This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed
in the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.

SAND2019- 5979C

The Sandia Fracture
Challenge: How Ductile
Failure Predictions Fare

2 3 a
Displacement (cop1, mm)

Crack opening displacement (mm)

Sharlotte Kramer, Brad Boyce, Amanda Jones,
Jhana Gearhart, Brad Salzbrenner, Thomas
Ivanoff, Jonathan Madison, and Andrew Lentfer

8 June 2019

Sandia National Laboratories is a multimission

i ' 5 laboratory managed and operated by National
Technology & Engineering Solutions of Sandia,

C all fO rnia I nstitute o f TC C h n 010 gy LLC, a wholly owned subsidiary of Honeywell
International Inc., for the U.S. Department of

Energy’s National Nuclear Security
Administration under contract DE-NA0003525.

Prof. Ravichandran’s 60 Birthday Symposium



|0 Years Ago In Guggenheim...

Many thanks to Ravi for teaching me to “Go for it!” and “Just do it!”,
(even though what “it” is can be elusive at times).
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+1 What is the Sandia Fracture Challenge!?

Assessment of blind prediction capability of metallic fracture of an
unfamiliar geometry by international volunteer research community

- Assess the whole prediction stream

Experimental
Calibration and
Validation

e

Constitutive and
Failure Models

- Replicate real-world engineering constraints

- Test geometrically simple “Toy Problem’ that
captures salient difficulties of real-world

problems

Predicting

- Do not specify the methods to be used Ductile Failure

- Report blind predictions before confirmation

experimental results are made available

Numerical Geometry and
. . : ; Methods and Boundary
- Verify the experimental outcome in multiple labs Codes Conditions

- Use the assessment to inspire improvements

COOPERATION DRIVES INNOVATION




5‘ The First Sandia Fracture Challenge (SFC1) |

Challenge Geometry

° Predict crack path and critical load and crack-
opening-displacement (COD) of the first two
crack initiations

> Given tensile data in rolling and transverse plate
directions, fracture toughness-like experimental data,
microstructural data for the 15-5 PH plate

> Given Challenge geometry and boundary conditions
(0.0005 in/s loading rate)

Tensile Data Fracture Surface Images
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Impact of SFC1:

» Participation: Over 50 researchers from 14 institutions

» The variety of prediction approaches spanned from simple of complex, both for the
failure models and the computational approaches.

» SFC1 provided a platform for comparing these based on the same experimental data set,

never done before on a ductile failure problem.




| SFC1: Experimental Results

. . Overlay of Experimental Results From Three
Observation to rwo different crack paths by Independent Laboratories

. 10000
three lndep endent labs Crack Path A-D-C-E Crack Path A-C-E

o Bifurcation in failure solution attributed to some of

the critical holes being slightly out of machining .

Red: Materials
tolerances Mechanics Lab
S 6000
° Two crack paths were due to real-world machining 8
issues, not experimental technique £ 4000
° Two crack paths led to large ranges for answers to
the Challenge questions 200
Subsurface cracking occurred prior to the o, - ; - - &
appearance of a surface crack, suggesting mixed- COD Displacement (mm)
" o o . . 10000
mode failure: Additional experiments with Crack Path AD-CE  Crack Path A-C-E
shear loading may have helped the failure 5000
model calibrations Blue: Universi
ue: University of
Texas at Austin Lab
S 6000 |
O
Y 4000 |
2000
0
0 2 - 6 8 10
Height Profile of A-C Crack (left); GRS RSk oy

Crack Paths A-C-E (middle) and A-D-C-E (right)




7‘ SFC1: Predictions and Conclusions

Lessons Learned from Computational Results:

- Most teams (9 of 14) could predict elasticity, yield,
and hardening

- No consensus on failure model or numerical
implementation

- Tensile and fracture toughness tests were insufficient
- No team accounted for geometric tolerance
uncertainties!
Impact:
> 2012 ASME Symposium on SFC

> Special Issue of International Journal of Fracture in
March 2014 on the SFC

> Requests by participants for future fracture challenges

o Inspired a tribology challenge (Muser, et. al. Tribol
Lett (2017) 65:118)

There was no clear “winner” of the Challenge.

More research is required to find the gaps in
the process and the methods that are
considered “standard.”

Overlay of Predictions on Experimental Results

10000

8000

4000

2000

' ‘ ' ' ‘ Experi ments

Sandia
UT-Austin ===

_/ Team 5 A-C-E

3 4 5 6 7 8

SFC1 Lead Article is
one of the most
downloaded articles
for IJF at 8.2k.




8‘ The Second Sandia Fracture Challenge (SFC2)

eering Stress

Engin

xtensometer Strain [25.4 mm gage length] (mm/mm)

- Predict the crack path and forces and displacement
associated with crack initiation and propagation in the geometry
shown on the left in Ti-6Al-4V at two loading rates (25.4 mm/'s
and 0.0254 mm/s)

- Given extensive material characterization including

Tensile Data and
Fracture Surface

Detailed engineering drawings with tolerances
Dimensional measurements of all test coupons

Heat treatment details, with hardness values

Extensive tensile data (2 rates, 2 orientations, 5 tests each)
Extensive shear deformation & failure data (non-standard)
Grip details

Fixture compliance measurements

Deformed shape

Fractography

Load vs. Axial LVDT 1: VA Series

0.00 050 1.00 150 2.00 250 3.00
Axial LVDT 1 (mm)

——VA1 (Slow) ——VA2 (Slow) -----VA3(Fast) - - - VA4 (Fast)

Non-Standard Shear
Setup and Data




9‘ SFC2: Experiments

Experimental Results From Two Independent Labs

° Two independent labs blindly tested Slow Rate: 0.0254 mm/s

samples and obtained similar results PO 0 1 | Seenaneies
. ater hanics | Samqles inGra
of the shear-dominated B-D-E-A b o il 7280
L s T VSO Srssyuuusys USRS NUUSTRNS S
fracture and Load-COD profiles |
i : M ateriial Mechanics
4.5%40% |-mcosss i \\ Jo— S;ampledfi SRS |
z i Maierial Michanids i i
. . 3 i Sample 13
> One experimental observation of 5 o :
. . . 1x10% oo et - o]
tensile-dominated A-C-F considered /! o
an outlier (warpage of part and o0 L]
unusual fracture surface) o
’ A I

