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The	
  Goals	
  of	
  This	
  Paper	
  

•  Show	
  the	
  Physics	
  of	
  Failure	
  (PoF)	
  basics	
  for	
  acceleraNon	
  of	
  a	
  
reliability	
  growth	
  test	
  and	
  measures	
  of	
  achieved	
  reliability	
  	
  

•  Show	
  how	
  the	
  test	
  is	
  structured	
  as	
  a	
  combinaNon	
  of	
  reliability	
  
growth	
  and	
  demonstraNon	
  tests	
  

•  Explain	
  how	
  to	
  translate	
  the	
  use	
  profile	
  of	
  a	
  system	
  and	
  its	
  
expected	
  life	
  into	
  a	
  series	
  of	
  accelerated	
  stress	
  tests	
  	
  

•  Show	
  how	
  to	
  determine	
  duraNon	
  of	
  specific	
  stresses	
  and	
  their	
  
combinaNon	
  to	
  achieve	
  a	
  reliability	
  goal	
  

•  Show	
  data	
  analysis	
  and	
  the	
  achieved	
  reliability	
  growth	
  through	
  a	
  
test	
  example	
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Reliability	
  Growth	
  Tests	
  
•  A	
  well	
  known	
  test	
  technique	
  has	
  been	
  pracNced	
  for	
  decades	
  to	
  

–  Expose	
  test	
  items	
  (or	
  systems)	
  to	
  stresses	
  expected	
  in	
  their	
  use	
  
–  Determine	
  the	
  duraNon	
  of	
  the	
  test	
  to	
  increase	
  reliability	
  from	
  what	
  
was	
  thought	
  to	
  be	
  the	
  iniNal	
  reliability	
  to	
  the	
  desired	
  goal	
  by	
  recording	
  
and	
  miNgaNng	
  the	
  test	
  failures	
  (systemaNc	
  failures)	
  with	
  design	
  
improvements	
  

•  UncertainNes	
  for	
  test	
  design	
  and	
  results	
  
–  Stresses	
  were	
  applied	
  at	
  levels	
  assumed	
  equal	
  to	
  those	
  expected	
  in	
  
use,	
  however:	
  

•  Their	
  duraNon	
  and	
  sequence	
  of	
  applicaNon	
  was	
  arbitrary	
  
•  Both,	
  stress	
  levels	
  and	
  duraNon,	
  were	
  unrelated	
  to	
  the	
  product	
  life	
  

–  DuraNon	
  of	
  the	
  enNre	
  test	
  was	
  calculated	
  mathemaNcally	
  for	
  assumed	
  
improvement	
  rates,	
  without	
  considering	
  product	
  life	
  duraNon	
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The	
  Concepts	
  of	
  Reliability	
  Growth	
  
•  There	
  are	
  two	
  kinds	
  of	
  failure	
  modes	
  in	
  a	
  product:	
  

–  SystemaNc	
  failure	
  modes	
  (occur	
  whenever	
  the	
  idenNfied	
  cause	
  is	
  
present	
  –	
  the	
  existence	
  of	
  a	
  systemaNc	
  fault)	
  

•  They	
  originate	
  from	
  design	
  or	
  manufacturing	
  or	
  other	
  process	
  
•  They	
  are	
  expected	
  to	
  occur	
  in	
  all	
  produced	
  items	
  
•  In	
  literature	
  they	
  are	
  referred	
  to	
  as	
  type	
  A	
  and	
  type	
  B	
  failure	
  modes	
  

–  Type	
  A:	
  Cannot	
  be	
  miNgated	
  because	
  of	
  technical,	
  economic,	
  or	
  schedule	
  
reasons	
  

–  Type	
  B:	
  Can	
  be	
  miNgated	
  by	
  product	
  design	
  changes	
  (technically	
  and	
  in	
  a	
  
cost	
  effecNve	
  manner)	
  

–  Random	
  failure	
  modes	
  
•  The	
  causes	
  are	
  not	
  easily	
  idenNfiable	
  
•  Their	
  failure	
  rate	
  is	
  considered	
  constant	
  
•  They	
  are	
  not	
  subject	
  to	
  miNgaNon	
  in	
  reliability	
  growth	
  but	
  must	
  be	
  
accounted	
  for	
  in	
  the	
  results	
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Failure	
  Modes	
  and	
  Their	
  Failure	
  Rates	
  
