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Large Data Scatter for Creep Performance

• The scatter is primarily due to material variability at the microstructure level

• Microstructure variability -> Data analysis & creep model. 



Current Creep Modeling of Ni-base Superalloys

• Phenomenological in nature: simple 
analytical model  by directly linking test 
conditions (e.g., stress) with creep 
measures (e.g., rupture time)

• No microstructure information is 
considered (The Larson-Miller constant 
is insensitive to the microstructure)

• No creep mechanisms are involved

• Cannot provide feedback on 
optimization of improving Ni-base 
superalloys

• Rely on sufficiently large amount of 
data (not efficient)

Larson-Miller parameter (LMP) vs stress for

various Ni-base superalloys ሺܥெ ൌ 20ሻ

ܶ ெܥ  log ݐ ൌ ܲܯܮ ൌ ݂ሺߪሻ

R. Viswanathan, et al., 2009.
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Program Objectives 

1. Application of advanced materials informatics for
critical assessment of existing experimental data

2. Critical assessment of existing modeling capabilities

3. Development of new modeling capabilities that are
critical but currently missing in predicting long-term
creep behavior of Ni-base superalloys
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Outline

• Application of machine learning methods for 
prediction of structure-property relationships in Ni-
base superalloys.

‣A fast-acting, reduced-order, data-driven tool

• Development of a multiscale physics-based creep 
model for Ni-base superalloys

‣Integrated creep model at single crystal level

‣Homogenized creep model at polycrystal level 
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Machine Learning
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An algorithm

Experience PerformanceTask

Evaluation

What’s so special about ML?
• Algorithms built on experience (data) rather than specific 

instructions of how tasks should be done.
• Tunable parameters that are adjusted automatically to improve 

the performance by adapting to previously seen data.



ML Application to Materials Science
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Data
• Size
• Representation
• Uncertainty

Algorithm

Practice Predictive model useful 
in materials applications
Predictive model useful 
in materials applications

Challenge!

ML community



ML Application to Materials Science
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(Mueller, et. al, 2016)

The data challenge is currently addressed mainly The data challenge is currently addressed mainly 
by utilizing computational data



A ML Approach to Structure-Property Relations
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Initial texture
CP hardening parameters

Final texture 
Strain-stress behavior

Machine Learning
Training dataset

Manufacture 
design

Experimental
data 

Goal: Fast-acting reduced-order data-driven tool
Invertible pathway: processing – microstructure – property/performance 

VPSC
modelling
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Data Generation using VPSC Model
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Property Prediction using the ML tool
VPSC ML
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Calibration of the Proposed ML tool
“Ground-truth” ML
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An Integrated Modeling Scheme
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Lebensohn, R. A., et al. (2012). IJP.

Spectral (FFT) method Finite element method

Eisenlohr, P., et al. (2013). IJP.

Advantage of FFT method for this 
study:
• Account for complex geometry of γ/γ’ 

microstructure 
• Fast numerical implementation due to 

FFT algorithm
• Integration with phase-field

FFT based Micromechanical Solver
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Phase-Field Model for γ/γ’ Microstructure 

• C++, MPI parallelization

Improvements

• Incorporate modulus mismatch
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Calibration

Material data from experiments and 
thermodynamics/kinetics database

Phase-Field Model

Alloy-specific inputs

Full-Field Crystal 
Plasticity Model

Input

Prediction

Prediction

Homogenized 
creep life 
modeling

Dynamic 
Coupling

NETL Award No. DE-FE0024027

Specific 
processing 
conditions 

Exploration of 
microstructural features 
due to special processes 
(e.g., welding, oxidation)

Calibration

One-way coupling



Zhao, Low, Wang, and Niezgoda IJP, 80(2016): 38

Elastic strain 
• Satisfy the stress-

equilibrium 
equation

Transformation strain 
(microstructure)
• Use LROs and composition fields to 

describe the evolution

Plastic strain (plasticity)
• Use dislocation density 

fields to describe the 
evolution

Cottura, M., et al. 
JMPS, 94 (2016): 473.

Dynamic coupling of phase-field and FFT-CP

Phase-fieldPhase-field

FFT-CPFFT-CP



Prediction: γ’ Evolution Accelerates Creep  
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The interplay between plasticity and microstructure:
• The γ’ directional coarsening eliminates the vertical channels and 

widen the horizontal channels.
• The increase of horizontal channel volume fraction accelerates 

dislocation glide, leading to the experimentally observed high 
primary creep rate.
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Prediction: Plasticity Stabilizes Wavy Interface
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Geometrically necessary dislocation (GND) density

Prediction: Plasticity Stabilizes Wavy Interface
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Plastic strain distribution

Prediction: Plasticity Stabilizes Wavy Interface
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Wavy γ/γ’ Interface in Experiments 

CMSX-4, 0.27% creep strain (Matan, Reed, et al, 1999)
PWA1484, 1.0% creep strain 
(Czyrska-Filemonowicz, et al, 2007)

(Tanaka, et al, 2008)
(Ram, et al, 2016)



Department of Materials Science and Engineering

W/O plasticity W/ plasticity

from Simulations
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• The number of γ’ particles for stress W/ plasticity is apparently larger than 
the other two cases. 

Static (W/O stress) Stress (W/O plasticity) Stress (W/ plasticity) 

Prediction: Plasticity Stabilizes Small γ’



Experiments on H282

Courtesy of Chen Shen



Prediction: Plasticity Leads Smaller Mean γ’ Size 
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• Adding plasticity promotes more 
dissolution of γ’

• Combined with the increased 
number density due to 
plasticity, the average γ’ size is 
expected to be smaller than that 
during static exposure.

Courtesy of Chen Shen
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Homogenized Polycrystalline Creep Model

Synthetic grain structure from DREAM3D

191 grains

Experimental characterization + 
3D microstructure reconstruction

H282, Chen, et. al., 2017

Single grain 
modeling

Predicted 
structure-
property 
relation at 
γ/γ’ level

Extended Voce hardening (Tome, et al, 1984)

Kocks-Mecking model + Taylor hardening

 ଵ  ଵ 

Five fitting parameters:
 ଵ  ଵ 
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Dislocation model at γ/γ’ 
microstructure level

Homogenized model at 
polycrystal level

Homogenized simulations of H282 tensile tests

• The temperature-dependence of Voce hardening parameters can be further justified 
physically based on single-grain dislocation-based simulation predictions.

• Surprisingly the apparent softening can be captured by the current Voce hardening.
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Micromechanical Fields in Tensile Tests



Department of Materials Science and Engineering

Dislocation model at γ/γ’ 
microstructure level

Homogenized model at 
polycrystal level

Homogenized simulations of H282 creep

• The failure of capturing low-stress creep behavior using dislocation model can be 
overcome by the homogenized model.

• The only stress-dependent parameter is , which may be further rationalized based 
on physical arguments/simulations.
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Micromechanical Fields in Creep Tests



Summary & Future Work

• A fast-acting, reduced-order, data-driven tool has 
been developed, verified, and validated using VPSC 
generated data

 Application to existing experimental data and creep 
life models

• Creep models of Ni-base superalloys have been 
developed at both single crystal and polycrystal levels

 Application to long-term creep life prediction

 Effects of structural heterogeneities on creep
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