0 05 1 15 2 25 3 35 4
Displacement (COD1, mm)

° Post-blind testing with DIC at UT

Austin revealed failure in the D-E Fast Rate: 25.4 mm/s

ligament before the B-D ligament 280" ——
i ructural Mechanics
;Sample;)s in Gr;ay
L R I e
DIC Displacement Data Near Failure | Matdrial Mechanic
. n " 1.5x10* _ p ...... %Samp\e; 23 0
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Force (N)

0‘ SFC2: Predictions

Slow Rate: 0.0254 mm/s

Fast Rate: 25.4 mm/s
' ' ; '

30000 30000 7

Experimental Data
—— Team A
— Team B
Team C
—— Team D
Team E
—— Team F
Team G
—— TeamH
Team |
Team |
Team K
[}|— Team L
Team M
1|— TeamN

25000} . 25000 -
20000 -

20000 -

15000 15000

Force (N)

10000 10000

5000 |4 {/ 5000 |/ /5

Displacement (COD1, mm) Displacement (COD1, mm)

14 teams gave predictions with a general improvement compared to SFC1

* Oneteam (low purple line) made a human error to sum all reaction nodes

* 8 teams could predict behavior up to peak force within 10% of the experimental scatter

* Teams tended to systematically overpredict stiffness & yield

* Post-necking behavior and crack initiation continue to be a source of significant discrepancy




i ‘ SFC2: Observations

Sources of Discrepancies

> Gap 1: Boundary Conditions — representing surface contact
and friction

> Gap 2: Plasticity Model — accounting for sheet anisotropy
and Lode angle dependence

> Gap 3: Coupling — estimating thermal work coupling factor

> Gap 4: Failure Criteria — choosing a realistic failure
parameter

> Gap 5: Damage Progression and Fracture Morphology

General Features of Successful Predictions

> Boundary Conditions: Generally contiguous pin with
translation/rotation or contact pin

° Anisotropic yield function
o Utilization of both tensile and shear data

> Amongst teams that did better, there was no consensus
approaches on thermal coupling, plastic hardening, failure
criterion, or damage evolution

SFC2 showed general improvement compared to SFC1,
but revealed new sources of discrepancies.

See the March 2016 issue of the International Journal of
Fracture for more details
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12‘ SFC3: Failure in an AM Metal

The Third Sandia Fracture Challenge explores the experiments and model methods
required to predict ductile failure in AM metal parts.

Challenge
Geometry
Specimens

Notched Tensile
Bars

Transverse
Tensile Bars
(Before EDM

Cutting)

[—ISO VIEW OF
SECT.B-B
(SCALE: 3:1)

SFC3 AM
Build Plate

Build Direction

Build
Direction -
g Longitudinal
Tensile Bars

Longitudinal
Tensile Bars

A\
* Material: Additively manufactured 316L stainless y
steel from a commercial vendor; Laser Powder e 0 =
Bed Fusion also known as Direct Metal Laser w e “
Sintering (DMLS) method with 20-micron layers o 5
« Extensive material property information N g
» Six Questions of global and local measures - ; ——> x 5
based on load and DIC measurements 5
» Required nominal response and requested
20t and 80t percentile bounds as optional
; Challenge lestance: December 4, 2016 e e o e oo Lo
» Prediction Deadline: July 15t, 2017

Image), and Representative DIC Area of Interest 41-pix
Subsets (Bottom Right Image)




13‘ Examples of Provided Data

AM Build of All Test Specimens (Left); Central Cross-Section Schematic
(Center) and Front Views of the Challenge Geometry (Right)

M

Transverse Notched Tensile
Tensile Bars
(Before EDM

Cutting)

Challenge
Geometry
Specimens

)l" )
4
4

Direction of Build

Build
Direction

2

Longitudinal
Tensile Bars

Longitudinal
Tensile Bars

EBSD Inverse Pole
Figure (IPF) in Build
Direction

111

001 110

Example of micro-CT Scans of
Challenge Geometry

4mm

A32 Front View Side View Image of
“Thick Slab” Image ~ A32 (left) and A15 (Right)

Reconstructed micro-CT Scans with
Provided Feature Measurements




14‘ Examples of Provided Data

Base Material Test Data (Top); SEM Image of Fracture Notched Tensile Test Data (Top); SEM Image of
Surface of Tensile Specimen LTAO4 (Bottom) Fracture Surface of Notched Tensile Specimen NAO5
(Bottom)
_ .. Base Material Tensile Tests Notched Tension Results
AM-Finish

800 ongitudinal; EDM-Finish 4500 —— Aot
0.05 mm/s Rate .- Transverse: —— A0
EDM-Finish 700 - 4000 N-AO3
Longitudinal: N e ——N-nos
0.05 mm/s Rate 60(;\ _ - 1h M\ 3500 o
g 3000 -
§,500 N-A09

2 ! —
£ EDM-Finish Z 2500 —NaD
2" 400 Longitudinal: 2 At
3 0.0005 mm/s Rate S 2000 :iz
g0 1500 -
200 1000 :2?:
100 50 { — Nim
o - . o
0 5 10 15 20 25 30 35 40 45 50 55 60 0 0.2 04 0.6 0.8 : R N-A23

Engineering Strain [VICGauge0] (%) Average Extensometer Displacement (mm)

200 pm
100 pm - i = =
" EHT =10.00 kV WD=187mm  Signal A= SE2 Width = 1.494 mm — EHT =10.00 kV WD=188mm  Signal A= SE2 Width = 4.027 mm




