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Introduc6on	
  
•  Failure	
  as	
  a	
  result	
  of	
  crack	
  propagaGon	
  observed	
  
in	
  recent	
  studies	
  of	
  crosslinked	
  UHMWPE	
  
acetabular	
  components	
  

Crack	
  ini6a6on	
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Failure	
  analysis	
  of	
  UHMWPE	
  Components	
  

•  Defect	
  tolerant	
  approach	
  	
  
• Accepts	
  that	
  cracks/flaws	
  may	
  be	
  present	
  in	
  
the	
  structure	
  

• Crosslinking	
  reduces	
  faGgue	
  crack	
  propagaGon	
  
resistance	
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Fa6gue	
  Crack	
  Propaga6on	
  Analysis	
  
•  Defect	
  tolerant	
  approach	
  uGlizes	
  LEFM	
  
•  P.C.	
  Paris:	
  FaGgue	
  crack	
  growth	
  is	
  driven	
  by	
  the	
  
range	
  of	
  stress	
  intensity	
  applied	
  

C,	
  m:	
  FuncGon	
  of	
  intrinsic	
  	
  

	
  and	
  extrinsic	
  factors	
  	
  



Crack	
  Growth	
  Under	
  Sta6c	
  or	
  Creep	
  Mode	
  

•  Peak	
  stress	
  intensity	
  relaGonship	
  

•  Analogous	
  to	
  Paris	
  relaGonship	
  
•  Velocity	
  of	
  crack	
  propagaGon	
  is	
  related	
  to	
  applied	
  
peak	
  stress	
  intensity	
  rather	
  than	
  the	
  range	
  of	
  
stress	
  intensity	
  ΔK	
  



Crack	
  Growth	
  Under	
  Sta6c	
  or	
  Creep	
  Mode	
  

•  FaGgue	
  damage	
  vs	
  damage	
  as	
  a	
  result	
  of	
  peak	
  	
  
stress	
  in	
  a	
  cycle	
  
– Studied	
  for	
  HDPE	
  and	
  LDPE	
  
– Studies	
  found	
  that	
  crack	
  growth	
  rate	
  was	
  driven	
  by	
  the	
  
duraGon	
  of	
  maximum	
  load	
  applied	
  rather	
  than	
  the	
  
cyclic	
  loading	
  for	
  HDPE	
  and	
  LDPE	
  

– Studies	
  found	
  that	
  resins	
  have	
  varying	
  resistance	
  to	
  
fracture	
  for	
  cyclic	
  and	
  staGc	
  loading	
  condiGons	
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Sta6c	
  crack	
  growth:	
  Un-­‐crosslinked	
  UHMWPE	
  
•  Velocity	
  of	
  crack	
  growth	
  controlled	
  by	
  applied	
  

peak	
  stress	
  intensity	
  factor	
  in	
  a	
  cycle	
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Sta6c	
  crack	
  growth:	
  Un-­‐crosslinked	
  UHMWPE	
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Hypothesis	
  

•  The	
  hypothesis	
  of	
  this	
  study	
  is	
  that	
  the	
  crack	
  
propagaGon	
  velocity	
  of	
  highly	
  crosslinked	
  
UHMWPE	
  is	
  also	
  driven	
  by	
  the	
  peak	
  stress	
  
intensity,	
  Kmax,	
  during	
  cyclic	
  loading,	
  rather	
  than	
  
the	
  stress	
  intensity	
  factor	
  range,	
  ΔK	
  



Materials	
  

•  Two	
  crosslinked	
  UHMWPEs	
  (OrthoplasGcs,	
  Ltd)	
  
– Remelted	
  65	
  kGy	
  

– Remelted	
  100	
  kGy	
  

•  Ram	
  extruded	
  rod	
  

•  Stored	
  in	
  freezer	
  
– To	
  minimize	
  oxidaGon	
  
[Kurtz	
  SM	
  et	
  al.,	
  J	
  Arthroplasty;	
  2003;	
  18	
  (7);68-­‐78.]	
  