•  MathemaNcal	
  fit	
  

for	
  the	
  number	
  of	
  
failures	
  vs.	
  Nme:	
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N(t)	
  =	
  number	
  of	
  failures	
  	
  
as	
  a	
  funcNon	
  of	
  test	
  	
  
Nme:	
  t;	
  
λ  and	
  β	
  =	
  scale	
  and	
  	
  
shape	
  parameters	
  of	
  	
  
the	
  Weibull	
  Intensity	
  	
  
FuncNon;	
  
zA(t)	
  =	
  zA=constant;	
  
zB(t)	
  =	
  zB=constant	
  
	
  



Planning	
  Reliability	
  Growth	
  Test:	
  TradiNonal	
  Approach	
  
•  The	
  test	
  duraNon	
  is	
  planned	
  based	
  on	
  the	
  assumed	
  or	
  known	
  iniNal	
  

test	
  duraNon	
  and	
  the	
  reliability	
  (low	
  failure	
  rate)	
  goal:	
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•  zi	
  is	
  the	
  total	
  system	
  failure	
  

rate	
  
•  Because	
  of	
  counNng	
  and	
  

reporNng	
  only	
  B	
  failure	
  
modes,	
  zG	
  was	
  small	
  

•  With	
  a	
  large	
  iniNal	
  and	
  a	
  
small	
  goal	
  failure	
  rate,	
  the	
  
calculated	
  test	
  duraNon	
  was	
  
reasonable	
  and	
  affordable	
  
(for	
  ti	
  =	
  200	
  hours	
  and	
  tG	
  =	
  
3,000	
  hours)	
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Planning	
  Reliability	
  Growth	
  Test:	
  Corrected	
  Approach	
  
•  Remembering	
  that	
  only	
  B	
  failure	
  modes	
  are	
  corrected	
  (Power	
  Law	
  is	
  valid)	
  

The	
  affordable	
  solu.on:	
  Accelerated	
  Reliability	
  Growth	
  Tes.ng	
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•  zBI	
  is	
  not	
  much	
  greater	
  than	
  zBG	
  
•  The	
  correct	
  test	
  duraNon	
  becomes	
  

an	
  order	
  of	
  the	
  magnitude	
  longer	
  –	
  
and	
  unaffordable;	
  

•  Not	
  enough	
  test	
  Nme	
  to	
  determine	
  
constant	
  failure	
  rate	
  

•  Accelerated	
  tests	
  do	
  not	
  depend	
  on	
  
iniNal	
  test	
  Nme,	
  only	
  on	
  the	
  
reliability	
  goal	
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Physics	
  of	
  Failure	
  Reliability	
  Growth	
  Test	
  Approach	
  
•  The	
  Physics	
  of	
  Failure	
  approach	
  considers	
  the	
  raNonale	
  for	
  appearance	
  of	
  

failures	
  as	
  a	
  result	
  of	
  stress	
  applied	
  to	
  an	
  item	
  which	
  exceeds	
  the	
  
magnitude	
  of	
  its	
  strength	
  in	
  regards	
  to	
  this	
  type	
  of	
  stress	
  

•  Another	
  fact	
  is	
  the	
  cumulaNve	
  damage	
  of	
  an	
  item	
  in	
  the	
  course	
  of	
  its	
  use	
  
and	
  life	
  

•  The	
  principle	
  of	
  reliability	
  tesNng	
  is	
  to	
  validate	
  that	
  the	
  cumulaNve	
  
damage	
  from	
  each	
  stress	
  expected	
  in	
  use	
  life	
  is	
  lower	
  than	
  the	
  cumulaNve	
  
damage	
  applied	
  in	
  stress	
  by	
  a	
  margin	
  which	
  provides	
  or	
  IS	
  the	
  reliability	
  
measure	
  

•  The	
  margin	
  with	
  which	
  the	
  cumulaNve	
  damage	
  is	
  induced	
  in	
  test	
  becomes	
  
the	
  reliability	
  measure	
  in	
  stress	
  vs.	
  strength	
  criteria	
  

•  Strength	
  and	
  stress	
  (load)	
  are	
  modeled	
  by	
  a	
  normal	
  distribuNon	
  and	
  their	
  
overlap	
  represents	
  the	
  probability	
  of	
  failure	
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Physics	
  of	
  Failure	
  and	
  Reliability	
  Principle	
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Strength	
  
Load	
  

µL	
   µS	
  

Probability	
  
of	
  Failure	
  

•  Failures	
  occur	
  when	
  an	
  item	
  is	
  not	
  strong	
  enough	
  to	
  withstand	
  one	
  
or	
  more	
  acributes	
  of	
  a	
  stress	
  
–  Level	
  and	
  duraNon,	
  or	
  repeNNons	
  of	
  any	
  stress	
  applicaNon	
  	