15‘ Challenge Geometry Experimental Result

Sample A21
8000 T T 15 T T 0.35
BOOO 03
] 10 |
7000 0.95
6000
% £ {0.2
5000 =
= E 4018 =
g — L
S 4000 = 2l
10.1
3000 f
s | o 0.05
1000 | i
0é : : -10 ' : : : 0.05
1] 0.5 1 15 -10 -5 0 5 10 15
Average Grip Displacement (mm) X (mm)

Direction of
Build




16‘ Experiments: Question 3 & 6

Force vs. Gage Displacement D Hencky Tensile Strain Fields at Failure
19 Specimens with Average and Bounds

SFC3 Challenge Geometry Load vs. Displacement
9000

FLLLLTTL

8
~ 4000

3000

2000

1000

0th -l
DR o
0 R -
00 02 04 06 08 10 12 14 16 18 20 A04 A05 A21
Average Gage Displacement (mm)

» Relatively repeatable
experimental data set with all

. o . . DIC Parameters
specimen failing in nominally the

S |sealan Subset 41 pixel 0.368 mm Crack path is
» Experimental data from two e e Similar for each
» : Step 7 pixels 0.063 mm specimen, but are
testing laboratories (12 _ .

) Strain 9 step = not necessarily
specimens for the Structural Window :
Mechanics Laboratory and 7 fallowing the

) ry i Virtual 57 pixel 0.512 mm angled channels in
specimens from the Material Strain

Mechanics Laboratory) overlap Gage every specimen.




+1 Predictions: Global Measures

21 Predictions and Bounds with Exp. Average and Bounds 21 Nominal Predictions with Exp. Average and Bounds

SFC3 Challenge Geometry Load vs. Displacement* SFC3 Challenge Geometry Load vs. Displacement*
10000

o

i) A
S A mmmmm
T

9000

1) x
R R R R

3333333333,

mn [slelololoNol Rilih S-JNb -]
> g

FEEFg e

8000

995992

7000

PRPINPINPO>

P
mm9

6000

5000

Load (N)

4000

3000

= = = Team M - 20th %-ile
Team N - 80th %-ile

2000

1000 |

Average Gage Displacement (mm) Average Gage Displacement (mm)
g g p

All 21 predictions correctly identified the nominal crack path with initiation at the
through-thickness hole

More teams under-predicted the failure displacement than over-predicted.

There were only two teams whose nominal prediction fell within the bounds of the
experimental data (Teams B and Q).

The uncertainty bounds on predictions ranged from too small to too large, with most unlike
the experiments where there was little initial variability with moderate variability after
peak load.




s 1 Predictions: Local Measures

Question 4: Report force vs. Hencky strain in the vertical direction (&) at P4.
y SFC3 Challenge Geometry Load vs. Vertical Strain at P4*
P.S ;:9 ;:m 12000
He O - 10000 g L=
H3 :
H2 = 8000
o [ - — Strain predictions close
— X T 6000 ., .
Fs o pr 8 : — to failure were generally
oo | - — too low.
2000 :‘ _E
b Team
Challenge Geometry , T —
(Surface _ Left -0.05 0.05 0.15 0.25 0.35 0.45 Dish =
’ Vertical Hencky Strain at P4 o
Cutaway - Right)
Question 5: Report force and — e || HaatFa

Hencky strain in the vertical
ditection (g,,) along horizontal line
H4 on the surface at forces F1, F2,

F3, and F4.

Most teams over-predicted
the nominal strain at F1,
but many teams’
predictions improved for
higher forces.

Vertical Logarithmic Strain

0.025

Vertical Logarithmic Strain

I
LI




» | Example Predictions: Question 6 Failure - Strain

0.4
LE, LE22 LE, LE22 (CSYS-1)
(Avg: 75%) . g0,
(Avg: 75%)
L +2.119e+00 +9.053e-01
+1.942e+00 +8'283e—01
+1.764e+00 +7.514e-01
+1.587e+00 +6.744e-01
U, +1.410e+00 +5.975e-01
+1.233e+00 +5.205e-01
Hoas +1.056e+00 +4.435e-01
+8.788e-01 +3.666e-01
o +7.017e-01 +2.896e-01
+5.246e-01 +%.§§§e-8%
- : K +1.357e-
13,‘7‘5‘3‘2.81 +5.872e-02
0.2 -6.830e-03 -1.824e-02
s v
5
0

A13 Team A Team B Team C

Fringe Levels Time: 111.

STRAIN_YY
6.500e-01 gt
5.ssoe-o1] !
5.200e-01 __
4.550e-01 _ 0.3000
3.900e-01 [gsmﬂ I
3.250e-01 us 0.6000
2.600e-01 = & @=-0.0220
1.950e-01 Im é 5343
1.300e-01 e g
6.500e-02 ‘o&miﬂfﬁme'ao i:
0.000e+00 _| e

$-07375

' oars
I 02125

~-6.0000-02

Team L Team M Team Q Team T




0‘ SFC3 Observations

Pl'ediCtiOI’lS - L;;}I\;:Jgii;r;ﬁase Material Tensile Tests T
5 0.05 mm/s L ! |msh.
> All teams predicted the correct crack path EOM-Finish 700 | Rt g

Longitudinal:

° Two teams predicted a nominal load-displacement ~ 00 mms ™ ff

Rate

behavior within experimental bounds S |
. . £ EDM-Finish
> All teams used provided tensile data of AM- geoo Longitudinals
manufactured specimens with similar void | Rl S
structure as the Challenge geometry 5
° Predictions of surface strains (local measures) were -
generally different than in experiments i Il |
0 5 10 15 20 25 30 35 40 45 50 55 60
° The teams took Vastly different approaches to predict Engineering Strain [VicGaugeo) ()
uncertainty bounds in their models
° Few teams considered the geometric variation and 703 Chalenge Geomety Load e Dispacement
pore structures characteristic of AM metals, despite 0 -

8000

>
2 88 38 3
: BEeERR

considerable data provided to aid that effort

7000

° The post-blind assessment revealed several clerical
errors in the predictions

6000

. 5000
Z

LLLLLLTL

Overall
° Large features in the AM part overwhelmed the
overall response of the structure compared to the —
unintentional voids, a hope to use of AM parts e
> We need further research to understand the role o e a4 e s w0 12 1 1 e 2

Average Gage Displacement (mm)

of the voids of the local fracture processes




21 I SFC3 Experimental Reinvestigation

Question: What is the effect of pre-existing voids on deformation, damage, and
failure in AM metallic structures like the SFC3-geometry specimens?

interrupted testing with ex situ micro-CT imaging.

