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Dry Storage Canister SCC: Current work

Sandia’s Role: Current focuses:
1. Deposited salt
1. Defining the canister surface environment characteristics/compositions

i i o 2. Mg-chloride brine evolution
Importance of canister environment for pitting/SCC 3. Canister Deposition Field

Demonstration

4. Corrosion in more realistic
environments
* Diurnal cycles in T/RH

Crack growth rate studies

B Wb

Mitigation and Repair Strategies

* [nert dust
L AR finoubation - Additional anions (e.g., NO,,
B e % A SR e e e d SO,)
\__/ 4
5. Pit-to-crack transition—
Incubation Time Pit Growth Crack Growth Mitigation/ Repair environmental and material
dependencies

6. CGR —moving towards
‘ Evolving Canister Environmental Conditions:RH, T, Salt Chemistry, Salt Load ]/ atmospheric testing

/. Cold spray/coatings
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Dry Storage Canister SCC: Current work

Sandia’s Role: Current focuses:
1. Deposited salt
1. Defining the canister surface environment characteristics/compositions

2. Mg-chloride brine evolution

2. Importance of canister environment for pitting/SCC 3. Canister Deposition Field
. Demonstration
3. Crack growth rate studies o -
4. Corrosion in more realistic
4. Mitigation and Repair Strategies envfronments .
anE Ty, * Diurnal cycles in T/RH
** e
. pe * Inert dust
- e T ] W
BARTEY incubation Time * Additional anions (e.g., NO,,
o
e TR : f SO,)
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incubation Time Fit Growth environmental and material
dependencies
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Mitigation and Repair: Canister Coatings Evaluation

-7 N‘x\
* y . ~
e _ Initial Scoping "~
Ex Situ Prevention l/f. Collaborative Report SR \\
' Corrosion-Resistant \
Unlimited Access I ,' effort with Coatings for Mitigation \
Mo radiclogical hazards Toughest 55‘ ryal:- lity B’eqs H 1 and Repair of Spent i
Full Coverage Coating FifA fior Eiting Canistan l N d ustria I pa rtners Nuclear Fuel Dry Storage ]
] » Based on FY20 Canlsters F.
\ .
\\ Coatlngs rep Ort Spent Fuel and Waste Disposition /,
\\\ /,,
Ex Situ Repair) ‘~~~~ -

-
-~ ——— -
Good Access Potential Exposure Risk T ———

Full Coverage Repair Additional Cost of Removal
pplicable to Existing Canisters i§ Few Cleaning/Coating Options

2. Collaboration with
PNNL to evaluate
cold spray as a
potential
mitigation and
repair strategy

In Situ Repair

Limited Canister Access
Few cleaning/coating options
Partial Coverage Repair

Applicable to Existing Canisters
Low Exposure Risk
Lowest Survivability Regs.
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SNL-Industrial Collaboration— Initial coatings for evaluation

Coating types:
4 collaborating companies, 11 variants

OXPEKK O p M |

OXPEK-
176 samples for analysis (coated on rough and smooth Sulfonated 0 <
fII’)ISh) I_I1"‘I_II"'.II'|'|_I|""|1'|||“| llfl|r|||ﬂ||||l|||llr||l||r|| | P
h g o n
P LUN A(‘ - - 2- variants of
‘ / (ieg.méﬁ a Polyetherketoneketone
Gentoo - 1 Pri (OXPEKK).
wl'l'lll'l_'[lIl'LII“|Il'!ul'ﬂl".'ILI'flh'rlu'rr|'l'rr. ! r:lmelr

High temperature thermoplastic
with high radiation resistance

C O0OAT I NG

Gentoo -2 I
Gentoo - 2 + Zn-rich
[FIg) IR |

':I:I.I-‘.I.“ "II'I'_l||';"'rl|"|)!|"|H"u""l”"“"'l"".

h‘ull |

GAMMABLOCK CLADCO
L o o 5- variants
Y [ o Ll , —_ —_ —_ ®:Sillca =:5i-0-C bond
d o T g of Gentoo % ,D 4 S Pl urethane
£° % ’ °'.I with and n o H . OH
g 7 e f without Zn-
T o rich primer

e | polyimide, polyurea, phenolic
esins. Durable, chemically inert
and can include additives to

increase corrosion resistance

Durable ceramic hybrid
inorganic/polymer coating
with/without galvanic protection

*Sin&fe component hybrid
inorganic/modified polyurethane
coating resulting in a quasi-ceramic
structure.

