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OBJECTIVE: Assess how well we can blindly predict(m) &=,
metallic fracture of an unfamiliar geometry
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“Crack-in-a-maze” Concept

Replicate real-world engineering constraints (time, budget,
information)

Blind predictions are reported before confirmation
experiments are available

‘Toy Problem’ is geometrically simple but captures salient
difficulties of real-world problems

Assess the whole prediction stream: (physics, numerical
methods, code, calibration & people)

Do not specify the models/tools/methods to be used: let the
engineers use their judgement & strengths

Verify the experimental outcome in multiple labs, and
disseminate results after blind predictions are reported

Use the assessment to inspire improvements

COMPETITION DRIVES INNOVATION




The SFC1 Challenge ) e
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Alloy: 15-5PH H1100

The challenge. When loaded at room temperature at a loading rate of 0.0005 inches/sec,
(Q1) What is the force and COD displacement! at which a crack first initiates??
(Q2) What is the path of crack propagation? (Use feature labels A-E to describe path)

(Q3) If the crack does propagate to either holes B,C, or D, at what force and COD
displacement does the crack re-initiate out of the first hole?



* Multiple tensile stress-strain curves for
both longitudinal and transverse
deformation

e Multiple Sharp-crack ‘fracture toughness’
force-displacement curves on sheet of same

thickness as challenge

* Images of the fracture surface, side view of
the necking region

* Material certification, including material
chemistry and mechanical properties

* Detailed heat treatment records
e Measured hardness values

* Engineering drawings that were also sent to
machinists for specimen manufacture

EHT = 20.00 kv WD = 6.0 mm Mag= 200X
Signal A = SE1 Date :6 Jun 2012 MSU/CAVS




Leverage the external mechanics community
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Each team attempted to blindly predict the failure | =,

scenario

1. In-plane Shear A-D |A
2. In-plane Shear C-D
3. SlantC-E
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15t Crack Initiation and Growth




The challenge geometry creates a competition i)
betweer,&a tensile failure and shear mode

Prediction

Digital Image Correlation (Gross & Ravi Chanda

Experimental




The deformation and fracture behavior is determin gl &
experimentally
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This time, more scatter in the experimental response

experiments - Sandia solid mechanics
Sharlotte Kramer and Theresa Cordova
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Overlay: Predictions (colors) compared to =
experiments (gray)
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777777777 Team 13, | both scenarios where the crack

! ! initiated in hole A growing towards
; : hole C and scenarios where the
crack initiated in hole C and grew
back to hole A; similarly for crack
path A-D-C-E.
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More details available in Special Iszsgilc;
International Journal of Fracture (
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The Sandia F racture Challenge; blin
Predictions of ductile tearing
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The 2014 Sandia Fracture Challenge (SFC2) ) e

Predict the forces and displacement associated with crack
initiation and propagation in the geometry shown on the right.

Material: Ti-6Al-4V, 3.15 mm-thick sheet.

/

Loading Rate: : 25.4 mm/sec and 0.0254 mm/sec. 1

N\

>/

.//

Extensive material property information available
« tensile tests in both sheet axes at 2 rates Q
« shear failure tests in both axes at 2 rates

« images of all broken samples

« exact measured geometry of each test coupon

Ly

Prediction Deadline: November 1st, 2014

&




Experimental outcome of SFC2
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Force (N)

Experimental Force-Displacement
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A complex comparison, but general

Improvement...
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* One team (low purple line) made a human error to sum all reaction nodes
* 57% of teams could predict behavior up to peak force within 10% of the expt’l scatter
* Post-necking behavior and crack initiation continue to be a source of significant discrepancy

* Teams tended to systematically overpredict stiffness & yield




Parsing the

IVIO
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Team |
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1 2 3 5
Displacement (COD1, mm)

ual Team Issues ) B

Explicit vs Implicit Solver

Thermomechanical Coupling

Boundary Conditions

Element Type

Discretization Level

Fracture Method (deletion, cohesive surface, etc)
Uncertainty Method

Anisotropic Plasticity Model (J2, Hill)

Hardening Law (Power-law, Swift, Piecewise
Linear)

Failure Criterion (strain parameter, damage law,
triaxiality dependence)

Calibration Data Used




Lessons Learned:

Gaps & Opportunities in Materials Mechanics for
Predictive Tearing Fracture




Gap 1: Representing surface contact and friction ()&=,

Teaém B Tea}n C

Rigid pin, friction coefficient

e S

Y e
Rigid, fixed pin contact | / %— 7480)

—~// | /|
/ANEAN [

N—— — e Apparent stiffness was overpredicted by
| ~1/2 the teams. In some cases the
Sess Timdally predicted stiffness was 2X the experimental

0.85 result!
0.70

0.55

240« Teams that chose fully constrained non-

i sliding pin contact tended to overpredict

0.20 stiffness and peak forces.
-0.35
-0.50

s+ Frictionless or free-rotating pin contact

- -1.0 appeared to mimic experiments most
R eaEa YR o s Closely.