  

	
  



LifeNme	
  Reliability	
  and	
  Stresses	
  
•  Reliability	
  of	
  a	
  system/item	
  can	
  be	
  shown	
  as:	
  

Where:	
  	
  
•  NS	
  =	
  Number	
  of	
  stresses	
  expected	
  in	
  life	
  
•  RItem(t0)	
  =	
  item	
  lifeNme	
  reliability	
  
•  t0	
  =	
  duraNon	
  of	
  item	
  life	
  
•  RItem(Stressi,	
  ti)	
  =	
  Reliability	
  of	
  an	
  item	
  regarding	
  one	
  individual	
  stress	
  for	
  
its	
  total	
  duraNon	
  in	
  life,	
  ti	
  

•  Besides	
  the	
  magnitude	
  of	
  stresses	
  expected	
  during	
  actual	
  use,	
  it	
  is	
  
the	
  cumulaNve	
  effect	
  which	
  affects	
  product	
  reliability	
  	
  
–  The	
  test	
  duraNon	
  is	
  then	
  calculated	
  based	
  on	
  the	
  duraNon	
  of	
  each	
  of	
  the	
  

stresses	
  applied	
  in	
  actual	
  use	
  –	
  the	
  use	
  or	
  applicaNon	
  profile	
  
–  The	
  test	
  results	
  for	
  a	
  product	
  in	
  one	
  use	
  are	
  not	
  valid	
  for	
  the	
  same	
  product	
  in	
  

a	
  different	
  use	
  
–  When	
  the	
  purpose	
  of	
  the	
  test	
  is	
  to	
  esNmate	
  reliability	
  in	
  the	
  field,	
  an	
  average	
  

user	
  stress	
  profile	
  should	
  be	
  used	
  (e.g.	
  where	
  less	
  than	
  1	
  %	
  of	
  the	
  customers	
  
heavily	
  load	
  the	
  product)	
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CumulaNve	
  DegradaNon	
  and	
  Reliability	
  Principle	
  
•  When	
  the	
  cumulaNve	
  degradaNon	
  is	
  assumed	
  proporNonal	
  to	
  duraNon	
  of	
  

a	
  stress,	
  then	
  reliability	
  for	
  each	
  individual	
  stress	
  can	
  be	
  expressed	
  as:	
  

	
  	
  
Where:	
  

–  Ri(t0)	
  =	
  lifeNme	
  reliability	
  regarding	
  the	
  stress	
  i	
  
–  µS_i	
  =	
  mean	
  of	
  the	
  strength	
  regarding	
  stress	
  i	
  
–  µL_i	
  =	
  mean	
  of	
  the	
  load	
  
–  Φ	
  =	
  symbol	
  for	
  the	
  cumulaNve	
  normal	
  distribuNon	
  
–  ti	
  =	
  lifeNme-­‐equivalent	
  duraNon	
  of	
  the	
  stress	
  i	
  
–  a	
  =	
  mulNple	
  of	
  the	
  mean	
  strength	
  to	
  obtain	
  the	
  value	
  of	
  the	
  strength	
  
standard	
  deviaNon	
  

–  b	
  =	
  mulNple	
  of	
  the	
  mean	
  load	
  to	
  obtain	
  the	
  stress	
  standard	
  deviaNon	
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ReducNon	
  of	
  Reliability	
  Formula	
  
•  The	
  raNo	
  between	
  the	
  strength	
  and	
  load	
  can	
  be	
  expressed	
  with	
  a	
  

constant	
  k,	
  where	
  µSti	
  =	
  kµLti.	
  Therefore	
  the	
  previous	
  equaNon	
  will	
  
become:	
  

•  Ager	
  reducNon	
  
–  Reliability	
  is	
  a	
  funcNon	
  of	
  the	
  raNo	
  of	
  the	
  duraNon	
  of	
  stress	
  applicaNon	
  
in	
  test	
  and	
  in	
  life:	
  

	
  Where:	
  
–  k	
  =	
  mulNplier	
  of	
  the	
  actual	
  stress	
  duraNon,	
  assuming	
  the	
  cumulaNve	
  damage	
  

models	
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DeterminaNon	
  of	
  MulNplier	
  k	
  for	
  the	
  Required	
  Reliability	
  
