stiffness)t 1201 FetasiAM7|H(finite element
EMM B2l Esiias S0iM0| EX| 2| m2ol| =&kt & analysis)2 0|&510{ Zlwo|eA CFRPo| CHall ofF= 2%
Mg 2= xS0 FHESHK|TH AxE EMFLS SRR Yo AlgZae| wE mZ24Eg d|WsiFCt (Lan, et al.,
(o]

=2 X
= =2 FUyez ¢lslo] SEE xR0 HEY 5 Uch 2010).
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SHE ALZSIGInt Aol ARBE B AE % HYuE2
Table 10 LERKACE Fig. 1(a)= S2, (b)= FAK daez
o1z gl 2 AlgHE ASTM D3039%0i 5101 (c)2f &ol Al
FH 2 mmZ 7ISSIACE Ale Soll Alev| J=nt AlgEe| &
B2 X5l ZESHS sk ffol AlRE B F2lol

FH 3 mme| Bi(tab)E OlIFA| =52 FESINIC

LI

Table 1 Properties of twill and satin—woven CFRPs

Weave Resin Number of layers
Twill Epoxy 1 2 3
Satin Epoxy 1 2 3

(a) Specimen of twill-woven CFRP

(b) Specimen of satin-woven CFRP
525 525

25

250

(c) Dimensions of specimen
Fig. 1 Specimen configurations

2.

N

Mg

AxE B RS SRR J|AM S48 st I
2AIEe| 51 37| ZH5P| fIst0] IFA RS FHSICE
Fig. 2(a)= CIEAI&EZ|Z Universal Testing Machine (50T)
UH- F500KNI (SHIMADZU)E ARSI, SHIMADZU QI =
EOME S50 1 mm/mine| £E2 QIEeh= EHLIM0] Bl

IS & 33| HAISIICE

Fig. 2(b)= IZZAIE7|Z2 SAGINOMIYAE ARS5I%iond,
EH2| 145 mmel T ZA[EE HAf AHE Load controlofAf &
341k (sinusoidal wave) 22 Zls(frequency)= 3 Hz, S2iH|
(stress ratio)= 0.12 I|ZAIHE SICE AlHO| 2T mE2
AlHO[ 20 mmO| &t Bi9I7} 472 W2 MolsIQict m2EAIES
Tl = SN MEE TEst Zi2fe| m|Z4g Znjof| sl
20%, 40%, 60%, 80% LIZFAE A7l 3 QI&AES Sof M
29| QLTI Hopt A= A=K SHSIICH (Shokrieh, et
al., 2000a; 2000b).

FH

>

(a) SHIMADZU
Fig. 2 Appearance of test machines

(b) SAGINOMYA

3. L2y oS
3.1 IRu 2= Hyp|E

AlEg SsliM T2 $HE oS5k wiHoll= 477+ At
(Sendeckyj, 1991).

(a) Macroscopic failure theories

(b) Strength degradation fatigue theories

(c) Stiffness degradation fatigue theories

(d) Damage mechanism fatigue theories

= dF0IM mEFHES oF sP| s ARSE 22
Fatigue Progressive Damage Model(FPDM)O|ZX 7|&2| Static
Progressive Damage Model(PDM) glHol|-A| AlSXMoz m|2
Rl ol SHE 2T 24 o231 ZM 24 OIES At
25t gkHo|c} (Papanikos, et al., 2003).

SgaAel ks 2Eoll= 3A TKIER FEE F Uch
Fiber failure, Matrix failure, Delamination failureZ} A1 0| T}
=HEE OfEA Ee AQDIE ZMsfor ok 2l
Hashin—type fatigue failure criteria?t Ye—delamination criterion
2 0|8s101 9| 371K| it BEE Holsict 2 7oA 2D
siME Solo] Tk siAS sRlsk| w0l AlHel FHEkeRl

dretol 3242 TSR] St w2t Zakeke| S2siAjo] E

N
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2 EHANS 088 BE CFRP T24 05

