
NASA Aeronautics Research Institute 

Coupling	
  Damage-­‐Sensing	
  Par3cles	
  
and	
  Computa3onal	
  Micromechanics	
  
to	
  Enable	
  the	
  Digital	
  Twin	
  Concept	
  

NASA	
  Aeronau3cs	
  Research	
  Mission	
  Directorate	
  (ARMD)	
  
2014	
  Seedling	
  Technical	
  Seminar	
  	
  

February	
  19–27,	
  2014	
  

Jacob	
  Hochhalter1,	
  Paul	
  Leser1,	
  Andy	
  Newman1,	
  F.	
  Ray	
  Parker1	
  
Vipul	
  Gupta2,	
  ScoS	
  Willard3,	
  Stephen	
  Cornell4,	
  Gerd	
  Heber5	
  

1NASA	
  Langley	
  Research	
  Center	
  
2Na5onal	
  Ins5tute	
  of	
  Aerospace	
  
3Science	
  and	
  Technology	
  Corp.	
  

4Texas	
  A&M	
  University	
  
5The	
  HDFGroup	
  



NASA Aeronautics Research Institute 

Crack	
  ini3a3on	
  and	
  propaga3on	
  is	
  a	
  dominant	
  failure	
  mode	
  for	
  many	
  materials	
  and	
  applica3ons	
  
	
  	
  	
  	
  -­‐	
  Usually	
  managed	
  via	
  damage	
  tolerance	
  approaches	
  

•	
  Damage	
  tolerance	
  is	
  based	
  on	
  
	
  	
  	
  	
  -­‐	
  Extensive	
  tes3ng	
  under	
  assumed	
  representa+ve	
  service	
  condi3ons	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  -­‐	
  Growth	
  predic3on	
  of	
  detectable	
  cracks	
  
	
  	
  	
  	
  -­‐	
  Ability	
  to	
  find	
  and	
  repair	
  a	
  crack	
  before	
  it	
  becomes	
  cri3cal	
  
	
  
•	
  Shortcomings	
  addressed	
  in	
  this	
  work	
  
	
  	
  	
  	
  -­‐	
  Early	
  excess	
  of	
  structural	
  components	
  (addressed	
  by	
  digital	
  twin)	
  
	
  	
  	
  	
  -­‐	
  Inability	
  to	
  inspect	
  or	
  repair	
  in	
  many	
  cases	
  (addressed	
  by	
  sensory	
  par+cles)	
  

Increasing	
  requirements	
  for	
  long-­‐term	
  durability/performance	
  
Decreasing	
  ability	
  to	
  inspect/repair	
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Mo3va3on	
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Outline	
  

• 	
  Digital	
  twin:	
  usage	
  case	
  from	
  a	
  fracture	
  challenge	
  problem	
  
• 	
  Results	
  from	
  a	
  state-­‐of-­‐the-­‐prac3ce	
  approach	
  
• 	
  Results	
  of	
  applying	
  just	
  a	
  few	
  key	
  concepts	
  of	
  digital	
  twin	
  

• 	
  Sensory	
  (Shape	
  Memory	
  Alloy)	
  par3cles	
  
• 	
  General	
  concept	
  
• 	
  Proof	
  of	
  concept	
  on	
  bulk	
  material	
  
• 	
  Fabrica3on	
  and	
  tes3ng	
  of	
  embedded	
  sensory	
  par3cles	
  

• 	
  Coupling	
  digital	
  twin	
  and	
  sensory	
  par3cles	
  
• 	
  Dissemina3on	
  and	
  expected	
  collabora3ons	
  
• 	
  Summary	
  and	
  next	
  steps	
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Digital	
  Twin	
  Primer	
  

•  Digital	
  twin	
  is	
  seen	
  as	
  a	
  ‘pie-­‐in-­‐the-­‐sky’	
  concept	
  because	
  of	
  
large	
  scope	
  and	
  the	
  fact	
  that	
  no	
  real	
  founda3onal	
  work	
  has	
  
been	
  done.	
  	
