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Objective2

A New Paradigm for Failure Prediction Using 4-D Materials Science and Deep Learning (PI: Kyle Johnson) 

3D Characterization

Finite element 
modeling Deep Learning

Goal: Predict failure based on the interaction of loading, microstructural features (e.g., crystal 
morphology, orientation), and defects such as pores, inclusions, and microcracks in structural alloys. 

Crystal plasticity

StressNet

Large Scale Physics-Informed Deep Learning

Diffraction Contrast Tomography (DCT) Digital Volume Correlation (DVC)High Resolution µCT

Continuum Plasticity and Damage Models



Material characterization3

Al6061-T6

Grain morphology
(DCT)

XCT measurements

Al2219

• ~310M voxels (674x672x686) /~10M voxels (209x206x245) 
• Diameter ~1mm, Height ~1.2mm 
• ~3700 grains, 5um voxel size

Fe precipitates = 0.8865 %Voids = 0.5055 %



In-situ XCT measurements – Al60614

Void Nucleation Void Nucleation + Growth Void Coalescence

In situ stress-strain results. Markers indicate CT scan points

Seede et al. Scripta Mater. (submitted)



In-situ XCT measurements: Particles5

Location Region I Region II Region III
Total Particle Volume (mm3) 0.00218 0.00188 0.00215

Average Particle Spacing (mm) 0.03536 0.03530 0.03274

Region III contains high 
particle volume and low 
particle spacing

Seede et al. Scripta Mater. (submitted)



Finite element simulations6

CP

CP

J2 CP

J2 CP

Von Mises stress

Equivalent plastic strain

CPJ2

• 9,284,343 finite elements
• Hexahedral finite elements

Crystal plasticity:

J2 plasticity:



Incorporating volumetric defects in FE mesh7

Volume fraction ~ 
0.01%

Volume fraction ~ 0.1% Volume fraction ~ 1% Volume fraction ~ 4%

y

x



Macroscopic stress-strain response

J2 • Voids and soft particles 
have negligible effects

• Hard particles increase 
the strength

• CP is more sensitive to 
hard particles (see 
figures in the next 
slides) – hard particles 
increased stress fields 
in neighboring elements 
in CP.

C
P



Von Mises stress after 10% deformation 
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Stress triaxiality after 10% deformation 
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EQPS after 10% deformation 
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EQPS after 10% deformation: Effects of hard particles

EQPS

yz plane

1% hard particles (CP) 4% hard particles (CP)0.1% hard particles (CP)No defect (CP)



EQPS vs. stress triaxiality: All elements
No defect 

(J2)
1% voids 

(J2)
1% soft particles 

(J2)
1% hard particles 

(J2)

No defect 
(CP)

1% voids 
(CP)

1% soft particles 
(CP)

1% hard particles 
(CP)

• Larger EQPS and stress triaxiality scatters in CP compared to J2 simulation.
• Voids and soft particles have small effects on local strain and stress triaxiality.
• Hard particles significantly increase scatter in stress triaxiality.



Local fields at 19% tension

EQPS VM stress

x
z

EQPS VM stress

x
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Al

Fe precipitate

Void

6M FE elements
3695 grains



Al2219 CP simulations: Local fields at 19% tension per grain

EQPS

VM stress



Distributions of local fields16

 Surface vs. interior?
 Near the neck region?
 Big or small grains?
 Near voids?
 Near particles?
 Near grain boundaries?
 Near triple junctions?
 High or low max. Schmid factors? 

Where do we see the hotspot?



Summary: Local fields from CP simulations at 19% 
deformation17

EQPS stress triaxiality stress triaxiality * EQPS
All domain

Big grains (10 biggest)
Small grains (10 smallest)
Near voids (next to voids)
Near particles (next to particles)
Near GB (next to GB)
Near TJ (next to TJ)
High Schmid factors (>0.499)
Low Schmid factors (<0.330)



Summary
 Performed 3D in-situ characterization of voids and particles using DCT/XCT.

 Developed a framework that reproduces 3D computational microstructures from experimental 
DCT/XCT data with grain orientations, phases, and defects.

 Microstructural features influence both macroscopic behavior and local fields. 
• Inclusions of voids and soft particles had small effect in widely used CP and J2 models.
• Hard particles significantly altered both macroscopic and local responses.
• Inclusions of hard particles increased the strength and reduced strain heterogeneity and localization. 
• The shape and size of hard particles had moderate effect on deformation of polycrystalline. 
• Microstructural features influence both macroscopic behavior and local fields. 

 Investigated factors that may influence the local fields
• Elements near voids and the neck region had increased EQPS and stress triaxiality.
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THANK  YOU !
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