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Background

« United States currently has over 80,000 metric tons of Spent Nuclear Fuel (SNF), about 30% in dry
storage systems.

« The dry storage systems are intended as interim storage until a permanent disposal site is developed.
Until recently, systems were licensed for 20 years with an additional 20 years upon license renewal; in
2011, CFR was modified to allow for initial 40 year license period, with an additional 40 year renewal.

« However, the United States currently does not have a disposal pathway for SNF. In any conceivable
scenario, some SNF will be in storage for decades beyond the original storage system specifications.

* In most systems, SNF is stored in stainless steel (304 SS) canisters. Canisters are stored in passively-
ventilated overpacks, and accumulate surface dust over time. Stress Corrosion Cracking (SCC) of
stainless steel due to deliquescence of chloride-rich salts is a potential failure mechanism, especially given
longer-than-intended storage times.

« Understanding SCC of interim storage containers has been determined to be a high priority data gap
(EPRI 2011; DOE 2012; NRC 2012).

« Efforts to better understand the risk of canister failure by SCC, and to predict timing and conditions of
occurrence are being pursued by the DOE and others.
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Canistered SNF Dry Storage Systems—Two Standard Designs

Vertical—In vertical systems, the welded stainless steel canister
sits upright within a steel-lined concrete overpack. The canister is
passively cooled by air that enters through inlets at the bottom of ) p——
the overpack and exits through vents near the top. ' ol
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Pathway for air flow
through the
overpack.
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Canistered SNF Dry Storage Systems—Two Standard Designs

Horizontal—In horizontal systems, the welded canister rests on its side upon rails within a
concrete vault. Air enters the overpack through a vent in the base, flows up and around the
canister, and exits through vents on the roof.
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Criteria for Stress Corrosion Cracking

To evaluate the potential for occurrence of SCC, each must be considered

Corrosive
Environment

Susceptible
Material

Weld zone, Ranor

Tensile Dust on storage canister

304 SS plate Stress surface at Calvert Cliffs
>GThreshold (EPRl 2014)
(hva: 7500y Weld zone
NRC (2013)
modeled
weld residual
stresses
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Environment

Sea-salt aggregate on Diablo Canyon ISFSI
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Susceptible Material

« 304 SS is known to be susceptible to
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atmospheric SCC. Susceptibility is a S ‘?”‘éi"‘szsogleétsa”""
function of many factors: /
« Degree of sensitization

« Degree of cold work

« Surface finish —

« Presence of iron contamination ==

Surface finish

Rust spots on storage
canister at Calvert Cliffs

« Experimental testing to date has shown
rapid initiation of SCC under some
conditions.

» Currently evaluating prototypical weld
samples to determine degree of work
hardening (~cold work) and
microstructure (e.g., sensitization)
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Tensile Stress

Residual stresses measured by deep-hole drilling

= Sdneia A amEter symdnmsal method, longitudinal weld heat-affected zone

mockup 300

[| —— Axial
«  Made By Ranor (old supplier to [| 565 frop +
Transnuclear) using identical procedures _—

to real NUHOMS canisters

» Weld residual stresses measured
using several methods.
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Residual Stress (MPa)

* High through-wall tensile stresses
measured at both longitudinal (seam)
welds and circumferential welds.

Locations for
Stress
Measurements
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» Highest tensile stresses measured at 0 2 4 6 8 10 12 14
simulated weld repairs. Depth from Outer Diameter (mm)

Residual stresses measured by deep-hole drilling method, longitudinal weld heat-affected zone
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Current SNL Obijectives

Overall objective: Improve the ability to predict timing and location of

potential canister penetration by SCC cracks

B Improve understanding of electrolyte (deliquescent brine) physical and chemical
characteristics

» Effects of brine/atmosphere reactions
» Effects of corrosion

B Understand the relationship between surface environment and damage
(pitting/SCC) distributions and rates

 Temperature and RH
« Salt surface load and spatial distribution

B Develop quantitative understanding of the effects of variability in material properties
and mechanical environment on corrosion.