  

•  However,	
  digital	
  twin	
  is	
  simply	
  an	
  evolu3on	
  of	
  what	
  is	
  already	
  
being	
  developed	
  and	
  can	
  be	
  stated	
  simply	
  as:	
  
–  Digital	
  twin	
  =	
  VVUQ	
  +	
  Personaliza5on	
  

•  Through	
  this	
  Seedling	
  work,	
  we	
  have	
  completed	
  a	
  first	
  
(simple)	
  example.	
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“The	
  Digital	
  Twin-­‐	
  a	
  concept	
  which	
  combines	
  as-­‐built	
  vehicle	
  
components,	
  as-­‐experienced	
  loads	
  and	
  environments,	
  and	
  
other	
  vehicle-­‐specific	
  characteris4cs	
  to	
  enable	
  ultrahigh	
  fidelity	
  
modeling	
  of	
  aircraX	
  and	
  spacecraX	
  throughout	
  their	
  service	
  
lives.”	
  [hZp://adt.larc.nasa.gov/]	
  

February	
  19–27,	
  2014	
  	
  



NASA Aeronautics Research Institute 

Sandia	
  Fracture	
  Challenge	
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• 	
  Na3onal	
  Challenge	
  Problem	
  
• 	
  By	
  invita3on	
  

• 	
  Double-­‐blind	
  study	
  
• 	
  30	
  specimens	
  tested	
  
• 	
  ~20	
  teams	
  accepted	
  challenge	
  
• 	
  ~15	
  submiSed	
  predic3ons	
  
• 	
  ~5	
  were	
  reasonably	
  close	
  

All	
  units	
  in	
  [mm]	
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SubmiSed	
  Predic3on	
  
•  Predic3ons	
  using	
  current	
  design/prognosis	
  

–  Sensi3vity	
  studies	
  (All	
  predicted	
  crack	
  path	
  A-­‐C-­‐E)	
  
–  Calibra3on	
  from	
  standard	
  specimens	
  
–  Provided	
  good	
  predic3on	
  for	
  3	
  of	
  30	
  specimens	
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Upda3ng	
  Assump3ons	
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•  Wrong	
  assump3ons	
  made	
  (by	
  everyone)	
  
–  Sensi3vity	
  study	
  assumed	
  all	
  specimens	
  were	
  within	
  spec.	
  
–  Test	
  specimens	
  were	
  assumed	
  to	
  capture	
  cri3cal	
  damage	
  modes	
  

•  Modeling	
  each	
  unique	
  geometry	
  resulted	
  in	
  correct	
  crack	
  path	
  predic3ons	
  
–  However,	
  behavior	
  was	
  not	
  yet	
  predicted	
  accurately	
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Digital	
  Twin	
  Takeaway	
  Message	
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Aleatoric	
  Uncertainty:	
   	
  sta3s3cal	
  varia3on	
  represen3ng	
  unknowns	
  –	
  can	
  NOT	
  be	
  
suppressed	
  by	
  more	
  accurate	
  measurements	
  

	
  
Example: 	
  Upda3ng	
  the	
  material	
  parameters/model	
  to	
  account	
  for	
  an	
  unknown	
  

damage	
  mode	
  provided	
  improved	
  predic3on	
  of	
  behavior.	
  
	
  

Epistemic	
  Uncertainty:	
   	
  systema3c	
  varia3on	
  from	
  things	
  we	
  could	
  know,	
  but	
  do	
  not	
  
consider	
  in	
  prac3ce	
  –	
  can	
  be	
  suppressed	
  by	
  more	
  accurate	
  
measurements	
  

	
  
Example:	
   	
  Modeling	
  the	
  actual	
  geometry	
  resulted	
  in	
  correct	
  crack	
  path	
  predic3ons	
  and	
  

unveiled	
  an	
  unknown	
  –	
  a	
  second	
  possible	
  damage	
  mode.	
  
