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Damage Behavior and Life Prediction in CFRP Cross-Ply Laminates
under Fatigue Loading
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This paper deals with fatigue damage and life prediction of CFRP cross-ply laminates. Fatigue
tests are carried out on CFRP unidirectional and cross-ply laminates under the on-axis and off-axis
directions. On the unidirectional laminate, fiber breakage and fiber -peeling develop before the final
fracture under on-axis fatigue, while the final fracture suddenly occurs by cracking along the fiber
direction under off-axis fatigue. On the cross-ply laminates, ply-cracking in 90° plies and fiber-
peeling in 0° plies develop under on-axis fatigue, while ply-cracking and delamination lead to the
final fracture under off-axis fatigue. Based on the comparison of damage behavior and S-N curves
between unidirectional and cross—ply laminates, possibility of fatigue life prediction of CFRP cross-

ply laminates is discussed.
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Table 1 Tensile strength, fracture strain and elastic moduli
of a unidirectional laminate.

Tensile strength and fracture strain

12

(b) Specimen for tests on the fiber direction of
a unidirectional laminate

Fig. 1 Specimen configuration.

Tensile direction 0° 30° 60° 90°
Tensile strength
o, (MPa) 2280 124.4 79.4 63.0
Fracture strain
& (%) 1.62 1.66 1.20 0.85
Elastic moduli
E, =122.5GPa E,, =824 GPa
G, =433 GPa v, =0.283
2500 J;

V Experimental results
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Fig. 2 Tensile strength of a unidirectional laminate
as a function of the tensile direction
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(a) On-axis fatigue
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(b) Off-axis fatigue

Fig. 3 S-N curves of a unidirectional laminate
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Fig. 4 S-N curves modified by tensile strength of
a unidirectional laminate
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Fig. 5 Stress-strain relations of cross-ply laminates under on-axis and off-axis tension
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Fig. 6 Ply-cracking density as a function of applied stress in cross-ply laminates under on-axis and off-axis tension.
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Table 2 Tensile strength, fracture strain and stress for ply-cracking initiation of cross-ply laminates.

0° axis tension

30° axis tension

Laminate

0.5-3ply 2-12ply 2-18ply [ 0.5-3ply 2-12ply 2-18ply

Tensile strength oy (MPa) | 1859

829 215 124 117

Prediction* 1520 760
Fracture strain & (%) 1.88 1.85 12.09 135 1.20
Stress for ply-cracking 913 244 156  (124) (117)
initiation o;, (MPa)
Prediction** 643 351 149 144 144

(---) shows the tensile strength instead of the stress for ply-cracking initiation.
* Prediction based on the tensile strength (0° direction) of unidirectional laminate.
**  First ply failure based on the Tsai-Hill criterion.
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Fig. 7 S-N curves of cross-ply laminates under on-axis and off-axis fatigue
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Fig. 8 Ply-cracking density as a function of number
of stress cycles in cross-ply laminates under
on-axis fatigue.
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Fig. 10 Ply-cracking density as a function of number of
stress cycles in the 0.5-3 ply under off-axis fatigue
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Fig. 9 Damage evolution in 0° plies of the 0.5-3 ply under on-axis

fatigue (4o= 1215 MPa).
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Fig. 11 Comparison of modified S-N curves for on-axis
fatigue between cross-ply and unidirectional
laminates.
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Fig. I3 Comparison of modified S-N curves for off-axis
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Fig. 12 Interlaminar shear stress after ply-cracking damage

in cross-ply laminates under off-axis fatigue.
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Fig. 14 S-N curve for delamination after ply-cracking

fatigue between cross-ply and unidirectional laminates. on off-axis fatigue of 0.5-3ply.
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