« Weld/HAZ/base metal material properties (sensitization, texture, mineralogy)
» Tensile stress intensity and depth profile
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SNL Stress Corrosion Cracking Studies

| COLLABORATIVE EFFORT
Evolving Canister Environmental Conditions:RH, T, Salt Chemistry, Salt Load

* Determine electrolyte (deliquescent brine) compositions and
evolution with time

* Determine the relationship between surface environment (7, RH,
salt load/distribution) and damage (pitting/SCC) distributions/rates

* Determine the effects of material properties (microstructure) and
mechanical environment (residual stress intensity and depth
profile) on corrosion distributions and rates

Fit Initiation Crack Initi

Penetration

Storage Time

T + Canister Thermal Model
M ’?“F’n?”f““‘“ o ,’“"}‘“‘9‘? [« Weld Residual Seress Model Incubation | Pit Growth 1 Crack Growth
i . Cmdt Gl’ﬂﬂﬁt”ﬂdﬂi I— ----------- e okl i _I
- Mﬂﬂwmﬂ Mé Deposicion Model e Begin it Crack Penetration
hrﬂw and Sait Deposition Model Storage Inttiation Initiation
« Carrosion (Maximum Pit Size) Model SNL : o
= Surface Environment, Brine Stahility

CSM/SNL — pitting Initiation and Growth [Effect of Stress)

INTEGRATED MECHANISTIC/PROBABILISTIC MODEL FOR CANISTER SCC SNL/OSU — Pitting Initiation and Growth, Pit-to-Crack Transition
Goal: Improve the ability to predict timing and location of SNL/UVA — pitting Initiation and Growth, Crack Growth Rate
potential canister penetration by SCC cracks S 0 et Tapien TN

SRNL {SNL) — Crack Growth Rates

ADDITIONAL COLLABORATIONS:
Corrosion testing in support of SCC mitigation

and repalr studies: UVA/OSU/SNL — Crack Growth Rates
PMNL: friction stir weld and eald spray samplas

NCSU {SNL} — Crack Growth Rates

Purdue [MEUP): cold spray samples PNNL/SNL — crack Growth Rates
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General Timeline for SCC Initiation and Penetration

| Storage Time

Incubation ; Pit Growth : Crack Growth
........... | |
Begin Pit Crack Penetration
Storage ﬁ Initiation ﬁ Initiation ﬁ
Controlled by Controlled by Controlled by crack
environment environment and salt growth rate (based on
(RH< RH,) load (constraints on empirical measurements
maximum pit size), and and environment (time-
stress field (depth of of-wetness)
conversionto SCC
crack)
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Canister Surface Environment

Incubation Pit Growth Crack Growth
|_ ............ : ........... : ............ _|
Begin Pit Crack Penetration
Storage ﬁ Initiation t Initiation ‘
Based on Based on Chen and Based on empirical
environment model Kelly (2010) maximum measurements of SCC
(RH < RH,) pit size model crack growth rates
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Incubation Period

Canister surface RH =
fAmbient AH, canister surface T)

Temperature (F)

I251.

Surface Use weather data and predicted canister surface
217 temperature temperature to predict RH at anv location and time.
estimates 100

\\ —AH=1g/m3

90 -\ -
\\ ——AH=2g/m3

80 | —AH=4g/m3 | |
\\

—AH=6g/m3
70 WY ——AH=8g/m3 | |
\ \\ Time ——AH =10g/m3
60 N AH =15 g/m3| |
50 77\\ AH=20g/m3| |
\\ AH = 25 g/m3
40 —\ —AH =30g/m3| |

—AH =35g/m3

RH at the Canister Surface, %

30
duitdl r-wmm\'
‘ |l’ 20
. . . 10
o Site-specific
g National 0
& Weather 0 20 40 60 80 100 120 140
8 Service Canister Temperature, 2C
5 data: daily
3 and Timing of corrosion initiation—point in time at
2 . . .
seasonal which RH, is first reached.
yarlatlons Summing time when RH>RH, provides “time of
.| AH wetness”; time when corrosion can actually occur.
0 50 100 150 200 250 300 350
Day of the Year Both vary with canister surface location.
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Concept of Time-of-Wetness

Time-of-wetness:

Calculated time-of-wetness as a function of canister surface
. temperature and RH,. Based on one year of weather data from
threshold RH (RHL) is exceeded. the Oceanside Municipal Airport near the San Onofre ISFSI.