Gap 2: Accounting for sheet anisotropy i)

_ TeamG TeamA | J, plasticity law,
No anisotropy 4 No calibration to
\ ________ U T — shear data

ld in shear was 0.88X the value of predicted by
on Mises yield surface, indicating a response
t is closer to Tresca.

s effect was only observable by comparing the
sile yield points to the yield point of the non-
ndard shear test

Stress Transverse Direction {MPa)

—Von Mises

cPBOG ms that used a simple J, (von Mises) plasticity

1500 - del tended to overpredict yield/hardening
Stwess Rulling Rivectiom i9Pay 1avior since the yield in shear was softer than
in tension.




Gap 3: Estimating thermal work coupling factor ()&=

Team C

Team K

No thermal coupling

T + 1 ~No thermal coupling

Fast test, Sample 20

) : Ellile]
140 | | -B— Position

Temperature (C)

55 ] ] 5 2
Time (s)

Volumetric heating rate

T30 = iy = o

Taonr-Qumney coefficient

There was a >602C temperature rise in the necking
ligament under the faster loading condition.

Many teams ignored the plastic-work induced thermal
softening that occurs under modest dynamic loading

Teams that chose either an adiabatic condition or some
coupling parameter tended to capture some degree of
extended necking behavior.

There is little data (and even contradictory data from
the same group!) on the plastic work thermal coupling
parameter (Taylor-Quinney coefficient)



Gap 4: Choosing a realistic failure parameter Tl

Laboratories

Failure parameter
calibration only
used tension data,
not shear data.

Plastic strain TeamD
criterion does —————y e
not accountfor [ e L M

=
=

Estimated (Static) @ Shear Test (Static)  Thereis no concensus on a realistic model

= Estimated (Dynamic) @® Shear Test (Dynamic) e ey . . ..
Giglio (Static) B Tensile Tost (Static) |’ for crack initiation! (Gurson is not sufficient)

== Giglio (Dynamic) B Tensile Test (Dynamic)

—
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e Predictions tended to be more accurate if
they used shear data and calibrated a
triaxiality-dependent failure model.

o
(o]
T

o
=2}
T

Failure Strain (mm/mm)
o
N

* While a suite of various loading paths and
triaxiality conditions is needed, there is no

standards for such material testing.
(A tension test is not sufficient)

o
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Stress Triaxiality




Gap 5: Damage progression / fracture morpholog@ e

Quasi-static ToamE Team N

cohesive zone T~ ____ . Incorrect
law did not predict T / ’-\e —— crack path
unstable fracture / / | /V




Opportunities for Lower Length Scale Modeling... Tl 2

e Contact, friction & surface roughness effects

* Yield surface evolution predictions, complex load paths
 Thermal coupling effects

e Triaxiality-dependent damage initiation criterion (?)
 Complex tensile-to-shear crack propagation profiles (?)



Opportunity: Failure model at the Grain Scale? e,

Model

Empirical 2. 1—(1— )™ 2 (2m — 1) (p) \
Continuum ¢=14/3¢é A= Slnh[ —— cre] + (1= ¢)" 1vyo.
Scale x ) |

Model??? Void growth Void nucleation




Opportunity: Failure model at the Grain Scale? Tl

In-situ TEM deformation experiments may not fail by the same
processes as bulk samples due to the lack of hydrostatic stress to drive

jon (d)

340 “0 110

MOWS
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Serrated crystallographic fracture

Nanoscale voids found during in-situ deformation of Ta

by post-mortem xsection

Can MD replicate failure mechanisms?

For additional detalls, see Boyce et al., Metall. Mater. Trans. A, 2013.
also see work by K. Hattar; L. Smith, J. Zimmerman, D. Farkas



Solution: Apply in-situ micromechanical techniques (CT, HR-
EBSD, HEDM) to quantify the micromechanical states

associated with damage evolution

= -
tensile axis

Existing failure models
are based on limited,
archaic qualitative

& observations such as
this classic example of
microvoid growth in
copper (Pulttick, Phil.