We will look at the global behavior and local crack initiation and growth relative to
pre-test void population and the evolution of void growth and crack evolution via

Example of
Tested 6 “Build B” specimens to failure to see Interrupted Response
overlap with original “Build A” specimens o000 - 7

Maximum

Interrupted test intervals for six specimens:

===-Build A -
80th %-ile

I1 — To middle of hardening 6000 |
- 12 — Peak load
13 — Visible crack

~——Build A -
Average

~ = Build A -
20th %-ile

— -Build A-
Minimum

- 14 - Failure 2000 —B10
) . 1000 I4 e
-All interrupted test specimens had the same 5 W
failure mode as tests to complete failure e e iy

Pre-test u-CT
Data Showing
Voids

Volume (mm?)
0.00227

0.00204
0.00182
0.00159
0.00136
0.00114
0.00091
0.00068
0.00046

0.00023

0.00000

geometry overwhelmingly dominate the global behavior.

Geometry Dominates Global Behavior in SFC3 Specimens:
Metrics of the pre-existing void population do not correlate with the global mechanical
behavior of the SFC3 specimens, but rather the large stress concentrations from the




22 1 SFC3: Effect of AM Voids

Voids Influence Local Crack Initiation and Growth:
Voids and surface defects influence local crack initiation and growth by introducing
variation in crack initiation site in some cases and deviation from initial crack path to
intersect voids.

3D Reconstructions Highlighting Crack Volume

Viewing Orientations

l«é(b)l
e : ’§7 (a)
(c) Z

" (b3)

Fracture Surfaces

rval 3

ain Interval 2
’ : v e

Strain Inte
W w .‘; M Jff’ﬂ ey :

N N

> Fracture at high-stress intersection point or at large surface defect
> Crack initiation at a surface defect occurs in 11, while otherwise can happen at I1-13

> Cracks deviate to intersect voids
> Cracks initiating at surface defects grow faster, but total specimen crack volume growth does not vary much




» 1 SFC:What We Have Learned So Far

> A good calibration of plasticity is a prerequisite for
predicting ductile failure

> No single numerical method, constitutive model, or

failure criterion dominates amongst the more successful
predictions

> Experience and peer review matter

> We need considerable research on ductile failure including:
> Stochastic and local nature of ductile failure
> Accepted shear-dominated experiments for model calibration

° Theoretical and experimental work on thermomechanical coupling

> Effect of material anisotropy on failure
> Efficient constitutive and failure models for large structures

> Quantitative comparison of full-field experimental and
computational data

> Methods for uncertainty quantification on engineering time-scales

Force (N)

30000

25000

20000

15000

10000+

5000

10000

8000 —

Force (N)
]
8

4000 Hi

2000

Displacement (COD1, mm)

S
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www.sandia.gov/srp
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STRUCTURAL
. RELIABILITY®
~ PARTNERSHIP /
The purpose of the Structural Reliability Partnership is to
coordinate research, share best practices, and leverage

investments from multiple institutions on areas of mutual / \

interest in the domain of structural reliability.
y Model Materials Academia R&D (;::_Sdress
Exchange

PI LOT PARTN E RS : , \ Shortcomings
Shmﬁliﬁl ) THE UNIVERSITY OF =
) .., ExtonMobil TEXAS e — ()

—— AT AUSTIN —
Coordination Data Sharing
Workshops ‘ Repository

Initial Participant Institutions:
Lawrence Livermore National Lab Georgia Tech University

University of Utah Boeing

Purdue University Mississippi State University

National Science Foundation Oak Ridge National Lab

Pratt & Whitney Naval Research Labs As a result of the August 2017 Workshop, the
Pacific Northwest National Lab Johns Hopkins University Partnership launched two initial focus areas:
NIST University of California at Davis (1) Reliability in additive manufacturing, and

University of Illinois Michigan State University (2) Hydrogen-assisted fracture in pipeline welds




1 Summary

Sandia Fracture Challenge:
° Provides a collaborative environment for capability assessments

° Provides documentation of ‘state-of-the-art’ in ductile failure
predictions

° [llustrates key deficiencies in ductile failure predictions

> Raises international awareness on the need for improved simulation
capabilities

Structural Reliability Partnership is a new paradigm of cooperative
research using the “Challenge scenario” as the medium to research
capabilities in experiments and computations in structural mechanics.




x| Questions

Boyce, B.L., Kramer, S.I..B., ¢f a/, "The Sandia Fracture Challenge: blind round
robin predictions of ductile tearing," International Journal of Fracture, vol. 1806, pp.
5-68, 2014.

Boyce, B.L., Kramer, S.L..B., ¢ a/., "The second Sandia Fracture Challenge:
predictions of ductile failure under quasi-static and moderate-rate dynamic

loading," International Journal of Fracture, vol. 198, pp. 5-100, 2016.

More details on SFC3 will be available in the summer in a special volume
of the International Journal of Fracture.

Kramer, S..B. ¢z a/, "The third Sandia Fracture Challenge:
predictions of ductile fracture in additively manufactured metal" (DOI:
10.1007/s10704-019-00361-1), (in press).

Kramer, S...B. ¢# al., "Evolution of Damage and Failure in an Additively
Manufactured 316L SS Structure: Experimental Reinvestigation of the Third
Sandia Fracture Challenge" (DOI: 10.1007/s10704-019-00357-x), Published
Online March 2019.
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28‘ SFC2 Gap |: Representing surface contact and friction
Rigid, fixed pin contact Team B Team C

% &/ %‘ /’” Rigid pin, friction coeffici
Bl T

o\ [
/

..................... ‘ * Apparent stiffness was overpredicted by

: ~1/2 the teams. In some cases the
predicted stiffness was 2X the experimental

Stress Triaxiality

1.0
[ 0.85 result!
= 0.70
— 0.55
o5e * Teams that chose fully constrained non-
i sliding pin contact tended to overpredict
0.20 stiffness and peak forces.
-0.35
-0.50
3 oo+ Frictionless or free-rotating pin contact
-1.0 appeared to mimic experiments most
Tf‘L
R— closely.