* Corrosion can start-stop on a daily or 1.0 ) : _ |
seasonal basis, as a function of \\1\ | RH
. 0.9 | L ———
changing T, AH \\\\ |
0.8 N N _
* Total integrated time when aqueous \\\\ | 0%
conditions exist is time-of-wetness o \ \ \ o
0.6 \ I ! — 254;;

AN —so%

e Corrosion only occurs when a

e Rationale: External cathode,

Time-of-Wetness,
fraction of total time

required to support corrosion at the - \ \ \
anode, is only present when 04
aqueous conditions exist on the \ \ \
03

metal surface. \ \ \

: 0.2 A

* Widely accepted approach (ASTM \ \ \

procedure G84-89). However, many Ol \\\ \
reasons to challenge time of wetness 0.0 ‘ —
on a conceptual basis. 20 25 30 35 40 45 50 55 60 65 70 75

(e.g., Schindelholz et al., 2013) Temperature, 2C
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Pit Growth and SCC Crack

Initiation
Incubation Pit Growth Crack Growth
| |
|_ ............ s e SRR _|
Begin Pit Crack Penetration
Storage ' Initiation ﬁ Initiation ‘
Based on Based on Chen and Based on empirical
environment model Kelly (2010) maximum measurements of SCC
(RH < RH,) pit size model crack growth rates
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Pitting and SCC Crack Initiation

Pitting and SCC crack initiation
B Corrosion starts (pits form) once the RH, is exceeded.

B Pits grow over time, but for any given set of environmental conditions (T,
RH, salt load), pit depths reach a limiting value.

B Maximum pit depth model (Chen and Kelly 2010) can be used to calculate
the maximum possible pit depth over time as a function of environmental
parameters (temperature, RH, and deposited salt density).

B Pits generate aggressive chemistry and act as local stress focusers. SCC
cracks initiate from corrosion pits on the metal surface.

B Depth of pit-to-crack transition can be estimated using the “Kondo criterion”
(Kondo, 1985).
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Crack Initiation: the “Kondo Criterion”

“Kondo criterion”. Pit-to-crack transition occurs when the pit depth is equal to the depth
at which an equivalent-depth SCC crack would have a crack-tip stress intensity factor (K)
that exceeds Kg for the metal.

* Kis calculated as a function of crack depth using a sampled through-wall stress profile.
*  Kscc is sampled from a compilation of literature values.

Range of Kigcc?

o1 > Experimental data from Turnbull et al. (2006)
. : i :
|
: 00k e , DEOERoAE— Y
1 i :
1 :
E r? f) = 80
3 : i S 1
- 10 : S 60 | Aerated 1.5 ppm CI” solution:
f | § O 5107 hours
% : > O 7173 hours
100 o, Z 40} A 9187 hours
Q 1 fensije = 500 -; L Aerated pure water:
: o = 20F X 13528 hours
1000 lensite—=-200 & 15758 hours
I Probability model (5107)
0k
10000 1 L i 1 i 1 i 1 i 1 i 1 i 1 " 1 " 1 " 1
0 5 10 15 20 25 2000 0 200 400 600 800 1000 1200 1400 1600
_ Pit depth /um
K, MPa - m™/2

Stochastic process: As a pit deepens, the likelihood of a crack initiating increases.
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Maximum Pit Size Model

Chen and Kelly (2010): Max pit size is a function of the
maximum cathode current.

Pits are modeled as being Circular cathode cathodic current flow
hemispherical, and stifle once e v fromcathode
the pit becomes so largethat | | e o/ anodic & 0 2noce
the anodic current requirement rn o area Je. .
exceeds the available cathode R L

Pit with

current.
radius r,
Electrochemical term
from cathodic
Max. Brine Brine layer Lolarization curve)
cathode conductivity thickness
current \ \ /

Atk W, AE,, ox

ln Ic,max _

]c,max
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Parameterizing the Model for Sea-Salt Brines

Values are based on geochemical modeling, literature data, and measured data
for brine densities and conductivities (7 brines, from 98-38% RH).

409 I | | T | 50

PD =1 g/t Brine layer thickness / a5 4 Brine
P 40 1 Conductivity

—7 1 (meas.)
AT g2t =)

25

=
o

pd

/

=

- 80°C 20 1
/ f 60°C | | 15
40°C 10
25°C

. // =

0 L) Ll L] Ll L) Ll Ll
20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 30 90 100
RH% RH%

Thickness, pm

Conductivity, S/m

o
=

Original Chen and
Kelly (2010) model:

Based on NaCl brines .
(dry out at ~75% RH). = Experimental data suggest that the cathode can extend well beyond the

perimeter of salt grains (Schindelholz et al., 2013).

