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• Gather information about chloride deposition within 
the Vertical Concrete Canister (VCC) air circulation 
system (also known as the heat removal system) 

• Determine susceptibility of canisters to Chloride 
Induced Stress Corrosion Cracking (CISCC) for aging 
management

• Provide a correlation between a real world 
conditions and experimental lab data 

Purpose 



Due to the delay in removing spent fuel from reactor 
sites
• Commercial spent nuclear fuel will require storage for 

longer time periods at the utility sites than originally 
anticipated.  

• Resulted in re-licensing of the dry cask storage systems 
used at many sites

• Requires aging management programs to be 
developed as part of the re-licensing process.

Problem



Most likely aging management damage mechanism of the stainless steel 
canister is Chloride Induced Stress Corrosion Cracking (CISCC)

This occurs when the following three elements are present: 
• Tensile stress 

• The elevated tensile stress is caused by residual welding stress. 
• Susceptible materials 

• The susceptible material occurs in the Heat Affected Zone (HAZ) of the austenitic 
stainless steel used in the canister shell during the welding process. 

• Environment.
• Deliquescent condition

• humid conditions
• chlorides deposited on the surface of the canister 

• surface chlorides could form brine on the canister surface under the right field 
conditions

• Another environmental variable is temperature which has to be in an appropriate range 
in this area to sustain this condition.   

Causes of CISCC 
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Weld



Circumferential weld taken from 
Sandia Mockup Macrograph  

Weld Bead Morphology and CISCC Example 
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Canister Surface Environment

Environmental Requirements for SCC:

 Presence of an aqueous solution 

A persistent aqueous solution can only 
form by deliquescence of salts deposited 
on canister surfaces by  air flowing 
through the passively-ventilated 
overpacks

Chemically aggressive (chloride-rich) 
environment

• Many ISFSIs are at coastal sites.  
Deposition of chloride-rich sea-salts 
has been observed

• EPRI sampling program: Evaluated 
canister dusts at three near-marine 
ISFSIs. 

− Calvert Cliffs, MD (June, 2012)

− Hope Creek, NJ (Dec, 2013)

− Diablo Canyon, CA (Jan, 2014)

Sampling Locations

U.S. Spent Nuclear Fuel Independent Storage 
Installations (ISFSIs)

4 µm

40 µm

Diablo Canyon ISFSI

Collected dusts

Seasalt particles

EPRI sampling program confirmed that 
corrosive chloride-rich sea-salts have been 
found on SNF storage canister surfaces.  



The Maine Yankee site was a location of interest to CSM 
because it has been conducting atmospheric monitoring for 
several years 
• Can provide some correlating data to help understand 

the natural condition of this site compared to other ISFSI 
locations  

• Help correlate what is measured on sample surfaces with 
the levels measured on the air filters

• The data indicates that chloride levels in the atmosphere 
are fairly low compared to seaside sites 

Choosing a Site



Location 



Stainless steel specimens of two different sizes will be placed in the in 
the VCC.  
• Samples are dual certified Type 304/304L stainless steel base material 

welded with Type 308 filler material and have been harvested from a 
mockup fuel canister located at Sandia Labs and smaller specimens 
have been produced at CSM  

• Same type of stainless steel used in the Maine Yankee canister
• The population of specimens will represent all regions of the canister including the 

base metal, the HAZ and the canister welds.  

• They will be held in a 4 point bend tensioner,
• Create tensile stress necessary for CISCC conditions

• Made of Type 316 stainless steel
• Coated with an epoxy coating, (similar to the coating used on VCC steel parts)
• An anti-seize lubricant will also be used on the threaded components of the 

tensioner.

Experimental Setup



Specimens
• Specimens 304L, 304H, Mockup

– 304L, 304H, 5/8” thick 
• As received 

– Mill Finish
– 36 grit Hard Grinding Disc
– Polished

– Mockup Specimen 
Type 304L Base Material
Type 308 Weld Filler  
• Circumferential Weld 
• Longitudinal weld 

– 304L, ¼” thick
• As received 

– Mill Finish
– 36 grit sanding disc
– Hard grinding disc
– Polished
– Welded (Type 308 Filler)



Large  Four Point Bend Fixture 



Small Four Point Bend Fixture 



On one side of the specimen are 
paint marks for the purpose of 
using digital image correlation to 
determine deflection of the 
assembly before and after 
tensioning, to simulate weld 
residual stress.  