•  The	
  curves	
  are	
  drawn	
  for	
  different	
  combinaNons	
  of	
  assumed	
  factors	
  

a	
  and	
  b	
  (variaNons	
  of	
  use	
  and	
  test	
  environments)	
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Reliability	
  Requirements	
  and	
  Test	
  DuraNon	
  MulNplier	
  k	
  
•  The	
  calculated	
  reliability	
  value	
  is	
  valid	
  for	
  all	
  of	
  the	
  stresses	
  

together.	
  If	
  there	
  are	
  NS	
  stresses	
  applied	
  and	
  equal	
  
contribuNon	
  is	
  allocated	
  to	
  each,	
  the	
  reliability	
  per	
  one	
  stress	
  
will	
  be:	
  

•  If	
  the	
  stresses	
  are	
  basic	
  such	
  as	
  vibraNon,	
  thermal	
  cycling,	
  thermal	
  
exposure,	
  humidity,	
  and	
  shock	
  (five	
  stresses	
  total),	
  then	
  the	
  
required	
  reliability	
  for	
  each	
  of	
  them	
  would	
  be	
  equal	
  to	
  the	
  figh	
  root	
  
of	
  0.8	
  	
  	
  	
  	
  

•  Ri(k)	
  ≈0.97	
  
•  Assuming	
  that	
  the	
  variaNons	
  are	
  as	
  earlier	
  menNoned,	
  a	
  =	
  0.05	
  and	
  

b	
  =	
  0.2,	
  the	
  mulNplier	
  k	
  from	
  the	
  graph	
  (slide	
  13)	
  is:	
  	
  k	
  =	
  1.4	
  
•  Given	
  the	
  product	
  life	
  of	
  10	
  years,	
  the	
  required	
  test	
  duraNon	
  for	
  the	
  

example	
  reliability	
  growth	
  represents:	
  
	
  T	
  =	
  122,600	
  hours	
  or	
  14	
  years	
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AcNons	
  to	
  be	
  Taken	
  for	
  PoF	
  Reliability	
  Growth	
  Test	
  
•  Express	
  reliability	
  of	
  an	
  item	
  in	
  terms	
  used	
  for	
  Reliability	
  Growth	
  

and	
  Tests	
  for	
  Constant	
  Failure	
  Rates	
  
–  System	
  final	
  reliability	
  has	
  to	
  account	
  for	
  both,	
  improved	
  design	
  
reliability	
  and	
  the	
  constant	
  rate	
  of	
  random	
  and	
  type	
  A	
  failure	
  modes	
  

•  Apply	
  stresses	
  expected	
  in	
  life	
  for	
  a	
  duraNon	
  that	
  will	
  provide	
  
margin	
  on	
  cumulaNve	
  degradaNon	
  to	
  mathemaNcally	
  ensure	
  
reliability	
  for	
  all	
  failure	
  modes	
  

•  Record	
  Nme	
  distribuNon	
  of	
  the	
  systemaNc	
  failures	
  
•  Record	
  random	
  and	
  type	
  A	
  failure	
  modes	
  
•  Calculate	
  all	
  failure	
  rate	
  types	
  and	
  achieved	
  total	
  final	
  reliability	
  

–  Two	
  different	
  test	
  types	
  are	
  performed	
  simultaneously:	
  
•  Reliability	
  Growth	
  and	
  Reliability	
  Demonstra.on	
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CorrelaNng	
  Reliability	
  Measures	
  
•  Reliability	
  Growth	
  and	
  Demonstrated	
  Reliability	
  are	
  usually	
  

measured	
  in	
  terms	
  of	
  increase	
  or	
  demonstraNon	
  of	
  a	
  system	
  Mean	
  
Time	
  Between	
  Failures,	
  MTBF,	
  	
  θ	
  (for	
  repaired	
  items)	
  

•  For	
  a	
  selected	
  T	
  >	
  tm	
  (tm	
  =	
  determined	
  maintenance	
  period),	
  
calculate	
  required	
  RG(T)	
  for	
  the	
  system	
  

•  The	
  calculated	
  reliability	
  value	
  is	
  valid	
  for	
  all	
  of	
  the	
  stresses	
  
together.	
  If	
  there	
  are	
  NS	
  stresses	
  applied	
  and	
  equal	
  contribuNon	
  is	
  
allocated	
  to	
  each,	
  reliability	
  per	
  one	
  stress	
  will	
  be:	
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TranslaNng	
  Use	
  Profile	
  to	
  Exposures	
  in	
  Test	
  -­‐	
  Thermal	
  
