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Physical simulation of accelerated environment for incubation time
and crack initiation experiments:

Microstructure simulation

e Heat treatment

B Al model Accelerated corrosion test

_ _ « Simulated crack susceptible
Stress simulation microstructure
Four point bending sample with fine notch
at simulated stress in mock up
Elevated temperatures
e Salt mist environment
* Kiscc/disce measurements
» Crack tip characterization

» Load stress in Mock up canister

 Weldregion

« 3D stress measurement on the
mock up (Sandia).

Novel approach to minimize the uncertainty in CISCC prediction.




p o L 0GHY A
€235 OF YIr2ss23

nufacturing stages: Dual Purpose Storage Cask*
chining
ling

Cask Lid

Stesl Cannister

n: e.g., Welding —

rmation, e.g., quasi
ode tip compound

{Holtee Intarnaticnal
Overall Length: 187 to 225 In. HI-STORM 100)
Loaded Welght: 360,000 ibs,
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Double-V groove welds

information about the weld procedure is needed
urate simulation of weld residual stress.

_“""i X_ongitudinal seam weld «

longitudinal
welds, 180
degrees apart

———

67.25in
Girth weld

\\________
—
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Three 48 in. sections ' Two weld repairs

Figure 1: Schematic representation of the full scale mock storage container manufactured at Ranor
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Locatjorn of Microstruciure Vost Suscegijgls

» Weld thermal cycles —=
replicated using ki
Implant testing 5 e

» ldentify
microstructure most
susceptible to
cracking (as a
function of location
and temperature) to
be reproduced for
subsequent fracture
mechanics testing
and corrosion testing
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Svysweled Mocdzling

» FEA simulation to analyze through-thickness stresses and
residual stresses developed as a function of plate material, filler
material, weld thermal cycle, part and weld geometry, pre- and
post-heating condition

» Sysweld modeling to determine stress and residual stress
development in the different HAZ subzones

Bainite + Tempered Martensite percentage

: t
martensite percentage 15t thread

2" thread

|
Sub-Surface Crack
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Gleeble-simulated Gleeble-simulated Gleeble-simulated
1200°C - Sppm H, 1100°C - 5ppm H, 1000°C - 5ppm H,
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CISCC Craci Moronology

304 Single U-Be
specimen
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Aceelaraiac Corrosion Experirrl

» Four-point bending specimens at various stress
levels

» Two surface temperatures, 40°C and 60°C,
respectively, first coated with “sea salt load” (0-
4 g/m3 MgCl,*) in a salt spray chamber and
then kept in a relative humidity chambers

» Relative humidity (over a range from 15-60% for
40°C, and over a range of 15-25% at 60°C) Relative humidity chamber
controls the chloride content of the deliquesced Z-Plus Chamber Specifications

& )

Periodic examination of samples to check for Workspace | g cupic Fr (230 1)
it/crack initiation, e.g. evolution of pit depths Extertor ST

Dimensions [Mem x 145cm » 153om)

er time - data critical for the pit growth model

Workspace 24°Wx 24'D x 24°H
Dimensions (Blem % Blem x Blem)

Salt Solution & Humidifying Tower T
Fog Dispersion Tower Level Control Reservoir emperature
3 Ranges

Single Stage: -34°C to +190°C (-30°F to 375°F)

*Temperature
Control +0.5°C at steady state condition after stabilization
Tolerance

Salt spray Humidity Range | 10% to 98% RH

Optional Range 5% to 98% RH
chamber |-
*Humidity

Control £3% RH at steady state conditions after stabilization
Tolerance
Distributed
Shelf Load
Capacity
* Concentration to be discussed with SNL scientists
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Bdoarirnerit in Accelaratac Envirorirriar

Physical simulation of accelerated environment:

» Four point bending specimens

— Various stress levels can be simulated by a
single specimen.