235t Ye—delamination criterionE | 2|5l Hashin—type fatigue Region Il : ZHAJo| ZtA9} &Ato| 7} ZM|7} LTl 7740|0d,
failure criteria@t 1243IQ4CH (Hashin, 1981). AlO|20| Bkt fdo| MF—7IXIe| EHE Uzt MES,
Region Il - &2 H77+S JIX|0{ M7 mheof| ofsl S2st
* Matrix tensile cracking, for (o, > 0): 2N et &4 BT} WISt
o, O,
( Y{/?} )2 + ( SJ;TJ )2 > 1 (1) matrix
T Ty <
g & —
* Matrix compressive cracking, for (UW <0): -
o o W
( U} )2 +( IFy )2 =1 (2) g failure
Yo Sey k-
-
. L a
* Fiber tensile failure, for (o, > 0):
I
(0-'7";) > 1 3) Cyecle ratio
X7 Fig. 3 Schematic damage progress in composite

laminate over fatigue life cycles
* Fiber compressive failure, for (o, < 0):

=
o
]

* Fiber-matrix shear—out, for (o, < 0):

Nomalized residual stiffness
[=]
[ie]

330 MPa
Ly (T =1 5 - s
Xo Sy oes4— | |- Linear (330 MPa)
— — — Linear (250 MPa)
Fibercid HTA /6376 Linear (250 MPa)
lol $AlA o, AlEO| Zoluret xok Zaist yE LiE) B a— U!E n_!s
£ ZHEAOIY 2xtel Sl SsiM Hofxl Solck XE B Hormakzad mumbar of aries
Bk OIAIZIE Y= EUISE OIRAE S= MERIE Fe m22E Fig. 4 Normalized residual stiffness of a unidirectional
= LIERHT T C= 21ZKtention)Z} Q1= (compression) 2 ZIz} 0° ply under longitudinal tensile fatigue
LIl Alsle s SN TR 2ol sigtech A e loading conditions
cycledliM= obfE &M0| §i7| mfEol Hashin-type fatigue
failure criteria® PHEESHK| 2SIt SHK[2E cycle7t SV 6HHAM D e EPSs
=0l o5 Mzl QlEUTet ZHo| Holrlct m=Zof 2fsh g,og ' il
M=o £HF Mol Holx|dl 0|2 s EXjol| shEl= 7eIR g
28254 Zlo| K2sl=lof Z7kstn £20 sisls T2 ¢ S 0.6
Eofl olst AIFUT 2 n@r SHESE Zlo| Zokpi| o] 2o ‘
571x] Zol| THERSI} WPy Sick mRi 24T S B . —
51| Foll LMt blel cydle 21242 2lolz MEBICE Cycle 2+ | T v e I
Zo| MEol| 2A0IM cycle 21240| 24E H2 k0| AMlo| ks ol F=-1] —
51x[ok 1 0k2 HEMoAE HolklE ZEMS 2otk Hashin ¢ O ormakzad mnber of oygles ‘
citeria= S Lol 1At AFALe| F2of| et HERE Fig. 5 Normalized residual strength of a unidirectional
7+ T25]0f 2101 S2H(Stress ratio)2| Z=Z40fl FOHEEX] gh=Ct. 0° ply under longitudinal compressive fatigue
Varvani-Farahani= Fig. 32} 20| TZ|2&A2 &XMoz gt loading conditions
M5l =E mEiR| 3eE FTESINCt (Varvani—Farahani,
et al., 2006). Figs. 4, 5= cycle7| S7161HA AlEe| 21} oIRIIET|
Region | : Ciee| 7[X| 0| wisini, ml2Heol 20% & UASH=s 242 20{ZC| (Papanikos, et al., 2003). Fig. 4& 2+
oF ST ZAM9| et ol FTIRICE slZ0l| CHall TZAIES & I X cycle O ZM ENE &

250 CHSIRMEISI=2F] 7|52 7 M3 & 20151 6%



Mot A cycle I EFTH 24 EO )% [‘|"|‘O'|To'l ITEr A
= HAlstn MEoz B7ksio] Alo
530l sl ZZAECZ mlz4Hs é’éﬂ
E M FHAIZ T AEAIES 8510 2
40| gls AlHo| QIEUEZ Lir MES 24t Cigitloz |
7k510 Aoz LiEKACE