	
  

The	
  ul3mate	
  goal	
  is	
  to	
  have	
  no	
  epistemic	
  uncertainty,	
  and	
  use	
  updated	
  informa3on	
  	
  
and	
  models	
  throughout	
  each	
  vehicle’s	
  service	
  to	
  minimize	
  aleatoric	
  uncertainty.	
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Outline	
  

• 	
  Digital	
  Twin:	
  usage	
  case	
  from	
  a	
  fracture	
  challenge	
  problem	
  
• 	
  Results	
  from	
  a	
  state-­‐of-­‐the-­‐prac3ce	
  approach	
  
• 	
  Results	
  of	
  applying	
  just	
  a	
  few	
  key	
  concepts	
  of	
  digital	
  twin	
  

• 	
  Sensory	
  (Shape	
  Memory	
  Alloy)	
  Par3cles	
  
• 	
  General	
  concept	
  
• 	
  Proof	
  of	
  concept	
  on	
  bulk	
  material	
  
• 	
  Fabrica3on	
  and	
  tes3ng	
  of	
  embedded	
  sensory	
  par3cles	
  

• 	
  Coupling	
  Digital	
  Twin	
  and	
  Sensory	
  Par3cles	
  
• 	
  Dissemina3on	
  and	
  expected	
  collabora3ons	
  
• 	
  Summary	
  and	
  Next	
  steps	
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Sensory	
  Par3cles	
  

10	
  

SMA	
  Par3cles	
  

Crack	
  

Damage	
  Process	
  
Zone	
  

Transformed	
  Par3cle	
  will	
  
show	
  up	
  on	
  magne3c	
  scan	
  

Detectable	
  AE	
  event	
  
resul3ng	
  from	
  stress-­‐	
  
induced	
  phase	
  
transforma3on	
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The	
  Shape	
  Memory	
  Effect	
  

Mf	
  

Ms	
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Martensite	
  
(twinned)	
  

The	
  Shape	
  Memory	
  Effect	
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• Pseudoelas3c	
  effect	
  -­‐	
  repeatable	
  
acous3c	
  signal	
  

• 	
  Temperature	
  >	
  Af	
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Experimental	
  Procedure	
  

Sensory	
  
Alloy	
  

AE	
  
Response	
  

Strain	
  
Response	
  

NiTi	
  

Tensile	
  Test	
  
Strain	
  

Measurement	
  in	
  
ESEM	
  

NiTi/AA7050	
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Acous3c	
  Emission	
  (AE)	
  under	
  
Tensile	
  Loading	
  

AE	
  response	
  correlated	
  with	
  stress/strain	
  response	
  
(red	
  stars)	
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Experimental	
  Procedure	
  

Sensory	
  
Alloy	
  

AE	
  
Response	
  

Strain	
  
Response	
  

NiTi	
  

Tensile	
  Test	
  
Strain	
  

Measurement	
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Sensory	
  Par3cles:	
  	
  
Specimen	
  Fabrica3on	
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Sensory	
  par3cles	
  

Vacuum	
  Hot	
  Press	
  at	
  600	
  °C	
  

Aluminum	
  Alloy	
  7050	
  

Nickel	
  Titanium	
  Powder	
  

Y	
  

Z	
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Z	
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Micro-­‐scale	
  In-­‐Situ	
  	
  
Image	
  Correla3on	
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  e-­‐beam	
  lithography	
  
  Base	
  element	
  ~150-­‐5000	
  nm	
  
 Microstructural	
  effects	
  on	
  
strain	
  fields	
  and	
  cracking	
  

25µm	
  

In-­‐situ	
  load	
  frame	
  

  Resolu3on	
  <	
  2nm	
  @	
  7	
  Torr	
  	
  (FEG)	
  
  Opera3ng	
  environment	
  
	
  High	
  Vacuum	
  to	
  20	
  torr	
  (H2O,	
  N2)	
  

  Temp.	
  –20	
  to	
  +1000	
  oC	
  
  Tensile	
  Stage,	
  4	
  kN,	
  up	
  to	
  1	
  Hz	
  

Environ.	
  Scanning	
  electron	
  microscope	
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Measuring	
  the	
  Strain	
  Field	
  

Specimen	
  fa3gue	
  
pre-­‐cracked	
  outside	
  

of	
  ESEM	
  

PaSerned	
  using	
  	
  
e-­‐beam	
  lithography	
  

Loaded	
  in	
  ESEM	
  

Crack	
  

Sensory	
  
Par3cles	
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Strain	
  Field	
  Analysis	
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  regions	
  
have	
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Par3cle	
  Transforma3on	
  Analysis	
  