Assumption: Brine forms a continuous brine layer. This seems unlikely
at low salt loads or low RH values. However:

= [nsoluble dust particles will increase brine film continuity via capillary effects.
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Other Needed Data:

Cathodic Polarization Curves and electrochemical parameters for concentrated brines

Chen and Kelly used cathodic
polarization curve for seawater at
25°C, 316 SS (Sridhar et al. 2004)

7 days
UNS 331603

- Malural seawaler

257G (Sridhar et al. 2004)

% 1 =X I T 1

10+ 10-8 10 e 193 10
Absolute Current Density [Afocm®)

(a)

|
102

To characterize variability in cathode kinetics with brine
composition, SNL has measured polarization curves and
other electrochemical parameters in four brines
corresponding to:

= Unevaporated Seawater (98% RH)
= Evap.to78% RH
= Evap.to 58% RH

100

=
o

Thickness, pm
(BN

o
[EEN

0.01

= Evap. to 38% RH ‘

DD =1g/m?

38% 58%

—80°C
/ 6oec | |
/ —40eC
—250C
20 40 60 80 100

RH%
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Determining Maximum Pit Size

Maximum pit size is determined the intersection of the anode current demand and
the available cathode current.

Dependence on deposited chloride load at fixed T, RH

120 :
; 25°C, 50% RH
le,max With :
100 ¥ Increasing
Salt Load
<
=
= / . .
§ 60 > > Max Pit Sizes
é 7
0 | . —1.0g/m2
Anode current demand
58 (pit stability criterion) || | —0-7>8/m2
bit/ Tpie= 1 Alm?2 0.5g/m2
—0.25 g/m2
0 Y , | :
0 20 40 60 80 100 120 140

Radius of Pit, um
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Model Results

As the canister cools, T drops, and RH increases

Assume constant AH: As T is Time (canister cools) —
varied, RH modified to hold AH >0
constant. Salt load held constant sl
throughout. al
. . £ 350 A
B Largest pits possible at <+ 300 - —Sogms
temperatures corresponding ﬁ_ 250 - 25 g/m3
(] 20 3
75-85% RH 8 200 - P
® Higher T = lower RH, thinner S Iéogiﬁf
brine films 100 1
" [ower T = higher RH, more dilute 52 - o
SO, 60 50 40 30 20 10
B Overall trends: Temperature (C)
®  As the canister cools, maximum
poss’blef Bt Sizg nereases _ Caveat: Electrochemical terms are held constant.
" Increasing salt load with time will Realistically, they vary with brine composition and
also result in larger pits temperature.

(Woldemedhin et al. 2014, 2015; Srinivasan et al. 2015)
Risk of meeting Kondo Criterion and

initiating SCC will increase with time.
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SCC Crack Growth

Model for SCC Crack
Growth

Incubation Pit Growth Crack Growth
|_ ............ : ........... : ............ _|
Begin Pit Crack Penetration
Storage ﬁ Initiation ﬁ Initiation @
Based on Based on Chen and Based on empirical
environment model Kelly (2010) maximum measurements of SCC
(RH <RH,) pit size model crack growth rates
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Stress Corrosion Cracking Model:

Crack growth

Model for crack growth:
m |n general:

AXcrack . _

% = Xcrack = Acrack f(T) f(K) f(Ra) f([Cl ]) f(mCl)f(pH) f(o-ys)
m Implemented a version incorporating only effect of T, K:

dxcrack Q 1 1
- T = y _— ] — — . — Bcrack
dt Ocrack * €XP R\T ~ Tyof (K — K¢n)

dX,.c/dt = crack growth rate
erack = Crack growth amplitude

Q = activation energy for g=crack growth
R = universal gas constant (8.314 J mol-' K-1)
T = temperature (K) of interest Where K = 0gppiiea Y VX crack
T..s = reference temperature (K) at which « was derived. Gapplica = tensile stress
Y = shape factor

K = crack tip stress intensity factor
Ky, = threshold stress for SCC
Perack = Stress intensity factor exponent.

Xcrack = depth
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Literature Crack Growth Rates

Data for 304 SS and 316 SS

1.E-06 + Shaikh et al., 2013, 316 weld
o % Shaikh et al., 2013, 316
o O Russell and Tromans, 1979 - 316
. \.\ 116°C © Hawkes et al., 1963 - 316 SA
- ) o . A Shaikh et al., 2013, 304LN sens.
1432C o 100°C g0 A Shaikh et al. 2013, 304LN 10% CW
7, g A A Shaikh et al. 2013 - 304LN SA
E 1.E-08 " /\ @ Spiedel, 1981 - 304 sens.
S ° ¢ Spiedel, 1981 - 304 SA
o 1548¢ o - o Spiedel 1981 - 304L SA
g 1.E-09 X(L/\ v ‘ \ : , @ Nakayama and Takano, 1986 - 304 SA
-.‘—3 402C 220C
© : 500C
@ e10 1| Data show a relatively & ¢
3 consistent trend, despite
s variations in environmental /\ CRIEPI
% 1E-11 1| condition (e.g., brine Deep
S composition). Slope U g“:‘:k
- . . a a
1E-12 4 pon§|stgnt with herogen CRIEPI deep crack data—
diffusion in steel being the crack growth slows with
limiting process? increasing depth?
1.E_13 L] L] L]
0.0023 0.0025 0.0027 0.0029 0.0031 0.0033 0.0035