•  A	
  system	
  (e.g.	
  an	
  outdoor	
  transportable	
  system)	
  is	
  exposed	
  to	
  

variable	
  climaNc	
  (thermal)	
  environments	
  
–  ClimaNc	
  environments	
  vary	
  with	
  	
  

•  geographic	
  locaNons	
  
•  nocturnal	
  and	
  diurnal	
  monthly	
  temperatures	
  and	
  variaNons	
  
•  thermal	
  condiNons	
  in	
  both	
  when	
  ON	
  or	
  OFF	
  

–  To	
  streamline	
  calculaNons	
  for	
  thermal	
  exposures	
  in	
  each,	
  a	
  good	
  
pracNce	
  is	
  to	
  apply	
  thermal	
  acceleraNon	
  model	
  for	
  recalculaNng	
  all	
  ON	
  
and	
  all	
  OFF	
  exposures	
  separately	
  

–  	
  First	
  for	
  the	
  nocturnal/diurnal	
  temperatures	
  
•  Convert	
  to	
  the	
  equivalent	
  exposure	
  to	
  the	
  highest	
  diurnal	
  temperature	
  of	
  
the	
  warmer	
  locaNon	
  

–  Convert	
  OFF	
  Nme	
  to	
  ON	
  Nme	
  for	
  diurnal	
  exposure	
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TranslaNng	
  Use	
  Profile	
  to	
  Exposures	
  in	
  Test	
  -­‐	
  Thermal	
  
•  Recalculate	
  duraNons	
  of	
  all	
  exposures	
  to	
  lower	
  temperatures	
  into	
  one	
  –	
  the	
  

highest	
  temperature	
  in	
  use:	
  

Where:	
  
•  s	
  =	
  the	
  latest	
  in	
  series	
  of	
  the	
  number	
  of	
  different	
  thermal	
  stresses	
  ordered	
  by	
  

magnitude	
  
•  Ts	
  =	
  the	
  highest	
  use	
  temperature	
  
•  Ti	
  =	
  lower	
  stress	
  temperatures	
  
•  Ea	
  and	
  kB	
  –	
  acNvaNon	
  energy	
  (eV)	
  and	
  Boltzmann	
  constant:	
  8.62x10-­‐5	
  eV/K	
  

•  This	
  will	
  be	
  the	
  equivalent	
  duraNon	
  of	
  exposure	
  to	
  the	
  highest	
  temperature	
  
•  Thermal	
  acceleraNon	
  will	
  then	
  be	
  acceleraNon	
  of	
  this	
  equivalent	
  exposure	
  to	
  the	
  

test	
  temperature	
  
•  Example	
  for	
  a	
  system	
  –	
  Summer	
  and	
  Winter:	
  	
  

–  OFF:	
  16	
  hours	
  per	
  day;	
  average:	
  Summer	
  450C,	
  Winter	
  100C	
  
–  ON:	
  8	
  hours	
  per	
  day	
  with	
  ΔT	
  =	
  400C	
  (850C	
  and	
  550C)	
  
–  Life	
  10	
  years	
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TranslaNng	
  Use	
  Profile	
  to	
  Exposures	
  in	
  Test	
  -­‐	
  Thermal	
  
•  Find	
  total	
  equivalent	
  duraNon	
  at	
  the	
  highest,	
  85	
  0C	
  (Ea	
  =	
  1.5	
  eV):	
  

•  This	
  will	
  be	
  the	
  high	
  temperature	
  which	
  will	
  be	
  used	
  for	
  test	
  
–  tm	
  would	
  have	
  been	
  the	
  test	
  duraNon	
  at	
  maximum	
  temperature	
  in	
  use	
  

without	
  addiNonal	
  acceleraNon	
  
•  To	
  provide	
  for	
  reliability	
  requirements	
  and	
  account	
  for	
  the	
  cumulaNve	
  

degradaNon,	
  tm	
  is	
  mulNplied	
  by	
  the	
  factor	
  k	
  before	
  accelerated	
  
•  Each	
  life	
  segment	
  and	
  its	
  duraNon	
  needs	
  to	
  be	
  accounted	
  for	
  to	
  obtain	
  

the	
  equivalent	
  duraNon	
  on	
  the	
  highest	
  use	
  temperature	
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Thermal	
  Cycling	
  Conversion	
  
•  Done	
  in	
  a	
  similar	
  manner	
  as	
  thermal	
  exposure:	
  