Rl

[ o ul 3- variants of modified

PLUS




SNL-Industrial Collaboration—Surface Roughness Characterization

What does the surface look like and are
there significant features that may impact
performance?

350

« Surface roughness measured through profilometry v

« Two primary groups (related to the coating

thickness) 0
1. Contained large, rough surface features
2. Smooth 200

Sz, um

« Several had evidence of bubbles or gasses being
entrenched (gasses are emitted during the curing

150

processes) .
« Outgassing tests will be performed to identify
species

50

The impact of roughness will be assessed:
« Sites for brine pooling 0
* Increase dust accumulation

Gentoo - 2 + Zn-rich Primer o
Rough, sandpaper like
surface o
T CRACKSTOP
Surface bubbles
present

15

20

25
Sa, um

3V 39 40 45 50
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SNL-Industrial Collaboration — Adhesion Characterization

How well does the coating
stick to the metal surface?

* Adhesion measured following a
plasma cleaning (activate the
surfaces for sufficient epoxy
adhesion)

* Adhesive failure <1000 psi was
observed for four coatings
e Ceramic coating, some
contained a Zn-rich primer.

 Possible failure of five others
 Need to confirm with
SEM/EDS

D No Observed Failure
. Possible Failure

B Adhesive Failure

3000

2500

2000

500

<

-

pﬂlﬂ!ﬂﬁﬁaaawﬁwyf“ﬁquﬁg

OPM-21-01  OPM-21-02 LUNA-21-01 LUNA-21-02 LUNA-21-03 LUNA-21-04

LUNA-21-056 WHRD-21-01 WHRD-21-02 WHRD-21-03  FC-21-01
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SNL-Industrial Collaboration — Scratch Characterization

What is the mechanical | | ~

strength of the coating? ol A Sl o
» Scratch (tribology) evaluated .
. rittie
for all coatings failure in
ceramic
coatings
- Different failure types were

observed based upon the

properties of the coating. -

« Ceramic coatings: generally —
failed in fragment and deformation
experience brittle failure polymeric

- Organic coatings: e
underwent elastic deformation

* WHRD Coating: minimal Minimal
deformation — never failed to deformation
the base metal observedin

WHRD
samples

energy.gov/ne



SNL-Industrial Collaboration— Chemical Characterization — contact angle

How hydrophobic is the coating?

- Water contact angle was measured with a droplet of fluid on the coating surface

Dl water, 76 % RH brine, and 40 % RH brine ‘
* Generally contact angles were > 90 % suggesting hydrophobic coatings

Contact angle increased with increasing ionic strength

- Surface roughness interferes with comparison across different coatings, therefore surface tensiometry measurement will
be performed
CLADCO

Angles: [104.50°,104,30°) ' - g ""-‘I! Angles: [111.60%112.507 '

DI water 76 % RH Brine 40 % RH Brine

9 energy.gov/ne



SNL-Industrial Collaboration— Ongoing Characterization

Water Permeation Atmospheric Exposure Chemical Outgassing
* Brine permeation and

potential coating degradation « Coatings are deposited with * Thermogravimetric analysis

are being measured through artificial seawater and aged will be performed on a
electrochemical impedance in an accelerated corrosion Iragment of each sample to
spectroscopy (EIS). environment (76% RH, 40 rack thermal degradation.