1/T, K1
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Role of Time-of-Wetness

Overall Crack Penetration Rate = Crack Growth Rate x Time-of-wetness

1.E06 - 1.0
g tex Time-of-wetness Curves g
RH threshold value
®  i3psc 1162 e - 03
1.E07 - E
& o 10020 3;::?? . L
n g ﬂ -Tie 25% LY =
—_— F.iy .. ROEC 30% -
£ 1E08 1— B Y g - 0.7 E
= 1542C S U Y o B
B ¥ 4 L 06 £
= LEOS A & -~ | o
S & £
" o 50eC e E
Atmospheric &t —
E 1.E-10 # Shaikh etal, 2013 HEweld ‘—g‘“'* l ga 9
o 3 Thaikhetzl, 2013 315 - 1]
= © Rumell andTromans, 1575-315 .E
- & Hawesetal, 1953- 318354 L o3
2 1E11 71 & Shoikhetal 2013-304UN5A : — ' =
a A Shaikh =t al. . 2013, 30N s=ns CH'EPI deep ‘E
& Shaikh et 2l 2013, 304LN 10% CW L 02 o
® Speiie| 1561- 304154 crack data £
1.E-12 o o Speide| 1981- 30434 =
& Speidel1581 - 304 s=nx / L 0.1
# 1alsyema and Takano, 1585- 304 54 ..'
1E-13 . . . A : 0.0
0.0023 00025 0.0027 00029 0.0031 00033 00035
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SNL Stress Corrosion Cracking Probabilistic Model

-/ Intended model uses

Evolving Canister Environmental Conditions:RH, T, Salt Chemistry, Salt Load

B Assessing risk of SCC initiation and
penetration as a function of:

— Estimated heat decay curve (canister surface
temperatures)

— ISFSI location (weather parameters, salt
deposition rates)

Crack
Penetration

Crack Initiati

Fit Initiation

wgﬂmmmﬁm ‘ o e — Canister surface location (variation in T, salt
Thermal + Brine Compasition/Praperty * Crack Growth Model
Awﬂm m.isi Deposition Model | mﬁ;ﬁ‘? Model load )

e B Support development of appropriate ISFSI

Aging Management Plans: informing required

INTEGRATED IMECHANISTIC/PROBABILISTIC IMODEL FOR CANISTER SCC canister inspections for SCC
Goal: Improve the ability to predict timing and location of — Maps of at-risk locations on the canister
potential canister penetration by SCC cracks surfaces

— Determination of necessary SCC inspection
intervals
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Summary and Next Steps

 Experimental Results:

— Large scale atmospheric exposures displayed dependence of pitting and morphology as a
f(Environment)

— SCC atmospheric weld exposures displayed very few detectable cracks
— Corrosion field exposures displayed small amounts of corrosion after two year exposures

 Implications: SCC Model Assumptions may be challenged by:
— f(environment)
— Material microstructure
— Brine evolution during corrosion processes

* Next steps:
— Determine validity of SCC model assumptions with respect to pitting, pit-to-crack, and crack
growth as a f(Environment and material)
« What is the primary factor that governs pit morphology?
* s pit-crack transition influenced by f(Environment) and pit morphology?
* [s crack growth rate a f(Environment)?
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Questions?
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Backup Slides

Current Experimental work




Canister Surface Environment: Evaluation of Sea-Salt Brine Stabilities

Focus on Mg-Cl, brine, that strongly control deliquescence RH and potentially brine corrosiveness

Experimental Evaluation of Magnesium Chloride Brine Stability

Previous Experiments: SEM Image of MgCl, droplets on wafer surface Characterization of Mg-hydroxychloride Hydrates:

80°C, 35% RH test: 5 ik ‘ * Observed in several experiments

* Chloride loss * Controls on deliquescence RH, brine composition and

» Conversion to Mg-hydroxychloride properties

48°C, 40% RH test: :: Brucitc o Pannach (2017) e

* Chloride loss 0:07 _gj:g SEZ:E: s o

* Reaction with atmospheric CO,; | 9-1-4phase ® e —
conversion to Mg-carbonate N _gj:g Eﬂzzg: 25°C —

e Degree of reaction limited by
low air flow, limited duration

004 k 2-1-4 phase

Mg(OH), /mol kg

0.03 F

0.02 F

Current Experiment (in progress)
48°C, 40% RH test:
e High air flow, longer duration

0.01 F

10

1
MgCl, mol kg~ Observed

Future work: Reactions with other 80°C, 35% RH

atmospheric gases

Observed in rotating disc
electrode experiments, split
electrode experiment (low T)

e SO.NO EDS element maps showing depletion
o X of chloride in small droplets of MgCl,.
due to chloride degassing.
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Canister Surface Environment: Dust Sampling and Analysis

Maine Yankee Sampling

MAINE YANKEE SAMPLING, OCTOBER, 2019

* Samples placed in inlet and outlet vents of four
storage systems (SNF canisters) by CSM in 2017;
transferred to SNL ownership with end of CSM
IRP.

* Locations (8 total): high and low heat flow,
sheltered and exposed inlet and outlet vent

locations ::3 N U Sampling at Maine

* At each location: i Tt @ol (- Yankee ISFSI,
| jLITN October, 2017

— 1large 4-pt bend specimen, with attached dust collection
coupons.

— 3 small 4-pt bend specimens (varying surface finishes and
stress levels)
Specimens examined, all 8 dust collection coupons
collected and replaced, two small 4-pt bend samples
collected.

Samples characterized by SEM/EDS and chemical
analysis.
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General Impressions

Maine Yankee Sampling

Samples tethered to vent screens, close to the
screens

Samples dirty with wind-blown dust and plant
debris, and spider webs and other insect
debris; inlet samples much dirtier (in general)
than outlet samples

Much lower deposition on vertical surfaces
(tension surface of large 4-point bend)

Many samples show evidence of wetting—rain
spatter, condensation(?), or accumulation of
wet fog(?) (rings or droplet patterns in the
dust; rust under dust collector)

Important to note that these samples are not representative of the canister surface environment (exposure
to wetting, ambient T and RH, horizontal orientation leads to heavy dust loads). But they do provide some
information on salt compositions, and potentially, on salt corrosiveness.
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Maine Yankee Sampling
SEM/EDS Analysis

Dust analyzed as deposited, on silica
wafer dust collectors:

e Organic materials

— Pollen
— Stellate trichomes, plant fibers

— Cobwebs, insect parts

e Mineral Phases

— Dominantly silicate minerals—
mica, quartz, feldspars (Si-Al-
silicates)

Salt phases
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Maine Yankee Sampling
SEM/EDS Analysis

T SR USRI S
LA .LL}@{;'

.
el i

Salt phases: Composition and

b o = et € : : £ 3 L 3 Ry ¥, Do ik
% A | o B 0 AT e -l N ¥ e 2 T
1 1 H [ o 1 A RO - gl ey ¥ 5 i a 3 3 : ¥ e - R 1 e -
ik, & i L L : -l . b ok S, e BEE S gt o - T B
Istrl u Il | " B S T g Ll e BE &y F g AELN P R S e e i & LR R R
f 3 ST o i - [ i et Aty S e Mantalier ety 2o v
e ¢ i & g . 3 ml e i s P s 2 A
j il e - * B < Lt e L R w S W
e i Yo 3 b . L v e e & = & R i

* Individual salt aerosols— i T RO e Do R
generally tiny particles of NaCl, SRS Paltr s SRR aegitn T B o
associated with mineral, pollen T gl e AR
Sea-salts? Dried sea-fog RSN R LR e e DR Gl G
droplets? i O UBRR |
Salts associated with pollen and  SESEEEWEER RIS S

Redistributed salts due to W 0 TR ReONaR G T e r !