Much	
  of	
  the	
  par3cle	
  volume	
  is	
  transforming,	
  maximizing	
  the	
  AE	
  signal	
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Outline	
  

• 	
  Digital	
  Twin:	
  usage	
  case	
  from	
  a	
  fracture	
  challenge	
  problem	
  
• 	
  Results	
  from	
  a	
  state-­‐of-­‐the-­‐prac3ce	
  approach	
  
• 	
  Results	
  of	
  applying	
  just	
  a	
  few	
  key	
  concepts	
  of	
  digital	
  twin	
  

• 	
  Sensory	
  (Shape	
  Memory	
  Alloy)	
  Par3cles	
  
• 	
  General	
  concept	
  
• 	
  Proof	
  of	
  concept	
  on	
  bulk	
  material	
  
• 	
  Fabrica3on	
  and	
  tes3ng	
  of	
  embedded	
  sensory	
  par3cles	
  

• 	
  Coupling	
  Digital	
  Twin	
  and	
  Sensory	
  Par3cles	
  
• 	
  Dissemina3on	
  and	
  expected	
  collabora3ons	
  
• 	
  Summary	
  and	
  Next	
  steps	
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X-­‐Ray	
  Micro-­‐CT	
  

Specs of interest:!
•  X-Tek HMXST 225"
•  Voxel resolution of 3 µm"
•  Energy levels around 100 kV"
•  About 12 hours to scan a specimen"
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NASA	
  LaRC,	
  Nondestruc3ve	
  
Evalua3on	
  Sciences	
  Branch	
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X-­‐Ray	
  Micro-­‐CT	
  Processing	
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X-­‐Ray	
  Micro-­‐CT	
  Analysis	
  

•  Cracks	
  navigate	
  around	
  par3cles	
  
•  Detailed	
  geometrical	
  data	
  for	
  each	
  

sensory	
  par3cle	
  throughout	
  volume	
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Digital	
  Twin	
  Simula3on	
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Increasing	
  Load	
  

Crack	
  
Sensory	
  
Par3cles	
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•  Finite	
  element	
  models	
  contain	
  
O(100e6)	
  equa3ons	
  (nonlinear)	
  

•  FEAWDX	
  sotware	
  developed	
  to	
  
solve	
  these	
  models	
  on	
  pleiades	
  
(collabora3on	
  with	
  The	
  HDF	
  Group)	
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Outline	
  

• 	
  Digital	
  Twin:	
  usage	
  case	
  from	
  a	
  fracture	
  challenge	
  problem	
  
• 	
  Results	
  from	
  a	
  state-­‐of-­‐the-­‐prac3ce	
  approach	
  
• 	
  Results	
  of	
  applying	
  just	
  a	
  few	
  key	
  concepts	
  of	
  digital	
  twin	
  

• 	
  Sensory	
  (Shape	
  Memory	
  Alloy)	
  Par3cles	
  
• 	
  General	
  concept	
  
• 	
  Proof	
  of	
  concept	
  on	
  bulk	
  material	
  
• 	
  Fabrica3on	
  and	
  tes3ng	
  of	
  embedded	
  sensory	
  par3cles	
  

• 	
  Coupling	
  Digital	
  Twin	
  and	
  Sensory	
  Par3cles	
  
• 	
  Dissemina3on	
  and	
  expected	
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  and	
  Next	
  steps	
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Dissemina3on	
  and	
  Collabora3ons	
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1.  W.	
  Leser,	
  J.	
  Newman,	
  J.	
  Hochhalter,	
  F.	
  Parker,	
  F.	
  Yuan,	
  “Acous3c	
  Emission	
  Monitoring	
  of	
  Fa3gue	
  Crack	
  
Growth	
  in	
  a	
  NiTi/AA7050	
  Composite”	
  TMS	
  2014.	
  

2.  S.	
  Cornell,	
  W.	
  Leser,	
  V.	
  Gupta,	
  J.	
  Hochhalter,	
  J.	
  Newman,	
  D.	
  Hartl	
  “Performance	
  Characteriza3on	
  of	
  
Aluminum	
  Sensory	
  Alloys”	
  TMS	
  2014.	
  

