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The	
  Fa#gue	
  Life	
  Diagram	
  
Unidirec#onal	
  Composites	
  

On-­‐axis	
  tension-­‐tension	
  fa#gue	
  



Mechanisms ‒ Region I 
(Non-progressive) 



Mechanisms ‒ Region II 
Fiber-bridged Matrix Cracking 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Fibre-­‐bridged	
  cracking	
  

Bridging fiber 
Broken fibers 

Crack front 

Unbroken fiber 
   3D schematic    Cross-sectional overview 



Mechanism ‒ Region III 

Non-evolving matrix cracking 

Mechanism: Matrix Cracking Between Fibers 
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Transi#on	
  in	
  Fa#gue	
  mechanisms	
  –	
  
propaga#on	
  or	
  termina#on	
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Termina#on	
  of	
  crack	
  
growth	
  by	
  debonding	
  



Fa#gue	
  damage	
  mechanism	
  

Epoxy	
  vs.	
  PEEK	
  matrix	
  

CF/epoxy	
   CF/PEEK	
  



FIBER-BRIDGED CRACK 
Stress Intensity Factor 





FIBER-BRIDGED CRACK 
Effective Crack Length : 

∆Kb	
  =	
  ∆K	
  (1	
  -­‐	
  	
  
∆Kp 

 ∆K 	
  )	
  	
  

∆Kp 
 ∆K =	
   constant,	
  if	
  p(x)	
  =	
  po	
  ,c<x<a	
  	
  

	
  	
  or	
  if	
  p(x)	
  =	
  po	
  (a-­‐x3.	
  /a-­‐c),0<x<a	
  

For constant             , 
∆Kp 

 ∆K 

∆Kb	
  =	
  	
  ∆σ∞√π(a-­‐d)	
  ,	
  d	
  =	
  constant	
  	
  

Define Effective Crack Length : 

ae	
  =	
  	
  a	
  -­‐	
  d	
  



FIBER-BRIDGED CRACK 

Crack Growth Rate : 
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  (a-­‐d)n/2	
  

Integrating : 
Nf	
  (∆σ∞	
  )n	
  	
  =	
  B	
  	
  	
  	
  	
  	
  	
  	
  where	
  	
  B	
  =	
  C-­‐1	
  π-­‐n/2
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For unreinforced crack : 
Nf	
  (∆σ∞	
  )n	
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  π-­‐n/2

	
   ∫	
  	
  	
  a0	
  

ac	
  
a-­‐n/2	
  da	
  	
  	
  	
  

A 
B 

	
  =	
  
∫	
  	
  	
  a0	
  

ac	
  
(	
  a	
  –	
  d)-­‐n/2	
  da	
  	
  	
  	
  

∫	
  	
  	
  a0	
  

ac	
  
a-­‐n/2	
  da	
  	
  	
  	
  

























CF/epoxy	
   CF/PEEK	
  

Schema#c	
  difference	
  in	
  fa#gue	
  damage	
  









Basics	
  of	
  fa#gue	
  

•  If	
  in	
  the	
  first	
  applica#on	
  of	
  load,	
  events	
  of	
  
damage	
  occur,	
  then	
  in	
  subsequent	
  load	
  
applica#ons	
  damage	
  progression	
  is	
  possible.	
  

•  Failure	
  occurs	
  when	
  accumulated	
  damage	
  
reaches	
  a	
  cri#cal	
  state	
  (defined	
  as	
  loss	
  of	
  
func#onality).	
  



Basics	
  of	
  fa#gue	
  limit	
  

•  Fa#gue	
  limit	
  is	
  the	
  MAXIMUM	
  LOADING	
  
STATE,	
  below	
  which	
  one	
  of	
  the	
  following	
  
condi#ons	
  is	
  sa#sfied.	
  

A)  No	
  damage	
  event	
  (causing	
  energy	
  
dissipa#on)	
  occurs	
  during	
  the	
  first	
  applica#on	
  
of	
  load.	
  

B)  Insufficient	
  damage	
  progression	
  occurs	
  to	
  
reach	
  failure	
  in	
  a	
  large	
  number	
  (e.g.	
  107)
cycles.	
  	
  















CROSS	
  PLY	
  LAMINATES	
  

FATIGUE	
  DAMAGE	
  MECHANISMS	
  

SOURCE:	
  JAMISON	
  et	
  al.,	
  ASTM	
  STP	
  836,	
  1984.	
  













