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Prediction of Fatigue Life of Composite Laminates using Micromechanics of Failure

Kyo-Kook Jin™", Sung-Kyu Ha’, Jac-Hyuk Kim', and Hoon-Hee Han™

ABSTRACT

Many tests are required to predict the fatigue life of composite laminates made of various materials and
having different layup sequences. Aiming at reducing the number of tests, a methodology was presented in this
paper to predict fatigue life of composite laminates based on fatigue life prediction of constituents, ie. the
fiber, matrix and interface, using micromechanics of failure. For matrix, the equivalent stress model which is
generally used for isotropic materials was employed to take care of multi-axial fatigue loading. For fiber, a
maximum stress model considering only stress along fiber direction was used. The critical plane model was
introduced for the interface of the fiber and matrix, but fatigue life prediction was ignored for the interface
since the interface fatigue strength was presumed high enough. The modified Goodman equation was utilized to
take into account the mean stress effect. To check the validity of the theory, the fatigue life of three different
GFRP laminates, UDT[90°2], BX[+45°]S and TX[0°2/+45°]S was examined ecxperimentally. The comparison
between predictions and test measurements showed good agreement.
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Fig. 1 MMF based fatigue life prediction procedure for composite structures.
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Fig. 2 Laminate subjected to the fatigue loading.
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Fig. 3 Computation of Micro stresses in the constituents.
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Fig. 4 MMF based fatigue models.

Determination of Equivalent Stress

For isotropic material
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Fig. 5 Equivalent stress model for the multi-axial fatigue loading.
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Fig. 6 Critical plane model for the interfacial fatigue.
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Table 1  Material properties of epoxy and laminates; mean value
{standard deviation)

Young’s modulus Tensile strength Cosrzlrz;i:;ive
(GPa) {MPa) (MPa)
Epoxy 3.35(0.41) 67.7(1.1) 73.8(1.2)
upT 13.07(0.26) 35.1(2.8)
BX 22.3(5.12) 111.6(5.2)
TX 26.55(0.82) 464.2(39.6)

Table 2 Parameters of S-N curve of epoxy and fiber

a b
Epoxy -0.130 8.037
Fiber -0.227 9.746

Table 3 Summary of fatigue test parmeters and results

Maxx?;,{u;;)stress Number of cycles to failure
54.6 1008, 1476
Epoxy 478 8713, 3981, 5012
41.0 39811, 50119, 25119
28.1 32232, 45516, 39406
uptT 24.6 98597, 63433, 46923
21.1 225647, 229270, 225957
78.1 3138, 3227, 2364
BX 67.0 17702, 20398, 24428
55.8 262711, 292423, 315449
325.0 2475, 1389, 1487
X 2785 5595, 5152, 6027
232.1 13361, 18918, 14619

e AR s Eeol U H3W © Yot B
F2EY W2 wdo] BHElY, HEo] RERsH 24
ok oM, ulANsH W2WL ol§W By FzEC 3
& A2 H3Wo ol Fetolrl mEHUER Wek oh
&, FAARY A%, 1A 2 497K FAY sezcs
FEY 5 ok

3. 48wy

B oA AREE 7]A| = Hexion MGS RIM 135(L135i)
o Z Alepoxy)?t Hexion MGS RIMH 134 #3lAj(harden)S
10:3 H][&E A3 60°ColA] 18AJ7F 59t ABIAA ARy
th 7179 AR A4S 4 H2LY P Y3 AHA)
Z3} AP ASTM D 6382 ASTM D 6959 ojAslg
ot A7EAl A2 ohg 34 H38-e E-glass/EpoxyZ %33
UDT[90°2], BX[45°] ZL2]3l TX[0°2/+45°]2 #HZslgx $)

o AT FUT ABAS AgHAT 2N A3
7 9 W24Y 24 AT ARAT APPIS ASTM
30392} ASTM D 30392 9JAasich

&4 714G B34 H2Be AT BeAY L A2UY
e TPET Imm¥ WS Yol A UYL B9
th 2 AT Teble 13} 2k B8 W24BA SHFuE
01, B2 AFSE Hz $8 9% QAFES] 50-80%7}
HEE 55 RSl Aojstych 42 WzaF 2ddIM
A& V) A=) Awoz A@sidch ol Uyel g
A3l Table 2-33} Zt}

4. 23 A 1@

4.1 el S2toje] 24y o E

71& 21N EEE &4 7IX 9] HEAY dolEE
7128 B a7 AARE vAgEy s2asrdg olf
st choFst MG4Rg 7R g Eelole] HE,EE ot
3tk Fig. 8ol GFRPQ) A-{-ZrE7F 159 30° 2 60°¢1 el
Zajolo] mRpy ET HEAY AWHINE vegs
o, oiA9ed mzseud) da2py a3 Azl
e QAR U 4 gtk ARZdTrl S48 929 was)
Fako] Aol dolA7| w2 mz7=rt FopE
4 4 glth ©, GFRPY 4327} 60°¢1 @ Zalo|9] w
24ge b A 4= ol Ae/71A AAEY
Ahgde] o3t Havds REEd 2 ATdqME nedx
e Ae7iA A mEud mdo] Hadk Heg A
29}

