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Characterization of voids 
in deformed Ta and 

welded 304L stainless steel 



Voiding(During(Deforma$on((Ta)(
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Void initiation and growth in tantalum 



Pores imaged via 
microtomography can be fully 

characterized in 3D. Note 
substantial decrease in pore 
size as weld speed increases. 

•  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. 

3D characterization of 
porosity will inform 

construction of model 
weld geometries for 

computational analysis 
and homogenization. 

Manufacturing(Defects((304L(Weld)(
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Effects(of(Porosity(on(Proper$es(
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1st map 

5th map 
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Simulations of microstructure-induced 
uncertainty in metal deformation 

near defects 



Uncertainty(Depends(on(Scales(

9(



Tensile(Experiments,(Varying(Scale(
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Localization of deformation near a small hole should interact 
directly with microstructure if the relevant scales are appropriate. 
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R is the ratio of HOLE SIZE to GRAIN SIZE. 



Tensile(Samples(with(Micro1Holes(
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~ 100 µm holes “drilled” in brass specimens via femtosecond laser. 



EBSD(on(Deformed(Brass(Samples(
In

ve
rs

e 
P

ol
e 

Fi
gu

re
 M

ap
s 

(te
ns

ile
 d

ire
ct

io
n)

 
LI

M
IS

 M
ap

s 

2% Applied Strain 

12(



Finite(Element(Models(
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Simulated(Plas$c(Strain(
Concentra$on(
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Variability(in(Strain(Extrema(
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R=0! R=7! R=1! R=1/7!

N! 45! 45! 45! 45!

µ! 0.1631! 0.3254! 0.3194! 0.2626!

σ! 0.0168! 0.0440! 0.0773! 0.0972!

σ/µ! 10%! 14%! 24%! 37%!

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



Uncertainty(Depends(on(Scales(
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Simula$ons(of(Notched(Ta(



Connecting microstructural variability to stochastic performance 

Single crystals 

Variability in load-displacement and localized max. VM stress from 100 realizations  

Polycrystals (204 grains) Polycrystals (1024 grains) 

1 grain (D = 1000 µm) 
204 grains (D = 70 µm) 
483 grains (D = 45 µm) 
1184 grains (D = 30 µm) 

Simula$ons(of(Notched(Ta(



100 µm 

Deformed Miniature Spring 

Stress variations in a miniature 
Inconel X750 spring microstructure. 

Deformed Stress Map 

Undeformed Grain Mesh 

Microstructured(Micro1Springs(
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Von Mises Stress 
Homogenized Solution 

Von Mises Stress 
Direct Numerical Solution 

Homogenization 
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Direct(Numerical(Simula$ons:(Beam(
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Direct(Numerical(Simula$ons:(Tube(
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Comparison of strain field around side-hole 
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Stochastic reduced-order models 
for mechanical properties of 

partial-penetration 304L laser welds 



Simulated weld geometries attempt to 
capture realistic weld shape, in addition 
to variability in weld depth, plate gap, 

and plate offset. 

Variability(in(Weld(Response(
Forty (nominally) identical welded 

specimens show significant variability, 
particularly in localization and failure. 



Weld(Variability(Impacts(Design(
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!  For(verifica$on,(perform(Monte(Carlo(
simula$on(for(the(response(of(the(laser(
welded(tensile(coupon.(

!  Generate(5,000(samples(of(Θ,(do(FE(
calcula$ons(–(“Brute(Force(MCS”.(

!  Compare(to(the(SROM1based(surrogate(
(top)(–(“Smart(MCS”.(

!  The(10(sample(SROM1based(surrogate(
model(requires(40(FE(calcula$ons(to(
construct((10(for(each(sample,(30(for(the(
gradients).(

!  The(CDF(on(the(bo?om(was(constructed(
with(100(sets(of(40(FE(calcula$ons,(no(
surrogate.((It(shows(the(wide(confidence(
and(large(error…(((

Stochas$c(Reduced1Order(Model(
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100(sets(of(
40(Monte(Carlo(

samples(

5,000(
Monte(Carlo(
samples(



!  SROM1based(surrogate(models(replace(
component(level(FE(models(expedi$ng(
Monte(Carlo(simula$on(while(
providing(comparable(accuracy.((((

!  In(prac$ce,(component(level(FE(models(
cannot(be(run(thousands(of($mes.((The(
SROM1based(surrogate(can.(((

!  CPU($me(results(are(for(the(example(
shown(here(and(compared(with(5,000(
FE(calcula$ons.(((
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construct the surrogate. For the illustration in this paper, the cost of brute force MCS is
65 times greater than the surrogate model at 33,444,036 CPU seconds. For components of
practical interest, the cost of brute force MCS is intractable.

(a) (b)

Figure 18: The cumulative distribution of peak load ⇧
max

predicted by 100 sets of 40 samples
of FE-calculations (colored lines) and compared to 5,000 FE calculations (black line). (a)
Shows the full range of the cumulative distribution while (b) focuses on the lower tail of the
distribution with logarithmic scale.

Table 2: 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 R� Xeon R� x5675 CPU @ 3.07 GHz w/ 48GiB RAM

** Intel R� Nehalem R� x5570 CPU @ 2.93 GHz w/ 1.5GiB RAM

7. Discussion

With a set of 40 tensile test data available that characterized the behavior and variability
of the coupon, the first step in the methodology calibrated a carefully designed finite element
model to the data. Under the controlled environment in the laboratory, we made the safe
assumption that all variability was the consequence of fine scale geometric uncertainty and
material heterogeneity. We thus accounted for the various sub-scale variability by lumping it
all into the constitutive model chosen in the finite element model. In this sense, we account
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Conformal, hexahedral finite element 
meshing technology for 

three-dimensional 
polycrystalline microstructures 



Why(do(we(need(mesh(technology?(
!  Measured((EBSD)(and(synthe$c((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(ar$facts((“jaggies,”(“wedding(cake”)(at(grain(
boundaries.(
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How(can(we(be?er(model(GBs?(
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Phase Field Grain Growth Result SCULPT Hexahedral Finite Element Mesh 



SCULPT(Interface(Reconstruc$on(
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•  Conformal grain boundary mesh 
•  Preserves grid in grain interiors 
•  Generates hexahedral elements 



SCULPT(Interface(Reconstruc$on(



Summary:(Defects(Beget(Variability(

!  Voids(in(deformed(Ta(and(welded(304L(stainless(steel(

!  Microstructure1induced(uncertainty(in(metal(deforma$on(
near(defects(
!  Holes(in(brass(
!  Notches(in(Ta(
!  Micro1springs(

!  Microstructure1scale(mechanics(in(“large”(components(

!  Stochas$c(reduced1order(models(for(mechanical(proper$es(
of(par$al1penetra$on(304L(laser(welds(

!  Conformal,(hexahedral(finite(element(meshing(technology(
for(three1dimensional(polycrystalline(microstructures(
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