» Hot stage for simulation of elevated temperature
environment.
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Do —Point Bancine ¢ Specirmern Stress Maw:
Aegzlans Sirriulatior

S, 511
{Avg: 75%)
+2.169e+02 —> X
+1.795e+02
+1.422e+02
+1.049e+02
+6.756e+01
+3.022e+01
-7.106e+00 <
-4.444e+01

-8.177e+01 - i i 1 i
8.177er01 X-Stress distribution for specimen under 1.08 mm

15386105 displacement of screw
-2.311e+02

220

With the tension-compression gradient, a pit density gradient is also expected to exist
through plate thickness.
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5, 511
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+1.79
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5, 511
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+1.045a+02
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5, 511
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» Stress corrosion cracking in a chamber capable of conducting four (4) we

A 4 7 y % 1 5 i
=', '-;~:-':-,
l marine solution |

chamber for measurement of KISCC

mination of Kgc¢
_(2+a)(0.886+4.64a-1

DCPD — Direct Current Potential Drop



Kisee EValuation using WOL Sarngls
» Stress corrosion cracking » Details of the WOL » Instrumented bolt for
experimental set-up at NCSU  sample WOL specimen loading WOL sample and
| |WM1 o measuring load during test

ol
Noted 10 H = 485w ii i i

45 SQUARE

g T o R ‘vmw’z’;ﬁmﬁfwﬂ;
1.255W + .005W

B=50W £ .01W
A W=1.275inch : 1 .

Stress corrosion cracking ¢ amber

o i ) ASTM E1681 - 03 (2013) |

. Fatigue Crack Note 1 & 3 Note 4 | | |
» Nanovoltmeter for crack-size _H_ — '—L o T i S
measurement \ 1T — |
L Seaight Through Hoteh GAGE CIRCUIT . Ias_o
/ Expected outcome
Congth “ %
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Time e K,

Figure 11.42, Fracture Mechanics: Fundamentals and Applications by T L Anderson




Feitiejue Pre )int Senielinle)
» Fatigue pre-cracking conditions (ASTM standard followed - ASTM E1820-15,
E399-12, E1681-03 (2013)): unit of K,: MPa.m/2

Load, b(startof I.oad,b(emlofﬂ\e Load, b (startof b(end

3.13 0.78 3.13 1.47
490 19.8 27.3 80 740 17.7 22.7

> Fatigue pre.cracklng unit > Fat|gue pre- cracked sample #01
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Sk znel estsrrninztion of Jisee

» Fixture development for using sub-size Charpy specimens to evaluate frac

toughness (J,c) using unloading compliance technique under 3-point bend
loading

ADJUSTABLE
SAMPLE
SIOP



P = load

P
v=—xC(a/w) g-= ’
EB ( ) E = Young’s modulus

(V=25)

B = nominal thickness

C(a/w)=0.24(s/w){1.04+3.28(w/s)(1+v*)}+
2(1-v?).(a/w).(s/w){4.21(a/ w) -
8.89(a / w)® +36.9(a/ w)* —83.6(a/ w)* +

174.3(a/ w)® —284.8(a/ w)® +387.6(a/w)’ —
322.8(a/w)®+149.8(a/w)"}

(L

» For side-grooved
specimens, equivalent
thickness is given as

follow . .
B, =B{1+ 0.67—”(1——n
B B

B,, = net thickness
s/w = span to width
ratio (= 4 for three
point bend
specimens

Iload

partial
unloading
lines

(a)

displacement

oad T

—m
| —

amplified

ines

(b) displacement

bl;nting !
line '
/ r

[}
upghr
exclusion
line

'
ower

ex?lusion l

(c)

TIITe
a

_ﬁ




U53 of Iri—situ X=Ray tornograorny for corrosiorn siueliss

» XRD: determination of the phase fraction of martensite

» Absorption tomography: imaging the whole crack at different times: determination of crack morphology and
accurate measurement of crack propagation

» Near-field High Energy Diffraction Microscopy: mapping the polycrystalline structure of the materials
(including grain orientations): transgranular or intergranular crack ?

» Far-field High Energy Diffraction Microscopy: mapping the stress/strain field within grains: deformation-

induced martensite ?