Methods	
  

•  Round	
  compact	
  tension	
  specimens	
  
– w=40	
  mm,	
  b=20	
  mm,	
  a=17	
  mm,	
  	
  

– side	
  grooves=	
  2mm	
  

•  FaGgue	
  crack	
  propagaGon	
  tests	
  conducted	
  following	
  
ASTM	
  E-­‐647-­‐11	
  
– Instron	
  servo-­‐hydraulic	
  test	
  frame	
  

– Travelling	
  microscope	
  used	
  to	
  	
  

	
  	
  	
  	
  	
  	
  measure	
  the	
  crack	
  growth	
  	
  

• 5	
  micron	
  resoluGon	
  
Travelling	
  
microscope	
  

Cyclic	
  	
  
Load	
  

Cyclic	
  
Load	
  



Test	
  Design	
  
•  Four	
  condiGons	
  designed	
  to	
  test	
  the	
  hypothesis:	
  
– Square	
  wave	
  R=0.1,	
  frequency	
  f	
  =	
  1	
  Hz	
  (n=2)	
  
– Sine	
  wave	
  R=0.1,	
  frequency	
  f	
  =	
  0.1	
  Hz	
  (n=2)	
  
– Sine	
  wave	
  R=0.5,	
  frequency	
  f	
  =	
  3	
  Hz	
  (n=2)	
  
– Sine	
  wave	
  R=0.1,	
  frequency	
  f	
  =	
  5	
  Hz	
  (n=2)	
  



Test	
  Design	
  
•  The	
  condiGons	
  were	
  selected	
  to	
  obtain	
  data	
  in	
  
different	
  regions	
  in	
  the	
  space	
  of	
  Paris	
  relaGonship	
  

•  Different	
  R-­‐raGos	
  were	
  designed	
  to	
  get	
  the	
  
material	
  response	
  for	
  higher	
  applied	
  constant	
  
stress	
  intensity	
  

•  Two	
  different	
  waveforms	
  were	
  implemented	
  to	
  
demonstrate	
  that	
  the	
  crack	
  growth	
  can	
  be	
  
predicted	
  by	
  applying	
  a	
  scaling	
  factor	
  for	
  different	
  
waveforms	
  



Data	
  Analysis	
  

•  da/dN	
  versus	
  ΔK	
  
– Two	
  point	
  method	
  to	
  calculate	
  da/dN	
  

– ∆K	
  was	
  calculated	
  based	
  on	
  the	
  applied	
  load	
  using	
  the	
  
ASTM	
  standard	
  E-­‐647-­‐11	
  

•  da/dt	
  versus	
  Kmax	
  

– The	
  applied	
  frequency	
  was	
  mulGplied	
  with	
  the	
  da/dN	
  
data	
  to	
  obtain	
  the	
  da/dt	
  	
  



•  	
  	
  

Data	
  Analysis	
  



Results-­‐Remelted	
  65	
  kGy	
  



Results-­‐Remelted	
  100	
  kGy	
  



Results-­‐Peak	
  Stress	
  Rela6onship	
  
•  Remelted	
  65	
  kGy	
  –	
  Peak	
  stress	
  governs	
  crack	
  

growth	
  



Results-­‐Peak	
  Stress	
  Rela6onship	
  
•  Remelted	
  100	
  kGy	
  –	
  Peak	
  stress	
  governs	
  crack	
  

growth	
  



•  	
  	
  

Results-­‐Velocity	
  Normalizing	
  Factor	
  



Results	
  
•  Constants	
  from	
  Paris	
  relaGonship	
  and	
  Peak	
  stress	
  

relaGonship	
  
Tes6ng	
  
Condi6ons	
  

Remelted	
  65	
  kGy	
   Remelted	
  100	
  kGy	
  
m	
   C(mm/cy)/	
  

(MPa√m)	
  
n	
   Y(mm/sec)/	
  

(MPa√m)	
  
m	
   C(mm/cy)/	
  

(MPa√m)	
  
n	
   Y(mm/sec)/	
  

(MPa√m)	
  

Square	
  wave,	
  	
  
f	
  =	
  1	
  Hz,	
  R	
  =0.1	
  

7.64	
   7.0x10-­‐5	
   7.64	
   3.1x10-­‐5	
   7.26	
   2.1x10-­‐4	
   6.81	
   5.7x10-­‐5	
  

Sine	
  wave,	
  
f	
  =	
  0.1	
  Hz,	
  R=0.1	
  

6.00	
   2.8x10-­‐4	
   5.95	
   1.6x10-­‐5	
   5.22	
   6.4x10-­‐4	
   5.44	
   3.8x10-­‐5	
  