DIC Marking 



Frame and Specimen Coating 



Lubricant 



Sysweld Modeling
Weld 1 Weld 2

Four Point Bend Load with 
Weld Residual Stress

F F

FixedFixed



After Welding

After Load (increased strain used to accelerate the testing) 

Loading Assumptions 
Only Type 304 Stainless Steel  
• Model does not use Type 

308  stainless steel as filler 
material

• Does not consider change in 
mechanical properties in 
HAZ

• Softening, grain growth, 
ferrite 

• Must Verify actual strain 
using DIC



Loading Welded and Base Materials 

SYSWELD Model
With Weld

ABAQUS Model
Without Weld

• Loaded with the same 2.0 mm deflection

Compares welded specimen to unwelded specimen 



 Canister contained GTCC waste (no heat 
generation) 

 Deposits sampled from overpack surfaces (shield 
plug, overpack  shelf) and one canister side 
location using wet filters/sponges

 Samples delivered to SNL for analysis.  

− Soluble salts leached from collection media and 
analyzed by ion chromatography (IC) (anions, cations)

− Insoluble minerals on media analyzed by scanning 
electron microscopy (SEM/EDS)

− SAND report Bryan and Enos (2016)

Maine Yankee Dust Analyses

Filter paper (diam. 4.5 cm) Sponge(length 5 cm)

Sampling Media

EPRI-led effort to test robotic NDE delivery system on NAC vertical storage systems at 
Maine Yankee (July 2016):



Analytical results
Chemical analyses of dust leachates (µg/sample) (Bryan and Enos, 2016)

Soluble salt compositions

 Shield plug— dominantly
Ca-Na-SO4-Cl

 Overpack shelf—
dominantly
Ca-Na-NO3-Cl

 Canister surface—similar 
to overpack shelf salts

Salt aerosols are a mixture of 
sea-salts (Na-Cl-Mg) and 
continental aerosols (Ca-K-
SO4-NO3)

Sample # Na+ NH4
+ K+ Mg2+ Ca2+ F– Cl– NO3

– SO4
2–

1 (filter)   
shield plug

86.6 0.1 34.2 12.2 66.1 0.7 84.0 8.7 179

2 (filter)   
shield plug

60.2 n.d. 13.8 6.4 52.7 0.6 48.6 3.2 102

3 (sponge)
canister surf.

80.9 0.6 26.6 2.2 50.7 n.d. 42.9 167 6.0

4 (sponge)  
overpack shelf

65.7 0.1 24.4 2.7 60.4 0.2 19.2 188 10.9

5 (sponge)
overpack shelf

63.6 0.1 24.6 2.5 67.8 0.3 18.0 178 15.1

6 (sponge)
overpack shelf

60.6 0.2 22.3 2.5 57.2 n.d. 14.8 171 11.8

7 (sponge)
overpack shelf

93.4 0.2 48.0 4.2 97.5 n.d. 42.4 343 15.5

8 (sponge)
overpack shelf

80.7 0.4 61.4 4.3 111.8 n.d. 28.7 166 15.6

Note:  Values shown in italicized gray type had clear IC peaks, but fell between the lowest standard and the blank, and are semi-quantitative.

SEM analysis of insoluble particles

 Dust insolubles dominated by 
silicate minerals—biotite (mica) 
flakes and quartz grains

 Abundant, well-crystallized clusters 
of Ca-silicates/aluminosilicates 
(concrete efflorescence)

Calcium aluminosilicate crystals formed as cement efflorescence



• In addition to the small and large specimen assemblies, 
there will be dust collection samples and rare earth 
magnets. 
• These are for collecting both airborne dust as well as 

magnetic dust representative of site conditions.
• One dust specimen is made of silica glass 
• Type 304 stainless steel plate via a screw

• Neodymium rare earth magnet

Dust Collection 



• What we hope to gain from our dust 
collection experiments 
–Rate of dust/salts deposited (mg/year)

• Inlet vs outlet

• Type of dust/salts
– Iron vs mineral vs salt

–Periodic measurements of weight
• Maine Yankee and CSM personnel



Rare Earth Dust Collection Plate Drawings



Stainless  Steel Dust Collection Plate Drawings



High Decay Heat Load VCC Low Decay Heat Load VCC

Sheltered Location VCC Pad Location P5C5, VCC 37, TSC 31 (13.78kW) Pad Location P2C4, VCC 56, TSC 20 (4.35kW)

Exposed Location VCC Pad Location P6C8, VCC 42, TSC 52 (12.00kW) Pad Location P9C6, VCC 18, TSC 03 (6.75kW)

The specimens will be placed in one inlet vent and one outlet vent of 
four VCCs based on the following criteria from CSM
• Two containers that have the highest decay heat loads , two containers 

that have the lowest decay heat loads.  
• Both the high and low decay containers need to be in two different 

conditions
• One exposed to the prevailing winds 
• the other sheltered from the prevailing winds.   

• The prevailing winds at the Maine Yankee site are primarily out 
of the northwest.

The VCCs in the table below were selected to best meet this criteria.  