138h
17.8h
19.9h
219h

249h

; :

Surface crack appears

Reconstruction of

microstructure and grain

Crack propagation during in-situ stress orientation of a polycrystalline

corrosion cracking of Al 7075 im 95% material (Picture courtesy of

humidity (Singh 2015, PhD Thesis, Arizona ANL) Reconstruction of a crack and

State University) corresponding plane strain measurement
(Picture courtesy of ANL)




exoarirrients ror Iri=sity £=-ray Torriog)raiany
» Analyses of crack propagation only (no initation: use of pre-cracked
specimen)
» Experimental conditions (in-situ) chosen:

80°C 30-35 MgCl, YS
<55°C 25 Synthetic sea-water YS M apled G

o Accelerated conditions: To ensure the observation of crack

Sealed chamber attached to grips

propagation (MgCl, more aggressive) (Based on the report “Summary (with bellows)

of relevant crack growth rate” by Bryan and Enos (results from Cook Water/steam/O ports

IR radiative heating Top grip

2011 and Hayabashi et al 2008)) T |
Expected growth rate ~2.10° m.s! /
eamstop/
APS X-rays N area detector for

» Realistic conditions: Assess the crack growth rate for conditions k) > | giography
representative of storage conditions. Based on the presentation Testsample
“Environment presentation” by Bryan and Enos (Represents the most Bottom grip Humidiy/

temperature sensors

aggressive conditions possible at the surface of a canister)
Tests should be started at USC (crack initiation) then processed for
Synchrotron experiment; Building a small cell in which a crack can be Sample manipulation stack (XYZ rotatiors)
Induced by fatigue on a larger Single Edge Notch Tension (SENT) specimen ANL
» EXx-situ analyses of interrupted tests from NCSU:
» Grain mapping around the crack
* Plastic strain at crack tip

» Characterization of corrosion phases

Schematic representation of in-situ tomography device at



Trip to Argonne in April 2016 with discussions =>
* Specimen
Single edge notched tension specimen (SENT)
Full length: 35 mm, distance between grips: 17.22 mm
Stress intensity factor given by Zhu 2016, Fatigue Fract Engng
Mater Struct, 39, 120-131 (correct for 0<a/W<0.98)
If 1-1D experiments:
* Cross-section 1.2 x 1.2 mm (max. dimension 1.8 mm)
 Pre-crack induced by fatigue cycling on a larger SENT
specimen (cross-section 1.2 x 6 mm) with further machining to
the desired dimensions
If 2-BM experiments:
» Larger sample dimension allowed (max. dimension 3 mm)
* Cross-section: 2.8 x 0.6 mm (Singh 2015)
» Pre-crack induced by fatigue cycling on the specimen
* Frame:
Based on the small loading frame at Argonne National Laboratory
Heating induced by a heat gun directed toward one end of the

specimen

Specimen

Humidity nozzle

Chamber

Prototype of
corrosion chamber —
made of PMMA

New friction grips for the
SENT Specimens



+ Fracture mechanicsbased
analysis of stress corrosion
cracking and determination of
Kidisce

Full size mock-up simulation of stress - CEESTRL S T o Crack growth rate under

distribution by finite element method potential drop tephnique different environment,
Desigq of environmental chamber for - using in-situ TEM
corrosion . Crack growth rate under

North Carolina

CFD modeling of flow rate of humid air different environment

S~ . »
and salt aerosols g  State University o % using in-situ 3D
qunsize mockup design for field test 9;5 - %& % synchrotron X-ray
using ABAQUS ' ,SQ" % o & tomography at ANL
Simulation of downsize mockup in real o S C."y *‘-:‘a (72
marine environment 59 6‘ 1'( 'é Cn
Determination of the most susceptible © o
HAZ microstructure for SCC o .@‘?
Incubation time experiment % b O
Feasibility study of prompt gamma % o QS 5? _
activation method % 2 <2
% % > 3
0 = o ~
% 2 Ny
I . . ‘ X
* Help design the downsize Chicago Bridge & ¢  Non-linear ultrasonic NDE
mockup with CSM _ ~ &lron < at LANL of partially crack
- Support field testing of the o Evaluating the impact of project results on grown samples

the ISFSI licensing process, primarily with
regards to the ISFSI Aging Management
Program

o Interface with utilities that operate ISFSls,
and with spent fuel storage system
vendors as necessary, to help make
arrangements for testing of NDE
instrumentationin the field

e Assistanceregarding QA of welded
samples for the experiments

downsize mockup and canister
Inspection and monitoring
system

* Provide expertise and guidance

in corrosion simulation



Fifteen to ninety “micron-sized holes” randomly
spaced and simulating pits between 100-500 microns
in diameter, 0.1-12.5 deep, i.e. different aspect

ratios.

can one
e such
ed
at

Typical smallest drill bit (#80) diameter: 0.3429mm

NDT Detection Li
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