Sine	
  wave,	
  
f	
  =	
  3	
  Hz,	
  R=0.5	
  

5.81	
   3.6x10-­‐4	
   5.70	
   1.9x10-­‐5	
   6.10	
   1.5x10-­‐3	
   6.80	
   4.2x10-­‐5	
  

Sine	
  wave,	
  
f	
  =	
  5	
  Hz,	
  R=0.1	
  

7.35	
   1.3x10-­‐5	
   7.35	
   3.0x10-­‐5	
   5.31	
   5.4x10-­‐5	
   5.31	
   1.6x10-­‐4	
  

•  Both	
  C	
  and	
  Y	
  constants	
  suggest	
  that	
  remelted	
  
100	
  kGy	
  is	
  less	
  resistant	
  to	
  crack	
  propagaGon	
  
than	
  remelted	
  65	
  kGy	
  material	
  



Discussion	
  
•  The	
  hypothesis	
  of	
  the	
  study	
  is	
  supported	
  because	
  the	
  
results	
  suggest	
  that	
  for	
  these	
  two	
  formulaGons	
  of	
  
crosslinked	
  UHMWPE,	
  stable	
  crack	
  growth	
  under	
  
cyclic	
  loading	
  is	
  dependent	
  on	
  Kmax	
  and	
  not	
  ΔK	
  

•  This	
  work	
  is	
  consistent	
  with	
  earlier	
  work	
  reported	
  for	
  
non-­‐crosslinked	
  convenGonal	
  UHMWPE	
  material	
  
where	
  it	
  was	
  found	
  that	
  crack	
  growth	
  was	
  dependent	
  
on	
  Kmax	
  and	
  is	
  governed	
  by	
  quasi-­‐staGc	
  driving	
  forces	
  	
  

•  The	
  velocity	
  scaling	
  factor	
  for	
  square	
  wave	
  supports	
  
the	
  theory	
  that	
  crack	
  propagaGon	
  is	
  a	
  Gme	
  
dependent	
  phenomenon	
  

J.	
  Furmanski	
  et	
  al.,	
  Polymer	
  48(2007)	
  3512-­‐3519.	
  	
  



Discussion	
  
•  DucGle	
  fracture	
  is	
  associated	
  with	
  materials	
  that	
  
exhibit	
  crack	
  propagaGon	
  as	
  a	
  result	
  of	
  applied	
  
range	
  of	
  stress	
  intensity	
  ΔK	
  

•  Briole	
  fracture	
  is	
  associated	
  with	
  materials	
  that	
  
exhibit	
  crack	
  propagaGon	
  as	
  a	
  result	
  of	
  maximum	
  
applied	
  stress	
  intensity	
  (Kmax)	
  	
  

•  The	
  results	
  suggest	
  that	
  crosslinked	
  UHMWPE	
  
should	
  be	
  treated	
  as	
  material	
  failing	
  in	
  a	
  briole	
  
manner	
  when	
  it	
  comes	
  to	
  fracture	
  mechanics	
  



Limita6ons	
  

•  Only	
  two	
  R-­‐raGos	
  were	
  tested	
  for	
  the	
  
hypothesis,	
  no	
  negaGve	
  R-­‐raGos	
  were	
  tested	
  
or	
  the	
  effect	
  of	
  compressive	
  loads	
  were	
  not	
  
studied	
  

•  Two	
  crosslinked	
  UHMWPE	
  formulaGons	
  were	
  
tested	
  in	
  the	
  study,	
  only	
  remelted	
  material	
  
was	
  studied	
  	
  



Conclusion	
  

•  In	
  the	
  presence	
  of	
  a	
  flaw	
  or	
  a	
  design	
  stress	
  
concentraGon	
  region,	
  the	
  findings	
  suggest	
  that	
  
stable	
  crack	
  propagaGon	
  can	
  occur	
  as	
  a	
  result	
  of	
  
only	
  staGc	
  loading	
  on	
  UHMWPE	
  joint	
  replacement	
  
components.	
  This	
  should	
  be	
  taken	
  into	
  
consideraGon	
  while	
  design	
  of	
  components.	
  