Where:	
  
•  n	
  =	
  the	
  latest	
  in	
  series	
  of	
  the	
  number	
  of	
  different	
  thermal	
  stresses	
  
ordered	
  by	
  magnitude	
  

•  ΔTn	
  =	
  the	
  highest	
  use	
  span	
  of	
  the	
  thermal	
  cycle	
  
•  ΔTi	
  =	
  lower	
  thermal	
  changes	
  (“deltas”)	
  
•  m	
  =	
  constant	
  specific	
  to	
  the	
  material	
  thermal	
  faNgue	
  

•  Example	
  for	
  a	
  system	
  –	
  Summer	
  and	
  Winter:	
  	
  
–  OFF:	
  16	
  hours	
  per	
  day;	
  average:	
  Summer	
  450C,	
  Winter	
  100C	
  Diurnal	
  
temperature	
  changes	
  from	
  nocturnal:	
  150C	
  Summer,	
  250C	
  Winter	
  

–  ON:	
  8	
  hours	
  per	
  day	
  with	
  ΔT	
  =	
  400C	
  (850C	
  and	
  550C)	
  
–  Life	
  10	
  years	
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Thermal	
  Cycling	
  Example	
  
•  The	
  thermal	
  cycling	
  temperature	
  changes	
  are:	
  

–  ΔT1	
  =	
  150C,	
  	
  ΔT2	
  =	
  250C,	
  ΔT3	
  =	
  400C	
  ;	
  NTC3	
  =	
  3,660	
  
–  NTC31=	
  NTC32=1,830	
  
–  m	
  =	
  2.5	
  (for	
  the	
  weakest	
  link	
  -­‐	
  solder	
  

–  The	
  equivalent	
  number	
  of	
  thermal	
  cycles	
  at	
  temperature	
  changes	
  of	
  
400C	
  	
  will	
  them	
  be	
  mulNplied	
  by	
  k	
  to	
  get	
  the	
  number	
  of	
  thermal	
  cycles	
  
required	
  for	
  reliability	
  test,	
  which	
  then	
  will	
  be	
  accelerated	
  

–  For	
  this	
  example,	
  k	
  was	
  determined	
  to	
  be	
  k	
  	
  =	
  1.4	
  (slides	
  13	
  and	
  14)	
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Combining	
  the	
  Stresses	
  
•  In	
  real	
  use	
  the	
  thermal	
  cycles	
  and	
  thermal	
  exposures	
  are	
  

distributed	
  through	
  the	
  life	
  of	
  the	
  product	
  
•  To	
  becer	
  represent	
  the	
  real	
  use,	
  thermal	
  cycling	
  and	
  thermal	
  

exposure	
  are	
  combined	
  so	
  that	
  the	
  duraNon	
  of	
  thermal	
  exposure	
  is	
  
distributed	
  over	
  the	
  high	
  temperature	
  of	
  thermal	
  cycling	
  

•  Expanding	
  the	
  same	
  example	
  and	
  assuming	
  that	
  from	
  the	
  
requirements	
  it	
  was	
  determined	
  that	
  k	
  =	
  1.4	
  and	
  safe	
  high	
  and	
  low	
  
temperatures	
  for	
  the	
  product	
  were	
  +1150C	
  and	
  –	
  200C	
  ,	
  the	
  
combined	
  test	
  is:	
  

	
  TTest_HI	
  =	
  +1150C	
  	
  TTest_Low	
  =	
  -­‐	
  100C	
  ;	
  ΔTTest	
  =	
  1250C	
  
–  With	
  the	
  test	
  item	
  ON	
  the	
  chamber	
  temperatures	
  would	
  be	
  	
  
	
  TCh_HI	
  =	
  +750C	
  	
  TCh_Low	
  =	
  -­‐	
  500C	
  (approximate	
  –	
  to	
  be	
  regulated)	
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Accelerated	
  Thermal	
  Cycling	
  -­‐	
  Test	
  
•  Total	
  exposure	
  to	
  high	
  temperature	
  in	
  test:	
  

•  Total	
  number	
  of	
  thermal	
  cycles:	
  

•  DuraNon	
  of	
  thermal	
  dwell	
  at	
  high	
  temperature:	
  

•  Time	
  at	
  low	
  temperature	
  should	
  accommodate	
  stabilizaNon	
  with	
  
some	
  addiNonal	
  Nme:	
  tST	
  =	
  0.5	
  hours,	
  tLow_Test	
  =	
  0.75	
  hours	
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Thermal	
  Cycle	
  
