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Most engineering disasters share a common thread: Deformation and Fracture

Chernobyl: power surge -> Reactor 
Vessel Rupture
Up to 4K near-term deaths
30K-1M premature cancer cases

Titanic: impact -> Hull rupture
p to 4K near-term deaths
1.5K deaths

Space Shuttle Challenger: cold 
temperatures -> O-ring rupture
7 Deaths

Tacoma Narrows Bridge: 
twisting/resonance-> cable failure
1 Death

Hyatt Regency Walkway Collapse: 
overload -> structural failure 
114 deaths

Boston Molasses Disaster:
Rivet rupture
21 Deaths

96 separate airframe mechanical / 
structural failures

Banquiao and Shimatan Reservoir 
Dams (1975): structural failure
50K – 150K deaths
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experiments - Sandia solid mechanics
Sharlotte Kramer and Theresa Cordova
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all 10 tests performed on nominally identical samples

Boyce, et al. (50 authors), Int. J. Fracture, 2014

A ‘simple’ blind scenario:
What forces and displacements
are required to cause fracture?

Assess international capabilities:
Engage Sandia and 13 teams from 
across the world.

• Among a consortium of leading 
computational mechanics groups, 
there was a wide breadth in the 
range of predictions.

• None of the teams predicted the 
experimentally observed scatter in 
response.

Sandia Fracture Challenge Reveals Shortcomings of 
Predictive Simulation for Even ‘Simple’ Scenarios
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PPM’s Overarching Objective

Materials behave stochastically, yet the micro- and nano-scale origins of performance
variability are often unknown. The overarching goal of this project is to enhance the
knowledge, tools, and capabilities to evaluate and predict the stochastic reliability of
structural metals and alloys due to materials variability. This goal is achieved by integrating a
scientific discovery process at multiple length and time scales to inform models that can be
used by the weapons engineer to predict performance margins. As we achieve this goal, we will
shift Sandia’s existing modeling, design and analysis approach away from deterministic scalar
properties and toward statistical properties that capture realistic uncertainties and margins
that arise from the inherent variability in materials’ structures and properties.

Housing/Cover
Failure Analysis

Transportation Crash

Loading Accident

Broken Clip
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Developing an experimentally validated model for grain-
scale deformation (crystal plasticity)

Polycrystalline 
Deformation Response
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Single-Crystal 
Plasticity Models

Goal: Provide a science-based foundation for design, analysis, 
and qualification capabilities that links mesoscopic/microscopic 
inhomogeneity to property variability.

Atomic Mechanisms
Of Plasticity

System Reliability Stochastic Outcomes
From Different Configurations

Reduced Order Modeling
For Efficient Stochastic Computations



Slide 6Boyce PPM Overview 6/16/2016

Material Complexity Roadmap for 
Deformation and Fracture
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Computationally efficient algorithms to perform
large-scale statistical sampling simulations

How do we use 20 test results to predict 1-in-1000 behavior?
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Weld FE model w/ idealized geometry 

WELD REGION

1.6 mm

0.76 mm

NOTCH
RADIUSbase sheet: deterministic

weld region: stochastic 

10 SROM samples from

entire distribution, 
including tails. Identifies 

“weak links” not observed 
in the measurements.

Experiments

initial yield stress hardening (linear)

recovery coefficient

Simulated Pressure Map

Impact: An efficient path for NW analysis engineers 
when data on materials variability are limited and 
predictions of rare probability of failure events are 
required.  

Computational speed up of >100X compared to 
conventional Monte Carlo methods.

Stochastic Reduced-Order Modeling (intelligent sampling)

Material model w/ 3 stochastic parameters 
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Polycrystal plasticity employs finite element method to 
discretize crystallographic slip at the crystallographic-level.

y

z
x

Slip rate: 

Slip resistance:

Obstacle stress:

Obstacle stress

Lattice friction

(Hutchinson, 1976)

(Weinberger, 2012)

(Taylor, 1934)

(Kocks, 1976)

24 <111>{110} slip systems

150

30

MPa
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Validated Multiscale Approach
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The ‘oligocyrstal’ platform for direct comparison 
between experiments and simulations

Specimen Load cell

LVDT

Motor

9 cm

• Tantalum oligocrystals with mostly columnar 2D grain structure 
eliminate unknown subsurface grain morphology.

