
INL is a U.S. Department of Energy National Laboratory operated by Battelle Energy Alliance, LLC

INL/CON-22-69415-Revision-0

Sensitivity Study of
Multiscale and
Phenomenological Elasto-
Viscoplastic Grade 91
Material Models for
Component-Scale Response

October 2022

Lynn Brendon Munday, Benjamin W Spencer, Aaron Tallman, M. Arul
Kumar, Mark Messner, Aritra Chakraborty, Laurent Capolungo, Topher
Matthews



DISCLAIMER

This information was prepared as an account of work sponsored by an
agency of the U.S. Government. Neither the U.S. Government nor any
agency thereof, nor any of their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness, of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately
owned rights. References herein to any specific commercial product,
process, or service by trade name, trade mark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the U.S. Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or reflect
those of the U.S. Government or any agency thereof.



INL/CON-22-69415-Revision-0

Sensitivity Study of Multiscale and Phenomenological
Elasto-Viscoplastic Grade 91 Material Models for

Component-Scale Response

Lynn Brendon Munday, Benjamin W Spencer, Aaron Tallman, M. Arul Kumar,
Mark Messner, Aritra Chakraborty, Laurent Capolungo, Topher Matthews

October 2022

Idaho National Laboratory
Idaho Falls, Idaho 83415

http://www.inl.gov

Prepared for the
U.S. Department of Energy

Under DOE Idaho Operations Office
Contract DE-AC07-05ID14517, DE-AC07-05ID14517



Sensitivity Study of Multiscale and 
Phenomenological Elasto-Viscoplastic Grade 91 
Material Models for Component-Scale Response 

Presenting:  Lynn Mundaya

Benjamin Spencera, Laurent Capolungob, Aaron Tallmanb, M. Arul Kumarb, 
Topher Matthewsb, Mark Messnerc, Aritra Chakrabortyc

aFuel Modeling and Simulation, Idaho National Laboratory
bMaterials Science and Technology Division, Los Alamos National Laboratory 
cApplied Materials Division, Argonne National Laboratory



Elasto-Viscoplastic Grade 91 Material Models

• Develop simulation capabilities for high temperature 
design and life-cycle prediction 

• NEML - models for probabilistic design:
• Phenomelogical
• Fast running to provide large samples
• Provide statistics of failure based on design 

criteria, e.g. ASME BVP code
• LAROMANCE - models for component life:

• Incorporate microstructural data
• Run at engineering length and time scales
• Robust over range of stresses and temperatures



NEML model overview
• Nuclear Engineering Material model Library (NEML)1

• Phenomelogical model fit to range of experimental 
data using Bayesian Markhov Chain Monte Carlo2

• Developed for monotonic loading

Damage Rate (fixed)

Hardening Parameter

Flow Rule

1https://neml.readthedocs.io/en/dev/#
2Chakraborty A, Messner MC. Bayesian analysis for estimating 
statistical parameter distributions of elasto-viscoplastic material models. 
Probabilistic Engineering Mechanics. 2021 Oct 1;66:103153.

Elastic 
Constants



LAROMANCE model overview
• Surrogate model database generated from crystal 

plasticity model1,2

• Viscoplastic self consistent CP framework
• Inelastic strain from dislocation glide, climb and coble creep
• For polynomial degree 2, ⍺ has 729 terms
• Sigmoid function to interpolate between tiles

1Wen W, Kohnert A, Kumar MA, Capolungo L, Tomé CN. Mechanism-based modeling of thermal and irradiation creep 
behavior: An application to ferritic/martensitic HT9 steel. International Journal of Plasticity. 2020 ;126:102633.
2Tallman AE, Arul Kumar M, Matthews C, Capolungo L. Surrogate modeling of viscoplasticity in steels: Application to 
thermal, irradiation creep and transient loading in HT-9 cladding. JOM. 2021;73(1):126-37.



Geometry engineering models
• Show stresses, etc.  Show pipe modle.
• Show 
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Pipe Model



Pipe Results:  Stress-Strain History for T=550C

• 10,000 Parameters samples at each pressure
• NEML sampled from truncated normal 

distributions
• LAROMANCE sampled from uniform 

distributions over valid parameter range
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Pipe Results: Inelastic Strain Histogram at 20 yrs 
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Pipe Results:  Stress-Strain for T=550C and T=600C
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LAROMANCE MODEL: T=550C, P=3MPa (σmax=33MPa) 
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Parameters leading to top 10% of maximum 
inelastic strain after 20 years for T=550C, P=3MPa



LAROMANCE MODEL: T=550C, P=7MPa (σmax=77MPa) 

101 103

Parameters leading to top 10% of maximum 
inelastic strain after 20 years for T=550C, P=7MPa



LAROMANCE MODEL
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Pipe Results:  Cross Correlation - T=600C, P=3MPa



Pipe Lateral Simulations: T=550C, P=2MPa



Pipe Lateral Simulations



NEML, laromance stress strain. 
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Future Work

• Get better sampling of LAROMANCE model for 
pipe lateral.

• Run Simulations at a single pressure, collect 
results at different locations.

• Check LAROMANCE parameter ranges for MX 
phase fraction - 10% seems high 
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Extra Slides
NEML Parameter Sensitivity T=550C, P=7MPa
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Parameters leading to top 10% of maximum 
inelastic strain after 20 years for T=550C, P=7MPa
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Pipe Results:  Parameter Sensitivity NEML 

Hardening Parameter

Flow Rule

Rate sensitivity exponent, n
Hardening parameter, b



Pipe lateral:  Parameter Sensitivity NEML 
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