= | Mag., 1959)

2) High-Resolution Electron Backscatter
Diffraction

*in-house at Sandia with
existing experimental tools

*~50 nm resolution
*quantify “geometrically

necessary” dislocation content
and stress gradients.

*only works on exposed

surface — thus requires
dissection for sub-surface voids
(e.g. via Sandia’s new Plasma

From Guo et al.,

Acta Mater.i 2014 Elm

1) In-situ computed tomography

Forj=1:M (>4) Fori=1:N (720 or 1440)
td,F 6=0.+A0
The ith radiograph
X-Ray =
= - |
6 ~ 2500x1800 pixels
(a) v

3) Synchrotron High-energy Diffraction Microscopy
v o

[ez2

*technique available at several
synchrotron sources

w

film depth z [m]

@

*quantify local stress tensor
with micron resolution.

©

o

L
film depth z fum)

*semi-quantitative estimate of
dislocaiton content via peak
broadening.

@

oo

* high-energy x-ray sources
(e.g. APS) allow some degree
of subsurface measurement.

.~ From Zeilinger et al. Sci. Reports, 2016

- o
film depth z fm]




IMPACT.... Who cares; how is this helping? )=,

1. Provides a documentation of ‘state-of-the-art’.
» Evidence to support use of codes in engineering problems
* Educates analysts who use but do not develop these methods

2. lllustrates key deficiencies in structural mechanics predictions
» Fracture is not a readily ‘solved’ problem in some cases
* Motivates mechanicians and code developers to fix deficiencies
* Opportunities for lower length scales to address gaps?

3. Raises International awareness on the need for improved simulation capabilities
* Revitalize & guide funding in this ‘mature’ area (e.g. NSF)
» Revitalize the prestige in working on failure of structural metals
» Establishes well-documented ‘toy problems’ for future assessment & benchmarking

Minnesota I-35W Bridge Collapse.



Underway... The 37 Sandia Fracture Challenge

An additively manufactured structure with internal chambers
‘that cannot be manufactured by conventional methods

Longitudinal Tensile Tests

CT Scan sowmg
internal porosity

Provided the following engineering data...
x-ray CT scans
tensile & notch tensile tests
EBSD Microstructure, surface roughness, etc.

Predict the variability in failure response...
location of crack initiation
forces associated with crack initiation
local surface strains during deformation

Notch & smooth bar calibration Microstructure & |
data (with DIC) from the same build  Texture data

Optical Image




Underway... The 37 Sandia Fracture Challenge

An additively manufactured structure with internal chambers

anufactured by

1.

2.

3.

4.

5.

6.

7.

8.

| 9.

, 10

Optical Image 11
Provided the following en 12.
x-ray CT scans 12

tensile & notch tensile
EBSD Microstructure, 44

Predict the variability in f: 17
location of crack initial 18

15. Kazimierz Wielki Univ. (Poland)

forces associated with crack initiation
local surface strains during deformation

Pre-registered Participants:

14. Regensburg Univ. (Germany)

conventional methods

Longitudinal Tensile Tests

FEEZREEBEE

Sandia (3 teams)
Univ. of Texas-Austin
MIT
Purdue
Southwest Research Institute
Exponent
Pratt & Whitney
General Electric
Max-Planck Institute (Germany)
. Univ. of Utah
. OCAS NE (France)
RWTH Aachen (Germany)
. Thinkviewer

TTAL0

ir calibration Microstructure &
m the same build  Texture data

. Tecnalia Research (Spain)
. US Army Corps of Engineers
. US Army ARDEC
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STRUCTURA
o RELIABILITYR
PARTNERSHIP

The purpose of the Structural Reliability Partnership is to leverage expertise and
investments from multiple institutions on areas of mutual interest in the domain of
structural reliability.

Preliminary pilot partners: Challenge Lifecycle SRS Lifecycle
Year 1
Year 1 Issue Challenge Vear 2
Year 2 Identify Gaps Year 3
E)f(onMobll
Year 3
Year 5
I I I BB Massachusetts S0 GEE -
Institute of Year6 . S
Year 4 2
Technology = o

EE) T
Ems Year 5 Demonstrate Effectiveness

The University of Texas at Austin