ARdert g 2E oY Eetojdla BH chd&Holg
Brp Apzhigot SZujd FAMYE AR wE2ey
di&gto] A T AL B ol ulX gy
ol 2E o]83 BEEAlY w24y o&EL njA] 2do] of
g 1 Adrt gEi £ lom 71X Yo sk S
HYEL e A PFOE BAR UAGHOlELS 4
9} 71X ¢] A2 BFYo] %t sHAFUALALS BT Y
& gojzd. E£3, $U% 2skEdA FAME vAzdY
Alzrijgol Szt sBegol A ¥ 4 ded,
ol AlZhuige) gYAFo| SZuidRct E AE 9uidiy
Abzbajdel 497 Ayt SzhegEct Fof Sl o
aA gAsz] o olck

42 SHd HE@e H25YH o F

Fig. 9= 2 A7 #=24Y AM83% B3 GFRPQI UDT,
BX 2 TX9 A8AAujE 7)]x 32 (resin digestion method)
3} WA ZaFH(areal weight method)S o]-g3ldd &A% FAals
Uebd zlojth 7|2 HEFede s &4€ UDT,
BX 9 TXo| 593t 48et 7IAgds Aeddnle A2 g



#24% B 1 % 2011. 2 oA e}bE mho)

£2 o3 BUY A3V WY A3 15

350
300
250
200
150

Oy max (MPa)

100
50

350
300
250
200
150
100

Oy max (MPa)

50

350
300
250
200
150
100

Oy may (MP8)

50

.
e SOR
=i eesseHEX
s - 150 - - @MCT
- & TEST
-
|
~ =
Teetseeennddin.,
.
mvlnoc--o.l"
e =30° wwsner SOR
eeses HEX
- wMCT
@ TEST
i i P
—
T ey -— -
bbb ZLCLLY TSR U ‘i"“F
| ;
6 = 60 P — S OR
..... HEX
- wMCT
& TEST
Sy
-~ -~
.. e oy
Siasssisssss
8 8 g a
1 2 3 4 5 & 7
log N,
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Rz7t dEEHh ol HEAY @?}011*15 Y3 =g
Lney)t BEEonh TX: 7] ga2usg [+45°794 7]
9] mtarert dEEgly, HE AEJH—L [0°1elA4 /9
TERET fSE . °| &3, HREAENE 5YT H=
wenort B

UDTS} BXolMs thdd&aol29] nAndrct aude]
ujAlzdoe] w2 Agte] o IABPY 1 o= o|n] Hwst
Aok BIAEE TXolAME BE uARdEe] H2AHFTE /A
g AAE Hogt ojs BE mARAEY Had 2EE
Z7} Agado] obd AfAAugE Aol gl7] wiEo|tt.

5.2 8

2 Aol gAY 7123 ?’“XHEC" 71Aef) gt
HEAHEE 7|We s nA| 93] HdolBE AMESRe] thkdt
254 HE0 gda2egs A&tk °I—E— chekst /2
=g 7 2 “E}°l°ﬂ gk A2 A vlaste, o
It AgZdntel 2 dxst &S 4 5 AN 71AY
HasEnort Bgh oortt ARAeE R 3 Eeol
U A eursie] Zatolrt ZA5HA] e Bakd) ZSule| o3|

Ae 71Ae mzAEReRE sty e Fo v
249 W7} AsHe Beth oK, B¥A FRB W)



16 Ha= - et -

A4y - &8

BEEAHRBEW

B oA A= BAS AY UYY 359 vjgol 3A
g Aog AmHr)

FF AU AR BAEY v2aerse B3 A
Sol gt viA ety 77 Fasio], tfd 2359
Fuked Fg o] iF AT 10| ojReiMol & o]
o EI EQA AR mdo] E 9¥E nAE 2Ry
5 59 B WeEE AT 4 dv vAgey
°[& FY i3t A= By olop & Aot

F1'> E

F2Ed

1) Ellyin F., and El-Kadi
for Fiber Reinforced Composite ELaminae,”
Structures, Vol. 15, No. 1, 1990, pp. 61-74.

2) Plumtree A, and Cheng GX,
Parameter for Off-axial Unidirectional Fibre-Reinforced

H., “A Fatigue Failure Criterion
Composite

“A  Fatigne Damage

Composites,” International Journal of Fatigue, Vol. 21,
No. 8, 1999, pp. 849-856.

