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= Characterization of voids in deformed Ta and welded 304L
stainless steel

= Simulations of microstructure-induced uncertainty in metal
deformation near defects
= Holes in brass
= Notchesin Ta
= Micro-springs
= Direct numerical simulations of microstructure-scale
mechanics in engineering-scale components

= Stochastic reduced-order models for mechanical properties
of partial-penetration 304L laser welds

= Conformal, hexahedral finite element meshing technology
for three-dimensional polycrystalline microstructures



Characterization of voids
In deformed Ta and
welded 304L stainless steel
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Voiding During Deformation (Ta) @ i

Void initiation and growth in tantalum
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Manufacturing Defects (304L Weld &

« CT data analyzed to determine porosity size and shape distributions as a
function of weld speed.

» Porosity in 304L stainless steel welds was successfully observed and
characterized for three weld speeds.
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3D characterization of
porosity will inform
construction of model
weld geometries for
computational analysis
and homogenization.

Pores imaged via
microtomography can be fully
characterized in 3D. Note

o
.

substantial decrease in pore
size as weld speed increases.
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Effects of Porosity on Properties @i
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Simulations of microstructure-induced
uncertainty in metal deformation
near defects




Uncertainty Depends on Scales L

Uncertainty in Properties

Ratio of Critical Length Scales



Sandia
. . . National
Tensile Experiments, Varying Scale ™z
Localization of deformation near a small hole should interact
directly with microstructure if the relevant scales are appropriate.

Coarse (R<1)
8 hr, 800 °C
725.2 ym
62.7 MPa

Medium (R=1)
8 hr, 600 °C

- 79.1 um

91.7 MPa

Hole ~100um diameter,
via femtosecond laser

Fine (R>1)
s 3hr450°C
- 725.2um
= 62.7MPa

R is the ratio of HOLE SIZE to GRAIN SIZE.




Tensile Samples with Micro-Holes ™

~ 100 um holes “drilled” in brass specimens via femtosecond laser.

Hall-Petch Plot for Cartidge Brass (30% Zn)
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EBSD on Deformed Brass Samples @&

2% Applied Strain

(tensile direction)

n
Q
©
=
)
| -
>
ke
L
@
o
al
)
%)
| -
)
>
<

LIMIS Maps




Finite Element I\/Iodels 1 i




Simulated Plastic Strain
Concestsatas
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Variability in Strain Extrema

LL

Moments of distributions of maximum plastic strain at 5% applied srain:

R=0 R=7 R=1 | R=1/7
N 45 45 45 45
U 0.1631 | 0.3254 | 0.3194 | 0.2626
o 0.0168 | 0.0440 | 0.0773 | 0.0972
O/u 10% 14% 24% 37%
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Uncertainty Depends on Scales L

Uncertainty in Properties

Ratio of Critical Length Scales




Simulations of Notched Ta ) &

Initial microstructures

Single crystal 204 grains

Mode 1 loading continuum

~100,000 elements
Plane strain BC
Displacement control

Von Mises stress predictions (applied strain = 3%)

VM stress
(MPa)

400

Single crystal 204 grains 1184 grains continuum




Simulations of Notched Ta ) .

Connecting microstructural variability to stochastic performance

04 | Single crystals 0.4 | Polycrystals (204 grains) 0.4 | Polycrystals (1024 grains)

Load (N)

99.99 99.99
99.9 99.9
99 /‘/’. 99
~ 95 ~ 9
g g —&— 1 grain (D = 1000 ym)
< ~ grain (D = pum
2
g -~ —m— 204 grains (D = 70 um)
5 o) X
8 30 8 30 —&— 483 grains (D =45 um)
£ 1 2 10 " —— 1184 grains (D = 30 um)
0.1 0.1
0.01 0.01
0.15 020 0.25 0.30 035 0.40 500 600 700 800 900 1000 1100 1200
Load (N) Max. VM Stress (MPa)

Variability in load-displacement and localized max. VM stress from 100 realizations
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Microstructured Micro-Springs 2.

Undeformed Grain Mesh
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Deformed Stress Map

von Mises Stress [MPa]

Stress variations in a miniature
Inconel X750 spring microstructure.
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Direct Numerical Simulations: Bean{® &

QK elements

on Mises Stress
Homogenized Solution
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Direct Numerical Simulations: Tube® &=

Comparison of strain field around side-hole
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Stochastic reduced-order models
for mechanical properties of

partial-penetration 304L laser welds




Variability in Weld Response

Forty (nominally) identical welded
specimens show significant variability,
particularly in localization and failure.