•  Assume	
  chamber	
  ramp	
  rate	
  to	
  be	
  ζ=30C/min	
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AcceleraNon	
  of	
  Other	
  Stresses	
  
•  Humidity	
  acceleraNon:	
  

•  To	
  determine	
  tON_e	
  the	
  process	
  is	
  similar	
  to	
  the	
  determinaNon	
  of	
  
equivalent	
  duraNon	
  for	
  thermal	
  exposure	
  and	
  thermal	
  cycling	
  

•  VibraNon:	
  
–  The	
  test	
  duraNon	
  to	
  be	
  determined	
  is	
  from	
  equivalent	
  test	
  Nme	
  for	
  
mileage	
  (e.g.	
  500	
  miles	
  equivalent	
  to	
  one	
  hour	
  exposure)	
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MulNple	
  Stress	
  AcceleraNon	
  Methodology	
  
•  Failure	
  rate	
  of	
  an	
  item	
  as	
  a	
  funcNon	
  of	
  stress	
  is	
  a	
  sum	
  of	
  failure	
  rates	
  for	
  

failure	
  modes	
  caused	
  by	
  individual	
  stresses:	
  

•  To	
  accelerate	
  failure	
  of	
  an	
  item	
  for	
  a	
  number	
  of	
  stresses	
  NS,	
  each	
  of	
  the	
  
stresses	
  is	
  accelerated:	
  

•  If	
  there	
  are	
  some	
  stresses	
  (j)	
  that	
  accelerate	
  the	
  same	
  failure	
  mode,	
  then:	
  

•  AcceleraNon	
  factors	
  mulNply	
  ONLY	
  if	
  they	
  affect	
  the	
  same	
  failure	
  mode	
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Test	
  Data	
  Analysis	
  
•  There	
  are	
  two	
  simultaneous	
  tests	
  in	
  one	
  accelerated	
  reliability	
  

growth	
  test	
  
–  Remembering	
  the	
  total	
  system	
  failure	
  rate:	
  

–  The	
  test	
  duraNon	
  is	
  built	
  to	
  decrease	
  failure	
  rate	
  of	
  systemaNc	
  B	
  
failure	
  modes	
  and	
  to	
  account	
  for	
  A	
  and	
  r	
  failure	
  modes	
  –	
  to	
  determine	
  
their	
  failure	
  rates	
  

•  There	
  are	
  two	
  separate	
  data	
  analysis	
  done:	
  
–  Reliability	
  growth	
  (B):	
  using	
  the	
  power	
  law	
  methodology	
  
–  Reliability	
  demonstraNon	
  assuming	
  constant	
  failure	
  rates	
  of	
  A	
  and	
  r	
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Reliability	
  Growth	
  Analysis	
  
•  The	
  step	
  curve	
  is	
  a	
  result	
  of	
  design	
  improvements	
  during	
  test	
  where	
  

constant	
  failure	
  rate	
  decreased	
  to	
  a	
  lower	
  level	
  as	
  a	
  step	
  funcNon	
  
ficed	
  with	
  a	
  power	
  law	
  curve	
  –Weibull	
  Intensity	
  FuncNon	
  

	
  
•  M	
  =	
  number	
  of	
  observed	
  failures	
  
•  tM	
  and	
  t0	
  :	
  end	
  of	
  test,	
  failure	
  and	
  Nme	
  terminated	
  –	
  respecNvely	
  
•  ti	
  =	
  cumulaNve	
  test	
  Nme	
  to	
  appearance	
  of	
  a	
  failure	
  i	
  

–  Unbiased	
  values:	
  

•  The	
  remaining	
  task	
  and	
  quesNon:	
  Who	
  or	
  what	
  are	
  “ti”s?	
  
5	
  September	
  2014	
   ASTR	
  2014,	
  Sep	
  10	
  -­‐	
  12,	
  St.	
  Paul,	
  MN	
   28	
  

( ) 1−⋅⋅== ββλ t
dt

)t(dNtz B
B ( ) ( )∑

−

=

−⋅
= 1

1
lnln

ˆ
M

i
iM ttM

M
β

β
λ ˆ
ˆ

Mt
M

=
( ) ( )∑

=

−⋅
= M

i
ittM

M

1
0 lnln

β̂
β

λ ˆ
0

ˆ
t
M

=

( ) ( )
β

λβ
M

M

i
iM

tA
M

tlntlnM

M
⋅

=

−⋅

−
=

∑
=

     2

1

( ) ( )
β

λβ
TA
M

tlnTlnM

M
M

i
i

⋅
=

−⋅

−
=

∑
=

      1

1

1−⋅⋅= ββλ MM t)t(z 1
00

−⋅⋅= ββλ t)t(z



Reliability	
  Growth	
  Analysis,	
  conNnued	
  
•  Times	
  to	
  failure	
  occurrences	
  need	
  to	
  be	
  projected	
  to	
  their	
  