Model From Team C




SFC2 Gap 2:Accounting for sheet anisotropy and Lode

» | Angle dependence

No anisotropy

or lode angle
dependence

Stress Transverse Direction (MPa)

Tea?m G Teaém A
= i e J, plasticity law,
o W i No calibration to
E ........ [.l, ............ ............... ’HIL P
: 0 N shear data

Displacement (COD1,mm)

~1500 -
Stress Rolling Divection {MPa)

Team B: Comparison of yield
surfaces at zero plastic strain

—Von Mises

----CPBO6

|d in shear was 0.88X the value of predicted by
on Mises yield surface.

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

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

del tended to overpredict yield/hardening

\avior since the yield in shear was softer than
In tension.



SFC2 Gap 3: Estlmatmg thermal work coupllng factor

No thermal
coupling

Team Cc

Team K

Force (N) /

~ No thermal
coupling

Fast test, Sample 20

Temperature (C)

~| —&— Po!

+ “E— Po

sition 1 [
sition 2 | |

0 o5 1
Time (s)

Volumetric heating rate

15

TS = nW’” =no: &

Taylor- Qumney coefficient

Displacelmenf (CO|D1 ,mm)

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).




31 SFC2 Gap 4: Choosing a realistic failure parameter

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

There is no consensus on a realistic model
for crack initiation. (Gurson is not sufficient)

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

While a suite of various loading paths and
triaxiality conditions is needed, there are no
standards for such material testing. (A tension

Plastic strain Team D Team A
. . ‘ \/\/‘«/\/\"\""\4
criterion does g o T0a |
S /\:.x....\ ................................ h‘uhﬂl\) V. . \
not account for g R 0 Il
R e ! I R
triaxiality / shear & |// J '
/] |
N/ A — - — N/ . —
Displacement (COD1,mm)
1.4 - - - -
- Estimated (Static) @® Shear Test (Static)
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morphology

SFC2 Gap 5: Damage progression / fracture

Teafm E

Quasi-static
cohesive zone  ——

Incorrect

law did not predict

— crack path

Force (N

unstable fracture

500 um

Some approaches have difficulty capturing
the unstable nature of crack propagation.

Some approaches do not properly
characterize the resistance of the material
to crack growth (and hence crack path).

None of the approaches accurately capture
the macroscopic 3D profile of a real fracture
surface, such as shear lips vs flat fracture
seen in the calibration fracture surfaces.




3‘ Challenge Questions

Questions regarding point measures and for the entire test,
utilizing load and DIC measurements with uncertainty
bounds.

Question 1: Report the force at the following displacements
D: 0.25 mm, 0.5 mm, 0.75 mm, and 1.0 mm.

Question 2: Report force and Hencky (logarithmic) strain in
the vertical direction (g,,) at four points, P1, P2, P3, and P4,
on the surface at 75% of peak load before peak load (F1), 90%
of peak load before peak load (F2), at peak load (F3), and at 90%
of peak load after peak load (F4)

Question 3: Report the force vs. gage displacement D for the
test.

Question 4: Report force vs. Hencky (logarithmic) strain in
the vertical direction (8 ) at four points, P1, P2, P3, and P4,
on the surface for the test.

Question 5: Report force and Hencky (logarithmic) strain in
the vertical direction (g,,) along four horizontal lines, H1,
H2, H3, and H4 on the surface at forces F1, F2, F3, and F4.

Line scan data should be provided with a data spacing of
Ax=0.030 mm.

Question 6: Provide images of the model directly viewing the
tfront surface (same as the side for DIC) at crack initiation and at
complete failure, showing contours of Hencky (logarithmic)
strain.

y

A s P9 PO
_\..‘/-_

H4 —0—6—0—
P3 P4

H3

H2
P2 .

H1
P1 .

e ——
_/ p5 P PT N

Front View of
Challenge
Geometry

Representative DIC Area of
Interest Showing a Grid of 41
pixel x 41 pixel Subsets

*For Questions 1-4, please report nominal
(average) value and optionally report the 80-
percentile upper bound and 20-percentile lower
bound values to compare to a population of 19
experimental observations.



34‘ 2| Teams of Challenge Participants
Universities Industry

UTSA Swil

SOUTHWEST RESEARCH INSTITUTE

Massachusetts ( DCAS '
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Technology AW AW
T e Government Laboratories
O | |-| .
Sandia
National
Laboratories

US Army Corps of Engineers

l * l Natural Resources Ressources naturelles
Canada Canada

CanmetENERGIE

Leadership en écolnnovation




|1 Prediction Methods

The 21 predictions were obtained from a variety
of methods, for example:

> Solvers: Explicit vs. Implicit; Quasi-statics vs. Dynamics

> Fracture Method: Element deletion, Peridynamics with
bond damage, XFEM, Damage (stiffness degradation),
** & asium and Adaptive remeshing

- = =Exp. - 80th %-ile

SFC3 Challenge Geometry Load vs. Displacement*
10000

9000 D - Average

> Uncertainty: Material and geometric

== eExp - 20th %-ile
8000

— Exp. - Minimum

Load (N)

7000

6000

5000

4000 &

I
3000

2000

1000

Average Gage Displacement (mm)

Team A - Average
~———— Team B - Average

Team C - Average

Team D - Average

Team E - Average

Team F - Average

Team G - Average

Team H - Average

Team | - Average

Team J - Average

Team K - Average

Team L - Average

Team M - Average

Team N - Average

Team O - Average

Team P - Average

Team Q - Average

Team R - Average

Team S - Average

Team T - Average

Team U - Average

> Plasticity: |2 plasticity or Hill yield with Isotropic
hardening, mixed Swift-Voce hardening, kinematic
hardening, or custom hardening curves

o Fracture Criteria: GTN model, Hosford-Coulomb,
triaxiality-dependent strain, critical fracture energy,
damage-based model, critical void volume fraction, and
Johnson-Cook model