: > t WL ol NE, - TN A e b ~.- |
|
|
|

wafer wetting RN L OO e i
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Maine Yankee Sampling

SEM/EDS Analysis

Chemical Analyses: Soluble Salts

Salts consist of a mixture of marine (Na, Cl, Mg, SO,) and continental (Ca, K, NO;, SO,) salts

Salts are somewhat more chloride-rich than salts previously recovered from the Maine Yankee canister surfaces

umoles/sample

Sample # Na* | NH, K* Mg* | Ca™ F
VCC-18inlet | 1.853 | 0.021 | 0.500 | 0.190 | 0.478 -
VCC-18 outlet | 0.350 | 0.026 | 0.080 | 0.041 | 0.120 -
VCC-37 inlet | 2.368 | 0.016 | 0.398 | 0.232 | 0.494 | 0.019
VCC-37 outlet | 0.152 | 0.019 | 0.029 | 0.012 | 0.039 ~
VCC-42inlet | 0.963 | 0.016 | 0.479 | 0.089 | 0.263 -
VCC-42 outlet | 2.339 | 0.018 | 1.109 | 0.183 | 0.981 —
VCC-56 inlet | 0.669 | 0.012 | 0.500 | 0.063 | 0.285 -
VCC-56 outlet | 0.373 | 0.018 | 0.358 | 0.045 | 0.334 -

S

cr

0.872

NO, | NO, | PO,> | SO/
0.027 | 0273 | 0.020 | 0.120
0.033 | 0.879 | 0.007 | 0.221

- 0.364 | 0.033 | 0.208
0.017 | 0.168 - 0.065
0.017 | 0.128 - 0.085
0.033 ~ 0.292
0.017 | 0.111 - 0.077

- 0.053 - 0.027
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Prediction of Maximum Pit Size from Brine Characteristics and Electrochemical

Kinetics

Challenge: Information on electrochemical parameters lacking for expected canister brine conditions (W, and chemistry)

- v Rotating disc electrode
3 « Deliquescence
] 10 4 T e (1
2 T =
= 1 - —
8 b
T 014 —
b —Na
g oo —3$
8 —
0.001 4
0.0001 . T T T v v T
100 90 80 70 60 50 10 30 20 S|mUIate WL > 1 I""m
RH% . . .
1000 . Cathodic polarization
a. 25°C
100 / curves
c rjg/ ! Anodic polarization
1 10 7’—// 7
= | T ] curves
A ///E// [ A \
GC) sssss It g _-_?-__—’:////’/ T TT===== e _________———————-; = i + -
S E_;ff-”? : merz? fE’"p (I, — 1,)dE|! ! A :
= i __'Jf/ 4tk Emax @ JEcorr\ € p ' Id = —— @t I
= 1 ig/ //——_ 1n IC m — + lTL 1 1 F |
= o001 5717 | ,max I AE ; : nkp :
= R ecmax_ L _Dfmax I T
0.001 +—217]

energy.gov/ne




Role of Surface Environment on Pitting Damage and Pit-to-Crack

Transition
Samples Salt Load Exposure Conditions
SS304H Inkjet Deposition

%RH Temperature (°C)

1”

2 70 | 35
Mirror, R, = 0.05 ym 65 35
Ground, R, =2.83 ym 60 35
. . 55 35 40

: Séa salt constituents 50 35 40

45 35 40 45

35 [ 35 | 40 [ 45 | 50 U

30 35 40 45 50
Sandia
@ National _
laboratones

¢ VASTEPD

NaCl 2453  75%
MeCl, 52 32%

Cumulative Probability

| week to 2 years

0 20 40 60 80 100 120 140
Diameter (um)
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Effect of Humidity on Pitting and Cracking

Current Status:

=  Similar depth

. K = f(pit depth, 0), distribution, but

v « 40% RH assuming hemispherical diameters and shape
] ' : pIts . RH dependent

= Maximum pit size

L 1]

ENVIRONMENT, F(t)
RH,T, seasalt, 10 pg/cm?

Pit Density (cm?3)

G~ ’ -
and 300 ug/cm? " . model validated by
s g . = 76% RH .
1 % i . atmospheric
MATER'AL - 1 T » Turnbull, 2010 exposure with
304H (unsensitized) Exposure Time (weeks) critical assumptions
& spar] K> K ? Crack = JECS 2019 paper
MATERIAL £ SCC initiation?
= F.510 4 oo .
CONDITION o o : l 40% RH Important results
ground = ] = Maximum pit size
E tmr] model bounds
= R | results at 76% RH,
S ! g 0% RA | : but when/where is it
9 W =W s 40 S 8 T 83 W™ Horner, 2011 Valid?

Exposure Time (weeks)
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Humidity Controls Pit Morphology and Cracking

HiGH RH: NaCl RICH BRINE Low RH: MgCl, RICH BRINE
N AR W 40% RH B

f

CURRENT MODEL ASSUMPTION: HEMISPHERICAL PITS

* DEFORMATION FROM GRINDING MAY BE
RESPONSIBLE FOR MORPHOLOGY AT LOW
RH AND SUSCEPTIBILITY TO CRACKING
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Brine Interaction with Corrosive Environment

f (T, RH, Salt Load, Chemistry) ?