respecNve	
  occurrences	
  in	
  life	
  
–  Each	
  of	
  the	
  stresses	
  is	
  applied	
  for	
  its	
  calculated	
  effecNve	
  life	
  duraNon	
  
–  Time	
  to	
  failure	
  occurrence	
  of	
  the	
  failure	
  mode	
  determined	
  to	
  be	
  
caused	
  by	
  that	
  stress	
  is	
  straight	
  Nme	
  to	
  failure	
  mulNplied	
  by	
  the	
  
acceleraNon	
  factor	
  of	
  the	
  related	
  stress	
  

–  When	
  the	
  stresses	
  are	
  combined,	
  the	
  cause	
  of	
  failure	
  indicates	
  what	
  
the	
  related	
  stress	
  is	
  for	
  selecNon	
  of	
  the	
  proper	
  acceleraNon	
  factor	
  

•  When	
  all	
  of	
  the	
  failure	
  Nmes	
  are	
  projected	
  to	
  their	
  occurrence	
  in	
  
use,	
  they	
  are	
  then	
  ordered	
  by	
  their	
  magnitude	
  and	
  the	
  appropriate	
  
equaNons	
  are	
  used	
  to	
  find	
  the	
  parameters	
  and	
  the	
  final	
  failure	
  rate	
  

•  This	
  procedure	
  applies	
  to	
  the	
  systemaNc	
  failure	
  modes	
  B	
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Reliability	
  DemonstraNon	
  and	
  the	
  Final	
  Result	
  
•  All	
  random	
  and	
  A	
  type	
  failure	
  modes	
  are	
  monitored	
  and	
  their	
  Nme	
  

of	
  arrival	
  is	
  recorded;	
  the	
  test	
  item	
  is	
  repaired	
  and	
  the	
  test	
  is	
  
conNnued	
  

•  The	
  total	
  test	
  duraNon	
  as	
  it	
  is	
  recalculated	
  to	
  its	
  normal	
  use	
  divides	
  
the	
  number	
  of	
  failures	
  to	
  esNmate	
  the	
  value	
  of	
  the	
  constant	
  failure	
  
rate:	
  

•  Where:	
  mA	
  and	
  mr	
  are	
  the	
  number	
  of	
  A	
  and	
  random	
  failures	
  respecNvely	
  

•  The	
  final	
  test	
  result	
  or	
  demonstrated	
  product	
  failure	
  rate	
  is	
  the	
  sum	
  
of	
  the	
  improved	
  and	
  constant	
  failure	
  rates	
  

•  Reliability	
  is	
  then	
  expressed	
  as	
  the	
  Nme	
  between	
  failures:	
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Conclusions	
  
•  Physics	
  of	
  failure	
  accelerated	
  reliability	
  growth	
  test	
  approach	
  	
  

–  Considers	
  lifeNme	
  cumulaNve	
  damage	
  to	
  a	
  product	
  during	
  its	
  use	
  
–  Provides	
  informaNon	
  on	
  reliability	
  for	
  the	
  product’s	
  expected	
  life	
  and	
  
at	
  the	
  end	
  of	
  that	
  life	
  

–  Provides	
  measure	
  for	
  the	
  failure	
  rates	
  of	
  the	
  random	
  failure	
  modes	
  
which	
  were	
  forgocen	
  and	
  omiced	
  from	
  test	
  results	
  for	
  all	
  of	
  the	
  past	
  
years	
  of	
  reliability	
  growth	
  programs	
  

–  Presents	
  realisNc	
  test	
  results	
  
–  Achieves	
  test	
  duraNons	
  equal	
  or	
  shorter	
  than	
  tradiNonal	
  reliability	
  
growth	
  and	
  considerably	
  shorter	
  than	
  the	
  fixed	
  duraNon	
  tests	
  

–  Provides	
  extremely	
  valuable	
  insight	
  into	
  potenNal	
  product	
  weaknesses	
  
not	
  found	
  in	
  tradiNonal	
  reliability	
  growth	
  tests	
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