> Damage Evolution: Damage accumulation / evolution,
crack band model, fracture energy, displacement value
threshold, incremental stress triaxiality, Cocks-Ashby void
growth, and void nucleation / growth / coalescence

o Calibration Data: Various combinations of the tensile
specimens, the notched tensile specimens, and literature
data

All 21 predictions correctly identified the nominal
crack path with initiation at the through-
thickness hole

13 teams offered uncertainty bounds on their
predictions



36‘ SFC3 Predictions: Question | & 2

SFC3 Challenge Geometry - Question 1*

. 10 o e Exp - Average

Question 1: Report the force at the 9000 ° g 2 — —Exp - Minium
. . N é O Team A - Average
following displacements D: 0.25 mm, 0.5 8000 ,é__.- i \é 8 TeemB-Anage
foie= o
mm, 0.75 mm, and 1.0 mm. 7000 if ; \ 3 o TeamE.Avernue
5 6000 ] BN
S 5000 § . A TeamH - Average
: T g A\ A Toar Aarngs
Several teams predicted the initial structural = 4000 I Y & Team K- Avtigs
. . . . T A TeamL - Average
yield, but the variation broadened with o - o\ 8 Team b -Average
. . . 2000 ] represent ® \ o TeamO-Average
increasing displacement. oo | 20 e i \ 8 Tene Aeas
b-ile eam verage
l z A O TeamR - Average
0 — O Team S - Average
0.00 0.25 0.50 0.75 1.00 125 B TeamT-Average
Average Gage Displacement (mm) Team U - Average

Question 2: Report force and Hencky (logarithmic) strain in the vertical direction () at four points, P1, P2, P3,
and P4, on the surface at 75% of peak load before peak load (F1), 90% of peak load before peak load (F2), at
peak load (F3), and at 90% of peak load after peak load (F4).

Vertical Logorithmic Strain at P4 at F1 Vertical bars Vertical Logorithmic Strain at P4 at F2 Vertical bars Vertical Logorithmic Strain at P4 at F3 Vertical bars Vertical Logorithmic Strain at P4 at F4  Vertical bars
represent represent represent represent
S 20th %-ile and 00800 20th %-ile and 04300 20th %-le and 0:5000 20th %-le and
80th %-ile 80th %-il 80th %-ile 4 80th %-ile
00100 5706 ile 0.4000 0.4500
0.4000
£ 0.0600 /03300 =
£ 0.0080 A [ c £ 03500
@ A Z & 0.3000 &
£ g 2 <
£ oo0s0 £ £ 02500 £
s A ‘{, 5 & &
& 00040 © A ® m g g g g
s (P o = = B s
S ® g S 0.1500 2
§ 00020 © I a £ £ £ 0.1500
> > 0. > >
A . 7
[ e

Generally, the predictions were initially too high, particularly for F1, and then were under-predicting by F4.




Motivation: Understanding Failure in AM Metal Structures and

371 The Third Sandia Fracture Challenge
The Third Sandia Fracture Challenge explores the experiments and model methods
required to predict ductile failure in AM metal parts.
AM 316L SS Build Plate: N SFC3-Geometry Specimens
Laser Powder Bed Fusion 7] % g — 7 T
‘ _L A N
T — Notched Tensile 222”;:53 I i 5
e o | Spedmens 9179 2 T D ) =
Cutting) : _(% " L é &/P q::,
; s
=% seciones - SEC_TgA'A 'E
i ®1.50 {";{lp Efo :_6
Direction I}ongi':u%inal ?;O'ODW‘ ' 325_ I%/_Q 5
e FROMCLTE'OCENTER \_Q4 44‘» __t I /
Longitu‘jinal OFNTERN;LSFHEW\HUPSE l ?ﬁ% DEALD
Tensile Bars INTER%?;SSPHERE DETAIL C %«,:mqwﬁf ‘ﬁ‘é

Load-Displacement Response
of SFC3-Geometry Specimens

SFC3 Challenge Geometry Load vs. Displacement

z 2

TE RS EE

21 Nominal Predictions with
Exp. Average and Bounds

SFC3 Challenge Geometry Load vs. Displacement®

Most predictions did not
consider the AM porosity,
but yet did reasonably
well in predicting the
global response. This
implies that geometry,
not porosity, dominates
global behavior.




Motivation: Understanding Failure in AM Metal Structures and L—
331 The Third Sandia Fracture Challenge .

Question: What is the effect of pre-existing voids on
deformation, damage, and failure in AM metallic ] 0SS
structures like the SFC3-geometry specimens? | ™~ PSS e Build
- Plate

Tensile Bars

Tensile Specimens Notched Tensile Specimens SFC3-Geometry Specimens

~Finish BaseMaterialiensileTests SFC3 Challenge Geometry Load vs. Displacement
EDM-Finish goo . , .
LoRuttdingl Longitudinal: EDM-Finish Notched Tension Results =
0.05 mm/s Rate, | 0:05 mm/s Rate = Transverse: 4500 =
700, \d 0.05 mm/s B
\: N Rate 4000 ~
— =
600 — - 3500 - =
_ — —a
& — —
5 500 \ \ 3000 — —"
H = — =
£ Z 2500 — =
o 400 Longitudinal: E] —n =
§ 0.0005 mm/s Rate 3 2000 —
3
§ 300 1500
&
200 1000
500
100
o —
0 Ll 0 0.2 0.4 0.6 0.8 1
o 5 10 15 20 25 30 35 40 45 50 55 60 Average Extensometer Displacement (mm)
Engineering Strain [VICGauge0] (%)

7

Direction of
Build

We will look at the global behavior and local crack initiation and growth relative to
pre-test void population and the evolution of void growth and crack evolution.