3) Varvani-Farahani A., Hafichenari H., and Panbechi M.,
“An Energy-based Fatigue Damage Parameter for Off-axis
Unidirectional FRP Composites,” Composite Structures,
Vol. 79, No. 3, 2006, pp. 381-389.

4) Shokriech M.M., and Taheri-Behrooz F., “A Unified Fatigue
Life Model based on Energy Method,” Composite
Structures, Vol. 75, No. 1-4, 2006, pp. 444-450.

5 A9, Beg, WY, A, BN $YF va
A% 1A SREdgReEa), A2y, A3x, 1996,
pp. 26-35.

6) Philippidis T.P., and Vassilopoulos A.P., “Fatigue Design
Allowables for GRP Laminates based on Stiffness Degradation
Measurements,” Composites Science and Technology, Vol.
60, No. 15, 2000, pp. 2819-2828.

7) o Bel “SIE Aigel ot gadds AR
15‘1—7&5 4 "2y & AR, A
4, A2E, 1999, pp. 53-61.

8) %’:l*é%, s, v sadsy 2de o83 BUX)
nEey ol fREgARgEa), A6y, Az,
2003, pp. 13-18.

9) Hashin Z., and Rotem A,
for Fiber Reinforced Materials,” Jouwrnal of Composite
Materials, Vol. 7, No. 4, 1973, pp. 448-464.

10) Philippidis T.P., and Vassilopoulos A.P., “Fatigue Strength
Prediction under Multiaxial Stress,” Journal of Composite
Materials, Vol. 33, No. 17, 1999, pp. 1578-1599.

11) Kawai M., Yajima S., Hachinohe A., and Takano Y., “Off-
axis Fatigue Behavior of Unidirectional Carbon Fiber-

“A Fatigue Failure Criterion

reinforced Composites at Room and High Temperatures,”
Journal of Composite Materials, Vol. 35, No. 7, 2001,
pp- 545-576.

12) Liu Y., and Mahadevan S., “A Unified Multiaxial Fatigue
Damage Model for Isotropic and Anisotropic Materials,”
International Journal of Fatigue, Vol. 29, No. 2, 2007,
pp. 347-359.

13) Lian W.,, and Yao W., “Fatigue Life Prediction of Composite
Laminates by FEA Simulation Method,” International
Journal of Fatigue, Vol. 32, No. 1, 2010, pp. 123-133.

14) Akshantala N.V,,
based Model for Predicting Fatigue Life of Composite

and Talreja R, “A Micromechanics
Laminates,” Materials Science and Engineering A4, Vol.
285, No. 1-2, 2000, pp. 303-313.

15) Petermann J., and Plumtree A., “A Unified Fatigue
Failure Criterion for Unidirectional Laminates,”
Part 4, Vol. 32, No. 1, 2001, pp. 107-118.

16) Huang ZM., “Micromechanical Modeling of Fatigue Strength
of Unidirectional Fibrous Composites,” International Journal
of Fatigue, Vol. 24, No. 4, 2002, pp. 659-670.

17) Miner, MA,,
of Applied Mechanics, Vol.
159-164.

18) Jin KK, Huang Y., Lee Y.H.,, and Ha S.K., “Distribution
of Micro Stresses and Interfacial Tractions in Unidirectional

Vol. 42,

Composites

“Cumulative Damage in Fatigue,” Journal
12, No. 3, 1945, pp.

Composites,” Journal of Composite Materials,
No. 18, 2008, pp. 1825-1849.

19) Huang Y., Jin KK. and Ha S.K. “Effects of Fiber
Arrangement on Mechanical Behavior of Unidirectional
Composites,” Journal of Composite Materials, Vol. 42,
No. 18, 2008, pp. 1851-1871.

20) Gamnich M.R. and Hansen A.C,
Theory for Thermal-Elastic Finite element Analysis of

“A  Multicontinuum

Composite Materials,” Journal of Composite Materials,
Vol. 31, No. 1, 1997, pp. 71-86.

21) Tao G., and Xia Z.,
Epoxy Polymer with Mean Stress Effect,” International
Journal of Fatigue, Vol. 31, No. 4, 2009, pp. 678-685.

22) Kawai M., Koizumi M.,
Life Diagrams for Carbon/Epoxy Laminates at Room

38, No. 1l,

“Biaxial Fatigue Behavior of an

“Nonlinear Constant Fatigue

Temperature,” Composites Part A, Vol
2007, pp. 2342-2353.

23) Vassilopoulos A.P.,, Manshadi B.D., and Keller T,
“Influence of the Constant Life Diagram Formulation on
the Fatigue Life Prediction of Composite Materials,”
International Journal of Fatigue, Vol. 32, No. 4, 2010,
pp. 659-669.