« Baseline measurements for °C) for 30-90 days. ) Lr;];hnzg\i/:rgbt::rtvzéafg dri?ig:l
exposure in 0.6 M NaCl are - Physical and chemical tests will be performed to
currently being acquired over properties will be evaluated identify the outgassed
a 1 month open circuit post-exposure. species.

exposure in full immersion.
* Future work will also assess
atmospheric exposures.
_ F_IIF';IL'}!I: I "_' |_'.'"'|""'l:.'"'|""'|:.'""'”"'l',”"'V-""'
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Summary: Initial Gaps ldentified and Future Work - Coatings

= Coatings

Private industry has developed many corrosion resistant coatings for a wide variety
of applications, none exist for SNF canisters

Under evaluation for SNF canisters here are:

* Thermoplastics

* Polymeric composites

* Hybrid organic-inorganic ceramic coatings

In-depth characterization is required to verify viability and to ensure coatings “do no
harm” if implemented

* Gaps:

* Needs to be a clearly defined acceptance criteria to assess the viability of a given coating
technology

* Demonstration of long term corrosion resistance under canister relevant environmental conditions
is needed

°* Thermal and radiolytic stability in under long-term conditions

11 energy.gov/ne




Mitigation and Repair: Canister Coatings Evaluation

SNF Canister SCC Prevention/Repair Coating Scenarios

Ex Situ Prevention

Unlimited Access
No radiological hazards
Full Coverage Coating

Toughest Survability Regs.
N/A for Existing Canisters

Ex Situ Repair)

Good Access Potential Exposure Risk
Full Coverage Repair Additional Cost of Removal
pplicable to Existing Canisters i§ Few Cleaning/Coating Options

In Situ Repair

Limited Canister Access
Few cleaning/coating options
Partial Coverage Repair

Applicable to Existing Canisters
Low Exposure Risk
Lowest Survivability Regs.

Collaborative
effort with

industrial partners
« Basedon FY20
coatings report

Collaboration with
PNNL to evaluate
cold spray as a
potential
mitigation and
repair strategy

Initial Scoping
Report S

Corrosion-Resistant
Coatings for Mitigation
and Repair of Spent
Nuclear Fuel Dry Storage
Canisters

Spent Fuel and Waste Disposition

energy.gov/ne



Mitigation and Repair: Cold Spray (CS)

SNF Canister SCC Prevention/Repair Coating Scenarios . .
| SNF Canister SCC Prevention/Repair Coating Scenarios |ERCHRIINNEUNIINI

PNNL to evaluate
cold spray as a
potential
mitigation and
repair strategy

Ex Situ Prevention

Unlimited Access
No radiological hazards
Full Coverage Coating

Toughest Survability Regs.
N/A for Existing Canisters

Good Access
Full Coverage Repair

Potential Exposure Risk

Additional Cost of Removal

. b CS Focus — Patch

T T T Application for
cannnsPp Potentially vulnerable or
damaged areas

Limited Canister Access
Few cleaning/coating options
Partial Coverage Repair

Applicable to Existing Canisters
Low Exposure Risk
Lowest Survivability Regs.

—

......_
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SNL — PNNL collaboration:

Cold Spray — Materials and Corrosion concerns

SS 304L base material
Cold Spray Samples with Edge
Cold Spray: Processing
e Nickel ... ... > * CS susceptibility Blended edge
+ Super C « Galvanic potential? |

* Inconel 625 N

Interface: * Coating Coverage at
e Blended ~ *ttttsssssas .’ Interface
« Masked * Residual Stresses

Masked

| edge

Accelerating Gas: _ PNNL M3 Report 2021
o Nitrogen  weessssssss p ° Porosity
e Helium « Cost/Sustainability

14 energy.gov/ne




Mitigation and Repair: Cold Spray — Material Characterization

. 600
Cold Spray Matrix ——Super C(N;)
Initial Hardness Measurements: . e Inconel (He)
CS Interface Process ] ) 2 500. —a— Inconel (N,)
Material Gas e Vickers microhardness as a 2 e Ni (N,)
Inconel 625 Blended He function of depth (RT) 2 400_ 8- SS 5“"5:”*:9
Inconel 625 Blended N 0 | ®
Inconel 625 Masked N * Near-top surface to B 300) ¥
. T .
Nickel Blended N SS304L substrate. o o
Nickel Masked N 2 500 @
Super C Blended N < !.
wol@
Cold Spray Samples with Edge Processing %0 o5 A9 ;éf;“unzi% m]2-5 3.0
,- / f. Blended edge 600
0’500
o
=
< 400
w
wn
[ih]
ﬁ 300 4
T
5 200 1
= 100 4
Masked edge - ]
e
Cold Spray Conditions
PNNL M3 Report 2021 PNNL M3 Report 2021