1.  Al	
  R.	
  Cerrone,	
  Jacob	
  D.	
  Hochhalter,	
  Gerd	
  Heber,	
  Anthony	
  R.	
  Ingraffea,	
  "The	
  Airframe	
  Digital	
  Twin:	
  A	
  
usage	
  case”	
  Pending	
  export	
  control.	
  To	
  be	
  submiSed	
  to	
  Computer	
  Methods	
  in	
  Applied	
  Mechanics	
  and	
  
Engineering.	
  

2.  William	
  P.	
  Leser,	
  Jacob	
  D.	
  Hochhalter,	
  John	
  A.	
  Newman,	
  David	
  S.	
  Dawicke,	
  “Acous3c	
  Emission	
  
Monitoring	
  of	
  Stress-­‐Induced	
  Phase	
  Transforma3on	
  in	
  Shape	
  Memory	
  Alloys”	
  In	
  prepara3on.	
  

3.  William	
  P.	
  Leser,	
  Jacob	
  D.	
  Hochhalter,	
  Vipul	
  K.	
  Gupta,	
  John	
  A.	
  Newman,	
  ScoS	
  A.	
  Willard,	
  “Stress-­‐
Induced	
  Phase	
  Transforma3on	
  in	
  a	
  AA7050/NiTi	
  Composite	
  Material”	
  In	
  prepara3on.	
  

	
  

Journal	
  Ar+cles:	
  

Conference	
  Presenta+ons:	
  

February	
  19–27,	
  2014	
  	
  

Future	
  Collabora+ons:	
  
1.  Profs	
  Darren	
  Hartl	
  and	
  Ibrahim	
  Karaman	
  of	
  Texas	
  A&M	
  University	
  for	
  exper3se	
  in	
  fabrica3ng	
  

customized	
  shape	
  memory	
  materials	
  and	
  associated	
  material	
  models	
  
2.  Aluminum	
  Company	
  of	
  America	
  (ALCOA)	
  as	
  an	
  industry	
  partner	
  for	
  scaling	
  fabrica3on	
  methods	
  
	
  

1.  FEAWDX	
  v1.0:	
  User’s	
  Guide,	
  G.	
  Heber	
  and	
  J.	
  Hochhalter.	
  56	
  pages.	
  To	
  be	
  submiSed	
  as	
  TM,	
  ater	
  final	
  report.	
  
User	
  Documenta+on:	
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Summary	
  and	
  Next	
  Steps	
  

•  A	
  working	
  defini3on	
  and	
  usage	
  case	
  for	
  digital	
  twin	
  was	
  completed,	
  and	
  3	
  
journal	
  ar3cles	
  are	
  soon	
  to	
  be	
  submiSed.	
  

•  Off-­‐the-­‐shelf	
  Ni-­‐Ti	
  provides	
  a	
  detectable	
  acous3c	
  emission	
  and	
  func3ons	
  
as	
  a	
  sensory	
  par3cle	
  material.	
  However,	
  interface	
  cracking	
  issue	
  must	
  be	
  
addressed.	
  

•  Ater	
  embedding	
  sensory	
  par3cles,	
  the	
  3D	
  geometry	
  was	
  measured	
  
precisely,	
  using	
  X-­‐ray	
  CT	
  scans,	
  and	
  used	
  to	
  instan3ate	
  a	
  digital	
  twin.	
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•  Customized	
  sensory	
  par3cle	
  materials	
  should	
  be	
  developed	
  for	
  the	
  alloy	
  in	
  
which	
  they	
  are	
  being	
  embedded	
  –	
  we	
  need	
  to	
  build	
  a	
  database	
  through	
  
collabora3on	
  with	
  Texas	
  A&M	
  University.	
  

•  The	
  sotware	
  that	
  we	
  have	
  used	
  and	
  generated	
  to	
  implement	
  digital	
  twin	
  
requires	
  further	
  development	
  to	
  be	
  useful	
  to	
  engineers/researchers	
  
elsewhere	
  –	
  we	
  need	
  to	
  con3nue	
  collabora3on	
  with	
  The	
  HDF	
  Group.	
  