• 	
  Fa#gue	
  Life	
  Diagrams	
  provide	
  a	
  conceptual	
  framework	
  and	
  
systema#c	
  means	
  for	
  interpreta#on	
  and	
  assessment	
  of	
  the	
  
role	
  of	
  	
  cons#tuents	
  in	
  fa#gue	
  of	
  composites	
  	
  

• 	
  These	
  diagrams	
  facilitate	
  selec#on	
  of	
  fibers	
  and	
  matrix	
  and	
  
devising	
  of	
  fiber	
  architecture	
  for	
  desired	
  fa#gue	
  proper#es.	
  

• 	
  Ignoring	
  Region	
  I	
  of	
  	
  fa#gue	
  behavior,	
  which	
  is	
  oren	
  done,	
  
can	
  lead	
  to	
  serious	
  errors	
  in	
  life	
  es#ma#on,	
  especially	
  for	
  
high	
  s#ffness	
  fiber	
  composites.	
  

• 	
  A	
  proper	
  representa#on	
  of	
  fa#gue	
  limit	
  is	
  in	
  strain	
  –	
  not	
  
stress	
  –	
  and	
  it	
  is	
  a	
  matrix	
  governed	
  property	
  

Summary	
  



Fa#gue	
  Life	
  Predic#on	
  

What	
  makes	
  a	
  new	
  crack	
  appear	
  between	
  two	
  pre-­‐exis#ng	
  cracks?	
  



Stresses	
  in	
  90-­‐plies	
  between	
  pre-­‐
exis#ng	
  cracks	
  in	
  a	
  cross	
  ply	
  laminate	
  



Irreversibility	
  modeled	
  as	
  fric#onal	
  
sliding	
  of	
  delaminated	
  surfaces	
  



Axial	
  normal	
  stress	
  in	
  90-­‐plies	
  with	
  and	
  
without	
  fric#onal	
  delamina#on	
  

New	
  crack	
  possible	
  



Crack	
  density	
  increase	
  with	
  fric#onal	
  
delamina#on	
  growth	
  in	
  fa#gue	
  



Experimental	
  data	
  showing	
  crack	
  
density	
  increase	
  with	
  cyclic	
  loading	
  



Assumed	
  failure	
  criterion	
  based	
  on	
  
crack	
  density	
  varia#on	
  with	
  cycles	
  



Procedure	
  for	
  fa#gue	
  life	
  predic#on	
  



Model	
  predic#on	
  and	
  test	
  data	
  



Alterna#ve	
  approach	
  to	
  fa#gue	
  crack	
  
forma#on	
  based	
  on	
  microstructure	
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Carraro	
  and	
  Quaresimin	
  (work	
  in	
  progress)	
  

Idea:	
  Inves#gate	
  the	
  failure	
  process	
  
at	
  the	
  fiber/matrix	
  scale	
  under	
  
(homogeneous)	
  ply	
  level	
  stresses.	
  
Model	
  that	
  failure	
  process	
  in	
  terms	
  	
  
of	
  the	
  ply	
  stresses.	
  

Two	
  compe#ng	
  failure	
  processes:	
  
Dilata#onal	
  energy	
  controlled	
  vs.	
  
Maximum	
  principal	
  stress	
  controlled	
  
Fiber/matrix	
  debonding	
  	
  



Dilata#on	
  vs.	
  Distor#on	
  controlled	
  
interface	
  failure	
  

Data	
  from	
  Hashin	
  (UD	
  off-­‐axis,	
  R	
  =	
  0.1)	
  

β	
  Fx	
  

60º	
  curve	
  out	
  of	
  the	
  scaxer	
  band	
  

Curves	
  collapsing	
  for	
  5º≤	
  β	
  ≤	
  30º	
  

Carraro	
  and	
  Quaresimin,	
  unpublished	
  



Concluding	
  Remarks	
  on	
  Fa#gue	
  
Damage	
  Evolu#on	
  Modeling	
  

•  Phenomenological	
  models	
  are	
  uncertain	
  as	
  
they	
  can	
  hit	
  or	
  miss	
  the	
  data	
  since	
  they	
  are	
  
not	
  based	
  on	
  observed	
  behavior	
  

•  Mechanisms	
  based	
  models	
  are	
  difficult,	
  #me	
  
consuming	
  to	
  develop,	
  but	
  at	
  the	
  end	
  have	
  the	
  
best	
  chance	
  of	
  succeeding	
  

•  Mul#-­‐scale	
  modeling	
  to	
  develop	
  failure	
  
criteria	
  has	
  poten#al	
  and	
  should	
  be	
  pursued	
  