SFWST energy.gov/ne



Mitigation and Repair: Cold Spray — Material Characterization

Cold Spray Matrix )
cs Intorface  Procoss Porosity Measurements:
Materlal Cas  Calculated from image

Inconel 625 Blended He

processing of bright field

Super C—(N,)

Inconel 625 Blended N
Inconel 625 Masked N optical measurements
Nickel Blended N o | d b .
Nickel Masked N nfluenced by carrier gas type
Super C Blended N :
Cold Spray Samples with Edge Processing ) . " SN 3
” | l; Blended edge u!1 - PR 22 o g , e . 23 vt
w “' ‘e % 2 -_fr % o
Qo A Ak : : G 2 ’ . it
E ‘N i 5 . ..w i ; i e i P v‘: |

* Note: surface finished to mirror polish for measurements

Super C (N,) Inc-625 (He) 1Inc-625(N,) Ni(N,)

Masked edge Porosity 5 51

(%)

PNNL M3 Report 2021 PNNL M3 Report 2021

+ 0.44 1.21 £0.20 579018 3.78£0.59

SFWST energy.gov/ne



Mitigation and Repair: Cold Spray — Accelerated Testing

Corrosion Testing Matrix Accelerated Corrosion Testing for
CS Interface Process Electrochemical Testing (ASTM G5) Pitting Test o e .

Material Gas As Sprayed 600 grit 1200 grit __ (ASTM G48) Cold Spmy Optlmlzatwn:

Inconel 625 Blended He X X X X

Inconel 625 Blended N - - - X

Inconel 625 Masked N X X X X ASTM G-5: (potentiodynamic polarization)
Nickel Blended N - - - X

Nickel Masked N X X X X - 0.6 M NaCl

Super C Blended N X X X X - 1 h Open circuit potential followed by anodic

polarization, 0.1667 mV/s

- CS or base material examined
- As-sprayed, 600, and 1200 grit

Base Material

Interface

ASTM G-48: (accelerated pitting)
_ - 6% by mass Ferric Chloride
e - Full Immersion 24 h at 22 °C

Sample for ASTM G-5 Testing Sample Jor ASTM G-48 Testing—_ p o top surface tested

Top surface  coldspray

- Other surfaces painted, as sprayed
condition

energy.gov/ne




SNL — PNNL collaboration:

Cold Spray — Accelerated Corrosion Testing

Scan Parameters:

ASTM G-35: potentiodynamic polarization in 0.6 M NaCl

- 0.6 M NaCl

- 1 h Open circuit potential followed by
anodic polarization, 0.1667 mV/s

NOBLE ACTIVE
+0.2 L] 0.2 02 0.8 0.8 10 1.2 1.4 1.6

: Graphite |

. Platinum
Nl = : Mi-Cr-Mo alloy C
Titansum

> Mickel-Iron-Chromium alloy 825
Alloys ' Alloy “20" Stainless Steels, cast and wrought
Stainkess Steel -Types 316, 317 |
Nickal-Coppar Alloys 400, K-500

SS304L »{ 1 Staniess Stoek-Types 302, 304, 321,347 |

Sikver
Nl 4 Mickel 200 |
Nickei-Chromium Alloy 800
' Mackad- Aksminum Bronze
1 70-30 Coppar Nickal
S Lead
Stainless Steel — Typa 430
B0-20 Copper Nickel
90-10 Coppar Nickal|
Nickel Silvar |
Stainless Steal - Types 410, 416
Silicon Bronze |
Manganese Bronze
Admiralty Brass, Aluminum Brass
P-Sn Solder (50/50)
|Cuppar| |
oo ||
. Maval Brass, Yellow Brass, Red Brass
Aluminum Bronze
| Austenitic Micke! Cast Iron
Low Alloy Steal

Potential (Vg agc))