Specimen Placement 



Samples To Be Placed In Dry Storage 
Containers At Maine Yankee

Aerial View

Ground View

VCC Inlet Vent Position Outlet Vent Position Specimen Configurations in Both One Inlet and One Outlet Vent

37 NE N 1 Large, 3 Small, 1 Dust Collection Specimen and 1 Rare Earth Magnet

42 NW S 1 Large, 3 Small, 1 Dust Collection Specimen and 1 Rare Earth Magnet

56 NE N 1 Large, 3 Small, 1 Dust Collection Specimen and 1 Rare Earth Magnet

18 NW S 1 Large, 3 Small, 1 Dust Collection Specimen and 1 Rare Earth Magnet

Prevailing 
wind

Selected 
Containers 



Total 
24 small specimens
• 8 rare earth magnets
• For both the inlet and outlet vents the small specimens and the 

magnetic dust specimen/plate will be ganged together with a 
threaded rod and will be positioned with the 2.37” dimension 
vertically

8 large specimens 
• 8 Fused Silica dust collection specimens
• The large specimens will be attached to the glass dust specimen 

and placed on their side.  

Specimen Placement  



• The method of inserting the specimens will employ a tool 
with an L bracket such as a hoe. 

• There will be a cable attached to both specimen assemblies  
for retrieval purposes.

The outlet specimens will be placed 
approximately halfway into the off center top 
portion of the vent, which is roughly 7” from 
the VCC exterior mid-point.    

The inlet specimens will be 
placed approximately 32” into 
the vent, (roughly ¾ of the way 
in) 
• Should be far enough in the 

vent opening to avoid 
interference with possible 
snow removal efforts 

• not too close to the lower 
inner annulus region. 

Specimen Placement 



Length of Experiments 

• The samples will be placed into the canisters 
and selected specimens will be removed after 
one year

• Further examinations and duration will be 
determined based on observations 

• Duration could be several years (TBD)



• Specimens will be taken out periodically by site personnel so 
CSM can perform non destructive examinations (NDE) to 
monitor any degradation effects.
• VT, UT, ET,  PT

• Identification of pitting and/or cracks
• Destructive 
• Photographs, LOM, SEM, TEM (as permitted on-site or CSM)

• Pitting and Crack growth rates
This information will be used to assess both how vulnerable the 
canisters are to CISCC as correlated with the sites known 
environmental condition.

Inspection 



These obstructions do not result in complete blockage. 
A selected VCC has only in one inlet with a 7.7% by area obstruction and one outlet with a 6.7% 
by area obstruction, which is bounded by the Off Normal event occurring when 50% of the air 
inlets are blocked.  

• design basis heat load (23 kW), all “Maximum Temperatures” for the two blocked vent 
off-normal condition, are below the allowable maximum temperatures for normal 
operations.  

• Loads in the proposed canisters (4.35 -13.78 kW) are significantly less than the design 
basis (23 kW) 

• Vent blockage resulting from the samples (6.7-7.7%) is significantly less than 50% and 
• Would not be considered off-normal operations nor subject to the requirements 

associated with this condition.  

• Reasonable to conclude that the maximum temperature rise expected from this 
smaller amount of blockage will remain below the allowable temperatures for 
normal operations. 

• On-line temperature monitoring will be used to verify that no appreciable 
change in temperature is occurring 

Off Normal Blockage Analysis 



Maine Yankee is approved for installation of radiation shields in 
the inlet vents for additional radiation shielding if deemed 
necessary by the site.
It has been concluded that installation of the vent shields in all 
four inlet vents of each VCC “have no impact on the maximum 
temperature of the components or contents”. 
• These vent shields, which have a larger cross section than the 

specimens, were determined to be acceptable for normal 
operations 

• It is reasonable to conclude that the corrosion samples would 
result in less air flow blockage than the vent shields and the 
proposed action is bounded by existing approved designs.

Application of the Evaluation of the Effect of 
Supplemental Shielding Inserts on VCC Air Flow Analysis



The UMS storage system is designed for a maximum 
heat load of 23 kW.  
• The highest heat load canister at the site was 

13.95 kW during initial loading and the highest 
heat load canister included in this action was 13.78 
kW during initial loading which are both well 
below the design heat load and have decayed to a 
lower value with the passage of time. 

• This conservatism provides another layer of 
margin to the bounding arguments used

Margin Between Heat Load of Maine Yankee 
Casks Versus Design Basis Heat Load



The materials used in this project are not 
expected to be in contact with the canister.  
• In the unlikely case there is contact, the 

specimens, tensioners, coatings, never seize 
lubricant and marker paint are all compatible 
with the Type 304/304L stainless steel of the 
canister.  

Material Specifications Used and their 
Compatibility With VCC and Canisters



Questions 

Thank you!  