39 I Experimental Approach: Interrupted Testing with Micro-CT

MTS 100-kN load frame with custom AM
-Tested 6 “Build B” specimens grips and Correlated Solutions Stereo DIC

to failure to see overlap with 556‘[“ (VIC3D)

original “Build A” specimens Interrupted Response S —
. o I2 N s
Interrupted test intervals for | a i 13 Masimm :
SIX specimens: 7000 ( " on e #
- I1 — To middle of hardening g::: ' " hversee pecimen
. 12 — Peak load §aoo "533302.{@ fl =
- I3 — Visible crack zzz _Eimm G
- 14 - Failure 1000 "I —829
o A\ / Ty ¢
-All interrupted test specimens T A cogeDipacomen o Lighting [y § DIC Cameras

had the same failure mode as
tests to complete failure

Specimen A21

0.4

Hencky Tensile o
Strain Fields for B28
0.2
Subset Size (pix) 41
Step Size (pix) 3
Strain Window (pix) 9 0.1
Virtual Strain Gage (pix) 65
Virtual Strain Gage (mm) 0.517
Pixel to Length Ratio (pix/mm) | 125.8 0

Hardening Near Peak Surface Crack Failure Eyy Failure




40 1 Micro-CT and Void Analysis Methods

Sub-regions

> X-Ray Worx 225kV tubehead with a Varian Whole Gage Region

cesium 1odide 2520DX detector using North Star | High-stress Isolation of

Imaging software B regction point voids with
> Voxel resolution of 6.2+/-0.6 um high-stress
° 16-bit tiff images reconstructed with Volume interse;ction

Graphics 3.2 Max software point

identified

> Image processing in FIJI and MATLAB

> Void analysis performed using IDL software with
a requirement of at least 8-connected voxels to
count as a void with a minimum Equivalent
Spherical Diameter (ESD) of 13-9-16.9 pm

i and different
i volumes for

pre-test void

Spherical analysis

____________ -

Pre-test data showing voids Ex situ micro-CT internal slices for Specimen B33

il

Volume (mm?)
0.00227

0.00204

0.00182

0.00159

0.00136

0.00114

Tensile direction

0.00091

0.00068

0.00046

Al -

Pre-test » Post-test
Increasing strain

10 I 12 13 14

0.00023

0.00000




4211 Mechanical Response
SFC3-Geometry specimens from “Build B” behaved similarly to those from “Build A”,
so analysis of “Build B” specimens is assumed represent that of all SFC3 specimens.
Monotonic Response
Global measures considered:
9000 + Builq A=
o Peak load —_— B -
. 80th %-ile
> Displacement at peak load L ~
° Displacement at failure o0 o gg{a:q}%.he
Z 5000 = =oUlCl =
> Maximum unloading rate % 1000 -
—B12
All measures for monotonic and 30 are
interrupted “Build B” specimens were o 820
. . . 1000
similar to that of the monotonic ) —823
“Build A” specimens. 0.0 0.2 06 08 10 12 14 16 18 —B28
Average Gage Displacement (mm)
Interrupted Response
9000 9000 9000
o essssepic 7 Voamm | | som | essssssc 7 Madmm | | o0 | aeessssss 7 Hatimirn
7000 aomwde || 700 eonnde || T " aoh She
6000 ~——Build A - 6000 ——Build A - 6000 ——Build A-
g o0 Av%rage g s Avt'arage g 56 Avc;:rage
o -~ BuildA- - -~ Build A- ° - - Build A-
8 4000 20th %-ile 8 4000 20th %-ile 8 4000 20th %-ile
3000 Y e 3000 R e 3000 =
2000 —B10 2000 ——B11 2000 —B30
1000 \\ —B29 1000 —B15 1000 — B33
00.0 02 04 06 08 1.0 1.2\ 7.4 16 1.8 00.0 02 04 06 08 10 12 1.; 16 1.8 00.0 02 04 06 08 10 12 14 16 18
ge Gage Di (mm) Average Gage Displacement (mm) Average Gage Displacement (mm)
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Influence of Aggregate Void Metrics on Mechanical Response ‘

Original Hypothesis:
Metrics of aggregate pre-test void population will correspond to mechanical behavior

Finding:
Metrics of pre-test void population do not strongly correspond to variations seen in
mechanical performance

Example: Displacement to Failure Versus Void Volume Over Different Regions

Whole Gage Region
SS

re:

Spherical
____________ |

1.52 1.52 1.52

15 1.5 = = 15 rYy
148 148 " E1.48 a
£ E E
© 1.46 ©1.46 ©1.46
= = E
& 1.44 & 1.44 L & 1.44 &
& = T
s s . 5 R
£ 142 £ 1.42 E1.42
5 5 5
R R g 14
& 2 3
2138 2138 2138

1.36 1.36 1.36

® ] A
1.34 1.34 1.34
0 002 004 006 008 0.1 0 0005 001 0015 002 0 0001 0002 0003 0004 0.005

Void Volume in Entire Gage Section (mm*3) Void Volume in Rectangular Regions (mm“3) Void Volume in Spherical Regions (mm*3)




3 1 Influence of Void Presence on Fracture
Specimen B10

Top

Region 2
Region 4

Region 1
Region 3

Bottom
-z

oDuctile dimples

olntersected voids




44 | Influence of Void Presence on Fracture

-.

Fracture Deviation |

oDuctile dimples
olntersected voids
oFracture deviation

oDifferent crack initiation
locations (Surface defect

or geometric intersection
point)

Specimen B10 Region 3 Specimen B33 Region 1
S : Fracture Initiation B DIC

3D Reconstructions Highlighting Crack Volume

Stram Interval 1 Straln Interval 2 Straln Interval 3 Viewing Orientations




45 1 Void Evolution Under Increasing Plastic Strain

Height (um) X
1080| , _ . |-z

Specimen B10 810
RCgiOﬁ 3 540
270

0

Fracture Surface with Voids Highlighted

Void Evolution:
3D Reconstruction

of Voids Near the
Fracture Surface (Red
Voids Intersected - T 123 6
Fracture Surface) \'_ \\ - \'\\T-: \'};‘l"‘(
5 =S 45
Pre-Test I I2

> All voids grew regardless of their involvement with the fracture surface.