Dual Electrde Exposure

<+—— EDS maps Post-corrosion

Fa Time

Increasing Exposu

Current Status:

Brine evolution during
corrosion

Correlate extent of corrosion

with brine conditions?
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Characterization of SCC in Canister-Relevant Weld Regions

“‘Big Plate” Sandia Mockup Exposure Samples

« 8 g/m? MgCl,
« Exposure: 80°C, 35 % RH, 12 months
* 3 % Potassium Tetrathionate, pH =1, 6 mo. (3 mo. 40°C) J

e

* Analysis T R
« Composition of brine and corrosion products SEM/EDS and XRD of Fluorescent Dye
- NDE inspections for SCC Corrosion products Penetrant

* Fluorescent Dye Penetrant
« UT Phased Array & Eddy Current Array

e Goals

« Determine orientation and location of SCC around
canister welds

_ _ _ Eddy Current - ur Phésed rra
« Evaluate brine evolution under corrosion Array
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Chemical Composition of Brine and Corrosion Products

e Corrosion Products

— lron containing corrosion products were
largely amorphous

» Akageneite was identified by XRD

Akaganeite: Chloride containing iren oxyhydroxide
Fe™ , oM o0 08, T, , babout 5% O by wieight|

Salacted Area 1

.~ MgcCl
i?Cr

Salactad Area 4 -

Selected Area 3
. Fe Fe
- Cr
‘: O Cr F
' cl =]
w? P L

Brine Evolution

— Distinct Mg containing phases were found
* O-rich/Cl-depleted: Likely mg-
hydroxychloride (2-1-4 phase)
 Cl-rich: Likely bischofite

-: h%_nghl O-rich, C1- M
l depleted phase ;

BN fig-rich, Clrich, O- o

| depleted phase
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Dye Penetrant Analysis

* Presence of cracks on the edge of the 4-point bend specimen
* No crack indications found in mock up welded plates
— Mockup plate samples were subsequently analyzed by Eddy current & Phased Array

4-point bend specimen
Part Inspected Exposure Crack = |
Indications
Circumferential 80C, 35% RH No
Weld —
Longitudinal 80C, 35% RH No High
Weld background
due to
corroded
surface
Circumferential Potassium No
Weld Tetrathionate
4 Point Bend 80C, 35% RH Yes
Specimen

45
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Eddy Current and Phased Array

: . Circumferential weld, 80 C, 35 % RH
— Flaws were identified ’

- Eddy Current Phased Arra
» Most likely caused from o FHesEs : y
manufacturing LB e s o e e v

— No crack indications detected in
any mockup plate sample

frd v f 1 ¢ ME

- IR e

---------

Current Status:

WETAY A

= Further analysis through
SEM/EBSD to inspect =t v
corrosion damage/ identify if | I |
microcracks formed mE

iyt

Top scan of weld: No flaw Indication marked on surface of plate to
indications.
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Initial SCC Crack Growth Testing for Canister-Relevant Conditions

KNOWLEDGE GAPS

CGR data for austenitic
SS in relevant
atmospheric
environments 1s lacking

GOALS

1) Quantity SCC behavior
of SS via CGR vs. K 1n
atmospheric conditions

2) Validation and
development of SCC

models

Crack propagationrate, m/s

May 2018 Model: 1
log(a) = 3.8444 — 4444.444 ( ;)
1506 f T
\ 116°C /
107
143°C . ! C
1608 g
154¢C A® A
1509 X0 o

1E-10

111

1E-12

Data show a relatively
consistent trend, despite
variations in environmental
condition (e.g., brine
composition). Siope
~consistent with hydrogen
diffusion in steel being the
limiting process?

1E13

rac
ata

CRIEPI deep crack data—
crack growth slows with
increasing depth?

0.0023

0.0025 0.0027

0.0029 0.0031 0.0033 0.0035

1/T,K?

Preliminary Data from SRNL test on 304L canister materials from SNL

@ Preliminary Data from Korea University Stainless Steel 304 [20]
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Current Status:
Pit to crack-

= With OSU, developed a method for
periodic loading

= FY19, generated data for sample
under atmospheric salt load

= Characterization of features
controlling pit-to-crack transition
underway.

SCC-
= 4 new load frames procured

= Load frame and sample development
for atmospheric SCC testing
underway: SENT vs. CT sample, pre-
cracked and ground
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