Mild Steel, Cas! Iron
Cadmeum|
Alumenum Alioys
‘ W Zinc | |

Magnesium
]

Galvanic Series in Seawater

0.8

| —Inc-He
——Inc-N

0.64 — SC-N

Ni-N

| — 304 substrate

 Metastable
pitting
observed

* NiCS
breakdown
at much
lower
potential

0.2 -
0.0 - /
0.2 -
v 1 . || v ||
8 -6 -4 -2

Log Current Density (mA/cm?)
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SNL — PNNL collaboration:

Cold Spray — Accelerated Corrosion Testing

ASTM G-35: potentiodynamic polarization in 0.6 M NaCl

0.8

Scan Parameters: Inc-He-Cold Spray 7
1= - =Inc-He-600 grit %
- 0.6 M NaCl 064 I:E-Hg-ﬂooggrit » Metastable
- 1 h Open circuit potential followed by | Base Material pitting
anodic polarization, 0.1667 mV/s S 04 reduced
- CS or base material examined é’ | Whle_nh d
. > polishe
- As-sprayed, 600, and 1200 grit 5 02 (dotted red)
c
Q
g 00-  OCP drops
when
024 polished
(expected)
0.4 : . Bl .
-8 -6 4 -2

Log Current Density (mA/cm?)

energy.gov/ne



SNL — PNNL collaboration:

Cold Spray — Accelerated Corrosion Testing

e ASTM G-48: (accelerated pitting) in FeCl

Pre-Exposure CS Inconel N

Blended edge

Masked

Pre-Exposure CS Inconel N

Masked edge

Exposure Conditions:

- 6% by mass Ferric Chloride, Full Immersion 24 h at 22 °C

- Entire top surface tested (Other surfaces painted, as sprayed
condition)

- Accelerated testing conditions to identify potential vulnerabilities

SFWST 20

energy.gov/ne



SNL — PNNL collaboration:
Cold Spray — Accelerated Corrosion Testing — Edge Type

ASTM G-48: (accelerated pitting) in FeCl

: Blended
Post-Exposure CS Inconel N

Blended edge

e o Masked
- Po;t-ExDOEa_UI"E Ll o CS Inconel N

Masked edge

Exposure Conditions:
- 6% by mass Ferric Chloride, Full Immersion 24 h at 22 °C

- Entire top surface tested (Other surfaces painted, as sprayed
condition)

SFWST 21 energy.gov/ne



SNL — PNNL collaboration:
Cold Spray — Accelerated Corrosion Testing - Edge Type

S Retaeaw Skt Rt R

; -;\ 3w s i ; '_ “C . Tt h\ Nt =90 “X!.é
Blended o T AR e

Post-Exposure CS Inconel N : ' ; TR ey

L ". 1}"‘. o %
s

=T : Masked
CS Inconel N

10 mrs

SFWST 22 energy.gov/ne



SNL — PNNL collaboration:
Cold Spray — Accelerated Corrosion Testing - Edge Type

Blended
Post-Exposure CS Inconel N

[ e ™

Masked

iy, B J _‘._f-...”-' )
" iy & w e it L .
‘.-..Pof}'E"p‘ﬁ!g"fe R CS Inconel N
'.'::_:," . '\_ F ':._ - =L

T T a B g ¢
F-“.‘ ‘u‘-

SFWST 23 energy.gov/ne



SNL — PNNL collaboration:
Cold Spray — Accelerated Corrosion Testing - Edge Type

: Blended
Post-Exposure CS Inconel N

Masked
CS Inconel N

- Post-Exposure

N A -r'. = o, =
L * . agr 4 A o F o R el Wty
‘_- .‘:\ lrl'_‘j..l‘_ o ¥ 4t . -' :
g wate iy "_.'.ﬂ'-'.‘_'
- TR g ": L gt
" b A D Sy
et =1
i 550
S TR

SFWST 24
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SNL — PNNL collaboration:
Cold Spray — Accelerated Corrosion Testing - Edge Type

EBSD ofinterface far from corrosion attack (uncorroded region)