• In-situ load frame developed at Sandia

• HR-DIC (surface strain fields) and EBSD (crystal orientations) 
measurements at load inside SEM

11

Specimen 1 Specimen 2 Specimen 3

15 grains 
(1,426,650 elements)

18 grains 
(1,664,150 elements)

12 grains 
(2,140,020 elements)

1mm

[111]

[011][001]
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Experiments are needed at every length scale to develop 
models, calibrate parameters, and independently validate 
results

Experimental measurement of strains within 
individual grains using SEM Digital Image 
Correlation

2D slice of a 3D simulation of strain inhomogeniety
based on crystal plasticity finite element modeling.
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A Quantitative Model-Experiment Difference Map 

6/22/2016

Lim et al., Int. J. Mechanical Sciences, 2015
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System-scale simulations with explicit microstructural 
representations.

Homogenization

35M elements, 350K grains
2400 processors (Chama)

8K elements

Direct Numerical Simulation
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System-scale simulations with explicit microstructural 
representations.
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Predicting Stochastic Behavior of Polycrystals

Continuum simulation (J2) CP-FEM simulation (~1000 grains)

400

200

0

MPa

VM stress

VM stress fields after 3% deformation

Grain-scale variability in macroscale response

CP-FEM simulation (~200 grains)

46 experiments 100 CP-FEM simulations
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Emerging Capabilities: Modeling and Characterization of
Realistic 3D Microstructures

3D grain structure 3D internal void distribution 3D crack shape

Realistic grain topologies

Phase field grain 
growth simulation

MD simulation

FEA simulation
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Porosity in laser welds
In laser welds of stainless steel, a 
common thread is the relationship 
between laser power, travel speed, 
porosity formation, and resulting 
properties.

Finite Element Representation of 
Porosity
A finite element model allows exploration 
of scenarios that may be difficult or time 
consuming to explore experimentally.

Weld Schedule 
exploration

Computed tomography 
images of weld porosity 

(circles) helps to interpret 
the effect of weld schedule 

on mechanical performance.

Weld process simulations
*Surface tension & 

curvature
*Maragoni Stresses
*Energy loss:

Ablative
Radiative
Convective

*Recoil pressure
*Melting/solidification
*Temp-dependent 

fluid properties
k(T), Cp(T), (T) 

Making a weld deeper, doesn’t always mean that it can hold 
more force… porosity factors in as well.
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Laser Welding Simulation

For a complete picture, we need:
Laser/plume interactions, raytracing
P1asma fluid mechanics
Radiation heat transfer
Laser energy adsorption, radiation
Thermal expansion
Non-equilibrium vapor pressure
Evaporation with latent heat
Pressure-temperature relations
T-dependent heat capacity
Incompressible fluid dynamics
Convective/conductive heat transfer
Capillary forces
Marangoni forces
Hydrodynamic mixing
Multicomponent liquid-solid diffusion
Solidification macrosegregation
Solidification shrinkage
CTE thermal contraction
Thermomechanical residual stress
Solid-state diffusion
Anisotropic crystallization
Solid-state phase transformation

incoming laser

raster speed
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Can we predict solidification microstructure?

E 
1

2
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Potts Kinetic Monte Carlo
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XZ Plane
YZ Plane

YZ Plane

experiment

simulation

Comparison with 
3.8 kW EBSD results

XY Plane

Capturing complex solidification 
Microstructure in Additive Manufacturing
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Summary: Living the Materials Science Tetrahedron

“Experimodelment” !

manufacturing.llnl.gov
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Process

Structure

Properties

Atomic Single 
Crystal

Component

Performance

Foiles & Abdeljawad:
Atomistic Grain 
Boundaries

Polycrystal

Medlin:
Boundary 
Character

Martinez: 
Molten Weld 
Pool Model

Kramer:
Structural
Mechanics

Length Scale
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Plasticity & Failure

Madison:
Flaw tomography

Battaile & Lim:  
Polycrystal plasticity

Hattar & Bufford:
Characterization

Foulk & 
Karlson: 
Continuum
Failure

Summary: The PPM Team

Emery & Field:
Subsampling &

Homogenization

Maguire:
Weld Process-

Defect
Relations

Deibler & Brown:
Recrystallization
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