> New voids (or voids too small to be resolved in pre-test scan) such as void 6 appeared due to
deformation and grew larger than many voids observed in pre-test.

> The fracture surface did not intersect some of the largest pre-test voids in this region (see green).

° During I4, the crack deviated from the plane of voids 1-3 down to voids 4-6 (or from void 4-6 up to voids
1-3), avoiding the large green voids nearby.
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Influence of Local Porosity on Fracture Initiation

Local porosity can change the fracture initiation location and timing.

« Surface Defect: Depressions with depths >50 pm

« Surface Roughness: Smooth depressions with depths between 11-33 pm

Loading Interval of Fracture Initiation

‘ Specimen ‘ Region 1 ‘ Region 2 ‘ Region 3 ‘ Region 4 ‘

B10 1* 2 1 2
B11 2 2 1 1*
B15 2 3 2 1*
B29 1* 1 3 2
B30 1* 2 3

B33 1* 1 2 2

* denotes fracture initiation at a surface defect

Distance of Fracture Initiation Site

to High-Stress Intersection Point
(Filled symbol denotes initiation at a surface defect)

’E 800

H (2]
o o
o o

Distance to High-stress Corner (i
N
(=)
| =)

T

o

» ORegion 1|7
VRegion 2| ]
O Region 3 |
* > Region 4|1
E [ o :
{7
. B - B
B10 B11 B15 B29 B30 B33

Specimen

. L | .
0Region 1 Region 2 Region 3 Region 4
[ ] v

L . L |
0Region 1 Region 2 Region 3 Region 4

High-Stress Intersection Point

Box and Whisker Plots of Equivalent Spherical
Diameter (ESD) of Pre-Test Void Population in
Rectangular Sub Regions and Table of Pre-test Size

of Surface Defects Initiating Fracture

B10 4
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B11 1

*
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(c)

B29 1
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t
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SR22
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_A_ . S,
Rego n 1 Reglonz Reglon 3 Re g n 4
e} A% »
(b)
B30 1
$
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9922
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B33 4
i

*
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H 1

%g%

¥
= g
=

0Reglon 1 Reglon 2 Reglon 3 Region 4
® Av4

oReglon 1 Reglon 2 Reglon 3 Reglon 4
® v

° 7@ - @ . ® -
Specimen B10 | B11 | B15 | B29 | B30 | B33
Surface Defect ESD (pum) | 102 | 169 | 80 57 73 | 113
Region 1 4 4 1 1 1
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Influence of Local Porosity on Fracture Growth

Cracks that initiated at a surface defect tend to grow faster than those that initiated

at the high-stress intersection point.

Volume (mm?

Unloaded Crack Volume After Each Interval for Each Region

Versus Unloaded Gage Displacement
(Filled symbol denotes initiation at a surface defect)

B10

ORegion 1

Region 3

VRegion 2|}

> Region 4/

Fracture

w

1
Gage Displacement (mm)

1.5

“F

£

: B11

0.5 1
Gage Displacement (mm)

0o 05

Gage Displacement (mm)

(d)

ol N

05 1
Gage Displacement (mm)

(e)

0 0.5

0 05 1

B15

Gage Displacement (mm)

1.5
Gage Displacement (mm)

®

Volume Versus Unloaded

Volume (mm?®)

Total Unloaded Crack

Gage Displacement

~-B10] 1
- B11|3
B15|
- B29 1
o~ B30|3
B33/ ]

10-1

10-2

10-3

10-4

10-5

10-6

< ] L 1 | 1 L L 1
0 0.5 1
Gage Displacement (mm)

Despite variation in crack volume evolution between regions, agglomerate volume
evolution does not greatly vary between specimens, much like mechanical response.




4 | Future Work

Goal:

Deconvolve influence of several variables including void size, void location, void
population, surface roughness, and geometric features on overall part performance.

Various SFC3 Cases to Experimentally Study:

° Case 1: AM-built structure with only the
through-hole and angled channel features;

° Case 2: AM-built tensile bar with surface
roughness removed and the through-hole and
angled channel features machined into the part;

° Case 3: a wrought-metal tensile bar with the
through-hole and angled channel features
machined into the part;

> Case 4: Case 1 that has undergone Hot Isostatic
Pressing (HIP); and

° Case 5: Case 2 that has undergone HIP.
Additional Cases:

> Different geometric feature sizes relative to void
sizes;

> Geometries with only one or two feature; and

° Many more!

SFC3 Geometry Denoted Features
To Be Removed

——A

D1.75—

Fodl -

——B

é
L

Y

=}

R1
\_[@ 1.63 thru

o~

- 3.25

FROM CLTO CENTER
OF INTERNAL SPHERE

—

INTERNAL SPHERE
R1.45

DETAIL C

o

\ELLIPSE L

2mm WIDE
4mm TALL

i géq

A SECTION A-A

DETAIL D




Conclusions

Geometry Dominates Global Behavior in SFC3

Specimens:

Metrics of the pre-existing void population do not correlate with
the global mechanical behavior of the SFC3 specimens, but
rather the large stress concentrations from the geometry
overwhelmingly dominate the global behavior.

o -
00 02 04 06 08 10 12 14 16

Average Gage Displacement (mm)

Build A -
Maximum
~=~-Build A -
80th %-ile
~——Build A -
erage
~ = Build A -
20th %-ile
~— -Build A-
Minimum
BO3

—B12
—=B19
B20
B23

18 —B28

Voids Influence Local Crack Initiation and Growth:
Voids and surface defects influence local crack initiation and
growth by introducing variation in crack initiation site in some
cases and deviation from initial crack path to intersect voids.

Open Question: When Do Voids or Geometry Dominate?
Future work is required to deconvolve influence of several
variables including void size, void location, void population,
surface roughness, and geometric features on overall part
performance.

Volume (mm?)
0.00227

0.00204
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