Simulated weld geometries attempt to
capture realistic weld shape, in addition
to variability in weld depth, plate gap,
and plate offset.
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Weld Variability Impacts Design M.

Among 15 common distributions, the Gaussian distribution provided the best fit to
the stretch data based on the Anderson-Darling goodness-of-fit metric.

Gaussian Analysis of Stretch-to-Failure

Probability
2

30 +
20 4 —&— Continuous Weld (plates 2,3)
—&— Pulsed Weld (plates 9,10)
10 - ‘
Mean Sthev N AD P
o 0.03074 0.002773 20 0.514 0.170
0.02942 0.002335 20 0.341 0.458
1 S

0.0250 0.0275 0.0300 0.0325 0.0350 0.0375
Total Stretch to Failure (inches)

Extrapolating ‘continuous weld’ distribution to a low allowable stretch:
1-in-1,000 Allowable Stretch in Weld: 22.2 mils
1-in-1,000,000 Allowable Stretch in Weld: 17.6 mils
= Weld must be de-rated 43% below its average stretch for 1-in-1,000,000 Failure A



Stochastic Reduced-Order Model

For verification, perform Monte Carlo
simulation for the response of the laser
welded tensile coupon.

Generate 5,000 samples of ®, do FE
calculations — “Brute Force MCS”.

Compare to the SROM-based surrogate
(top) — “Smart MCS”.

The 10 sample SROM-based surrogate
model requires 40 FE calculations to
construct (10 for each sample, 30 for the
gradients).

The CDF on the bottom was constructed
with 100 sets of 40 FE calculations, no
surrogate. It shows the wide confidence
and large error...
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SROM versus “Brute Force” ).

Hﬁ [
g 101 5,000 i
B Monte Carlo (R
< samples
'8 FEM
& 1072 -- 10 SROM
o -- 20 SROM
‘43 -- 40 SROM
'—5‘ -- 80 SROM
g 10-3 — 10SROM at mean | | 100 sets of |
5 — 20 SROM at mean 40 Monte Carlo
— 40 SROM at mean |
— 80 SROM at mean Samples
2700 2800 2900 3000 3100 3200 3300 2700 2800 2900 3000 3100 3200 3300
Peak Load (N), II,,,.. Peak Load (N), II,,,..




SROM versus “Brute Force” ) .

1.0 ‘
— FEM
= SROM-based surrogate models replace | -- 10sRoM
. = 0.8 -- 20SROM
component level FE models expediting = | .. 4 srom
Monte Carlo simulation while & | -- sosroM
. g © 0.6f — 10 SROM at mean
providing comparable accuracy. o — 20 SROM at mean
. °>" — 40 SROM at mean
= In practice, component level FE models 5 0.4 — 80SROMat mean
cannot be run thousands of times. The Té"
SROM-based surrogate can. 5 02
= CPU time results are for the example

=
e

: 2800 3000 3200 3400 3600 3800 4000
shown here and compared with 5,000 Peak Load (N), I1....

FE calculations.

Computational expense in CPU seconds.

Construct FE Evaluate Total
SROM* calculations ** surrogate™
Brute force MCS n.a. 33,400,000 n.a. 33,400,000
(5,000 FE calculations)
10 SROM at mean 948 511,000 6.69 512,000

(40 FE calculations)

* Intel ® Xeon ® x5675 CPU @ 3.07 GHz w/ 48GiB RAM

** Intel ® Nehalem ® x5570 CPU @ 2.93 GHz w/ 1.5GiB RAM
—
27




Conformal, hexahedral finite element
meshing technology for
three-dimensional
polycrystalline microstructures
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Why do we need mesh technology @ .-

= Measured (EBSD) and synthetic (Monte Carlo, Phase Field)
grain structures are represented on a grid.

= We usually map this grid directly onto finite elements of the
same topology.

”

= This introduced artlfacts( Jaggies, wedding cake”) at grain

boundaries.
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How can we better model GBs? @

Phase Field Grain Growth Result SCULPT Hexahedral Finite Element Mesh




SCULPT Interface Reconstruction M.
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« Conformal grain boundary mesh
* Preserves grid in grain interiors
* Generates hexahedral elements




SCULPT Interface Reconstruction @&,
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Summary: Defects Beget Variability @

Voids in deformed Ta and welded 304L stainless steel

Microstructure-induced uncertainty in metal deformation
near defects

= Holes in brass

= NotchesinTa

= Micro-springs

Microstructure-scale mechanics in “large” components

Stochastic reduced-order models for mechanical properties
of partial-penetration 304L laser welds

Conformal, hexahedral finite element meshing technology
for three-dimensional polycrystalline microstructures
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