: Blended
Post-Exposure CS Inconel N

Masked
CS Inconel N

SFWST 25 energy.gov/ne



SNL — PNNL collaboration: _ _
Cold Spray — Accelerated Corrosion Testing — Material Selection

Post ASTM G-48 Exposure Cross section Post Exposure
Post-Exposure I"CD"E' N RN . I‘ \

Corrosion at Interface

In base and Cold Spray — - CS Inconel N
Porosity: 5.79 £ 0.18%

e

107mm

304L Base

Nickel N

Corrosion_at Interface N
Primarily in base mategial : -CS Nickel N
, _Porosity: 3.78 = 0.59%

304L Base

Post-Exposure SuperCN P s o :"_'_' 3 : ] Corrosion at Interface
: R RN ' In base and CS

CSCuperCN
Porosity: 5.51

SFWST 26 energy.gov/ne



SNL — PNNL collaboration: _
Cold Spray — Accelerated Corrosion Testing — Pri ocesSing Gas

CS Inconel N .

Post-Exposure

Corrosion at Interface
In base and Cold Spray

*CS InconelN -
Porosity: 5.79 +0.18%

900 pm

J04L Base

CS Inconel He

Post-Exposure

Corrosion at Interface

Interface 3 ;
Only in base material P> ¢4 Inconel He
Base-Matenal : " Cold Spray \ ..-r-""! Corosity: 1.21 +0.20%
f"“'{"
Eaanmase oo - f‘“”m S S
304L Base 500 pm

* Process gas can influence porosity and thus corrosion at the interface
SFWST 27 energy.gov/ne



SNL — PNNL collaboration:

Cold Spray — Atmospheric Corrosion Testing

Deposited 300 Hg/sz of Artificial Sea Note: Exposure conditions 1 and 3 below NaCl
Water on CS Surface deliquescence RH, whereas 2 is above (influences brine
composition and volume)

Three AtmOSp heric EXpO sure Hour  Temperature, °C  RH, % Diurnal T and RH fluctuations

-y = 2 41.68 30.33 80 —
Conditions ; T wa e
1. Static 40% RH; 35 °C TR
2. Static 75% RH; 35 °C IR X AN AVAVAVAVAV

10 33.69 48.68 30

3. Cyclic — at right 12 32.74 1954

14 33.44 49.57
DEP&SH’E[I Seasa —RH% at (T+10°C
2, : 16 38.24 40.98 60 Best Fit RH
18 40.55 34.62 %50 |/ o, \ )ﬁp ;\A /w
20 42.69 30.62 » f \}/\ \{ JJ \ AJ\}%
22 4351 27.82 “ - 1 MW
5 24 42.97 29.15 N

170 171 172 173 174 175 176 177

Salt Nebulizer Setup

Cyclic atmospheric conditions developed from Arkansas Nuclear
1 ISFSI (SNL 2021 M2)

—"

energy.gov/ne



SNL — PNNL collaboration:

Cold Spray — Atmospheric Corrosion Testing

Attack at interface observed, initial optical observations show enhanced attack at higher RH — exposure ongoing

1) 40% RH 2) 75% RH

SFWST 29 energy.gov/ne



Summary: Initial Gaps ldentified and Future Work - CS

CS materials— austeniticistainlessssieel iy p! BN i rilessisteeismun dgneli sion

= Cold Spray of carhidesMPNINID 0221 RS I
* Material selection for cold spray is signit = | [ .
interface or defect) F = ; e,

* Process carrier gas can influence poros
* Edge processing can influence corrosio..

e GaQS . i-#@'ﬁ-‘-ms bIEE oy | eyt
 Understand and develop methods to reduce potential vulnerabilities at the CS-base
interface

* Understand influences of deformation (and potential microstructural transformation) —
compressive residual stress at interface not significant to limit corrosion under accelerated
testing conditions

 Enhance materials selection — can galvanic influences be reduced?

 Optimize processing — can gas selection or CS powder mixing reduce porosity, increase
hardness, and enhance corrosion resistance?

 Long term behavior of CS in environment of interest — have Iinitiated this testing, but need

further information (under stress, other chemistries, etc.)
30 energy.gov/ne
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