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Loading, laminate to lamina

3( Any general (multiaxial) loading
5( on a laminate results in biaxial loading

)g 2§ (plane stress state) in a lamina

In material coordinates, x4, x,

the stress components 6, G,, 6, = Gy,

Biaxiality ratios:

A=0,/c,  (normal)

A=0¢/o;,  (shear)

How do the biaxiality ratios affect the baseline FLD of UD composites?



Expected effects of biaxiality ratios on FLD
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Fatigue in off-axis (inclined) tension of UD
composites

Failure from a single




Change in the baseline FLD with the angle of
off-axis fatigue loading
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Variation of fatigue limit strain with the off-
axis angle

&

0.006"
e, = Fatigue limit of
matrix (epoxy) 0.004
g4 = Strain at initiation = =
of fiber/matrix debonding 0,002 -
Gd ~—O— —
1 | A | | l | i l
0 30 60 90




Further studies of biaxiality ratio effects using tubular
specimens (Courtesy Marino Quaresimin, University of Padova)

Stress biaxiality ratios

A=0,/c,  (normal)

Most suited  pm— A,=o./0, (shear)
with tubular
specimens 7\.12= 0'6/0'2 (shear)

G =017




Effect of shear biaxialty ratio 7»;
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Specimen geometry for multiaxial testing

Tubular specimen, 6= 902
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Tubular specimen, 0
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Transverse stress on 90° plies

Fatigue curves (o, on G, ) at R=0 [90], tubes

final failure = crack initiation
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Transverse cracks observed
In 90° tubes under tension o,
and torsion G,

Quaresimin, U Padova



Baseline fatigue life diagram modified by A, A, and A,,

Fatigue Life Diagram
Off-Axis Loading of Unidirectional Composites
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-atigue limit strain in UD and angle ply
aminate with off-axis angle
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Damage mechanisms

ply laminates:

Off-axis loading of UD vs. Angle
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Cross Ply Laminates - Damage mechanism:

Multiple transverse cracking




Progression of multiple transverse cracking
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Progression of transverse cracking with max
fatigue load level
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All damage mechanisms under fatigue of
cross ply laminates

Interior
delaminations
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FLD of laminates related to the baseline FLD
of UD composites
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FLD of a cross ply laminate

Cracking in 90° plies,

delamination
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Fatigue limit of cross ply laminates: Strain to
initiation of transverse cracking
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Effect of constraint on evolution of crack density
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Enhancing the fatigue limit of laminates by
increasing the strain to first cracking
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first ply cracking

Is being done!




FLDs of other laminates, [0/+45/90].
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A “gquick estimate” procedure for fatigue life
of laminates
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General features of fatigue damage in laminates

Damage

Controlling damage modes
| - matrix auring fatigue life
cracking 3 - gelamination 5 - fracture
r--‘h—
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2 - crack coupling - interfacial debonding 4 - fiiber breaking
l
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Stiffness reduction reflecting fatigue damage
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“Critical” state can be stiffness reduction, not
“failure by separation”

5
1.00 170 £
m Normalized secant modulus @
= 3
3099 -1 60 g
o S
£ =
€098 —150 2
@D
§ ©
S
N o
g f \ 9
5 0.96 Transverse crack density —{ 30 g
< 5
[ 1 i | -

0 10 20 30 40 50 Jamison, et al, 1984

Thousands of cycles



Other fiber architectures: Woven fabric
Composites Intra-bundle cracks Inter-bundle cracking

5-harness satin weave carbon/PR500 (Pratt Whitney), Kumar-Talreja, 2000



Fatigue Life Diagram: Woven fabric Composite
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-atigue damage, continuous fiber vs. woven

fabric composites
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Fiber architectures driven by cost
(b)

fill-yarn

(b)

Non-crimp 3D
orthogonal weave,
E-glass

Plane weave,
E-glass

Non-crimp, unstitched,
carbon

Non-crimp, stichted,
carbon

Carvelli et al, 2010
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Fatigue life trends
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1. Fatigue life in fiber direction not sensitive to fiber architecture
2. Stitching makes it worse by introducing stress concentrations



Summary: One important message

* It is widely believed that fatigue of composite laminates is
“complicated”, and that “too many parameters” exist. “Changing

anything changes the fatigue behavior”.

Not true! Some basic observations and looking for answers to basic
guestions can simplify the fatigue problem. Not doing so can lead to
empirical approaches that require a lot of data and still unreliable

predictions.