3.2 fales mHe

23aAe] HE2 DESP| 2ol B FES el Al
I t=2.0mm, = w=25.0mmo0|2 Z0| L=250.0mm=Z 734
DUzl USRI AlHS| gAR S giske| x5t R
mj2of 2D & 24 (shell element)2 ZHZI=|Act 02 (mesh)
= Quad4S ARESIZISn] 249 37|E AlEe| Fet 21
5= 16257, E&(node)el 7= 17647H0]|ct.
= iAol A FEIRAGHM “E:LEHOI MSC Nastranz
MSC Patrane ARSSIGICE silAdof| ME= EHN/O|ZA| SataK)
(CFRP, twillZ} satin weave)2| S4%I= 7|Z0l| AEE SMXIE
21235101 Table 20l HEI5IQUCE sHAIS S A= Fig. 6
1}7F0| S Bk IMX|X| =S Foksln gl Etiof Al
=2 Faksifict 2 A7ollA= MSC PatranolAd
£ ToisP| 2l6l 0°2F 90° layer2 WAIZ
55101 Zt layere| 3= £ESI0] EZEE of FSIQIC

Table 2 Material properties of the 8-harness satin
weave prepreg(Prospector:Composites)

Material Satin Weave Twill Weave
property
£, 77 GPa 68.1 GPa
Ey 75 GPa 64.1 GPa
Gis 6.5 GPa 3.2 GPa
Vi 0.07 0.05
X 1047 MPa 1200 MPa
Yo 838 MPa 900 MPa
Sxy 70 MPa 98 MPa
L =250 mm
W =25 mm
t =2mm
t
Y
=~ ; W
L

|

L —x I_..

\:‘\‘\ﬁ\é\&\}
§

;LA% G

Fig. 6 Geometric dimension and boundary conditions
of the laminate

33 L=y £

A cyclediME S mERSTF LERK] 27| 2ol
i3 Cycle—r—l A BINF|HM U E TR 282 0|83l01
FlsA Eict o] If FetRAsiME &
% IAFOPI =ict ul2bM Fig. 70l E STkl
M2 FEtRAsIME Sl At gt o 25X :
£ 0|8310{ C 71| mEz o 7“30}01 Z|Z Tko
Pl 71x| B=5H| =Ict (Papanikos, et al., 2003). &
layerS0| Sk=0fl thsll O ola X[H5HK| Zoh= AIES
E 7AiM Soll HME AlHel S=do0| T2 F&of ofst
AR AEECH 2 AlRolct o] If Hashin-type fatigue failure
criteria0l| s{Eehs T RETt AE it HEHZ LIERACE

Development of the 2-D FE model
of the laminated plate

v
Stress analysis

.{_

Apply fatigue failure criterfia

_l_.

Check for ply failure

l Yes

Check for final component failure

l Yes

Check for fatigue life

No
Increasing the number of cydes <—————

No

Fig. 7 Flowchart of the fatigue progressive damage
model

4. AN Zzt H 0F

e

|| ekdch QIRAIY A2 Table 31t Zo| HEISI%CE
J_J-|§A|%4,S Ak20{|A 3 Hz, 2=48| 0.1011M Al =25t
+ 2,000,000cycle0|n m|Z5Heo| TERIS M AlEY|I= At
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st X% CFRPY| m24d of=

1200

Tensile stress (MPa)

10001

2

Extension (mm)

Fig. 8 Stress—strain curve for satin woven CFRP

Table 3 Result of static tests in twill and satin—woven

1 2 3 Average
Tl 1213 1233 1154 1200
MPa MPa MPa MPa
Satin 1103 1082 956 1047
MPa MPa MPa MPa

Fig. 9 Shape of fracture specimen

500

Stress range [MPa]

450

400

Fig. 102 plain, satinZ} twille] m/ZZk
S-N MEolct Twill2
e

NMumber of cycle (Nf)

Fig. 10 Fatigue life curves of 3 different woven CFRPs
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under longitudinal tensile fatigue loading conditions
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Fig. 13 Predicted and experimental S—N curves of the
satin woven CFRP
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Fig. 14 Predicted and experimental S—N curves of the
twill woven CFRP
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