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Abstract

This report summarizes the outcome of an expert panel review of a key degradation
phenomenon identified for atmospherically exposed austenitic stainless steel
containers used for the interim dry storage of used nuclear fuel — specifically, chloride
induced stress corrosion cracking due to the presence of atmospherically deposited
salts. The expert panel consisted of Dr. Peter Andresen (GE Corp Research &
Development), Dr. Robert G. Kelly (University of Virginia), Dr. John R. Scully
(University of Virginia), and Dr. Alan Turnbull (National Physical Laboratory) and
was moderated by Dr. David G. Enos (Sandia National Laboratories). In addition to
the above subject matter experts, participants from Sandia National Laboratories,
Savannah River National Laboratory, Pacific Northwest National Laboratory, and the
Southwest Research Institute will be present. Input from the panel members for a
series of preliminary questions dealing with the subject area, along with the meeting
minutes, presentation materials, and final recommendations are included here.
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1. INTRODUCTION

In the US, spent nuclear fuel is likely to remain in interim dry storage until a permanent disposal
solution has been developed and placed into operation. The majority of current dry storage
systems consist of a welded 304 stainless steel container located within a concrete or steel
overpack. The welded container serves as the primary confinement barrier, protecting the fuel
from the outside environment. The containers are passively cooled, utilizing ambient air drawn
through the overpack and across the container surface. A portion of the atmospheric aerosols
carried by the air are deposited on the container surface. These include soluble salts, the
composition of which varies with geographic location, but which is some cases are chloride
bearing. With time, as the canister surface cools, these salts will deliquesce to form potentially
corrosive chloride-rich brines. As austenitic stainless steels are prone to chloride-induced stress
corrosion cracking (CISCC), the concern exists that SCC may significantly impact long-term
canister performance, particularly for systems located in marine environments.

Presently, there is a rather poor understanding of what governs this cracking process under
atmospheric conditions, and how best to characterize each step of the process (localized
corrosion nucleation and growth, the pit to crack transition, and the crack growth process) such
that the information could be incorporated into a predictive model that might be used to assess
the risk of SCC at various spent fuel storage installations. To begin to address this data gap, a
panel of world recognized subject matter experts in the area of stress corrosion cracking and
atmospheric corrosion was assembled to discuss and make recommendations as to the path
forward on the evaluation of this complex corrosion phenomenon.

The panel consisted of:
Dr. Peter Andresen (GE Global Research Center)
Dr. Robert Kelly (University of Virginia)
Dr. John Scully (University of Virginia)
Dr. Alan Turnbull (National Physical Laboratory)

The panel was tasked with addressing three primary areas of concern for atmospherically
exposed, austenitic stainless steel interim storage containers — (1) Localized corrosion initiation
and growth, (2) Processes that govern crack initiation, and (3) The crack propagation process.
The panel provided input on each of these areas (enclosed in the following sections) as well as
participating in the panel review. The meeting was moderated by David Enos (Sandia National
Laboratories). The meeting attendees included (in addition to the panel):

David Enos (Sandia National Laboratories) — Moderator
Charles Bryan (Sandia National Laboratories)

Sylvia Saltzstein (Sandia National Laboratories)

Ken Sorenson (Sandia National Laboratories)

Peter Swift (Sandia National Laboratories)

Darrell Dunn (Nuclear Regulatory Commission)



Brady Hansen (Pacific Northwest National Laboratory)
Mychailo Tolozcko (Pacific Northwest National Laboratory)
Andrew Duncan (Savannah River National Laboratory)
Brenda Garcia-Diaz (Savannah River National Laboratory)
Jim Dante (Southwest Research Institute)

Todd Mintz (Southwest Research Institute)



2. PRELIMINARY QUESTIONS

The focus of this expert panel review is atmospheric CISCC of austenitic stainless steels. Prior
to the panel review, a series of questions were provided to each panel member. The purpose of
these questions was not to assemble an extensive document prior to the meeting, but rather to
enable each panel member to organize their thoughts prior to beginning discussions. The three
topics are localized corrosion nucleation and propagation, the transition from localized corrosion
to stress corrosion cracking — or more specifically, the nucleation and early growth of stress
corrosion cracks, and finally, the stable propagation of stress corrosion cracks.

1.

Localized Corrosion. SCC in atmospherically exposed stainless steels has typically been
observed to initiate from localized corrosion sites, and as such, understanding the processes
that govern localized corrosion initiation and growth is critical in assembling any predictive
model for fielded structures. In your opinion, what are the key processes that govern
localized corrosion under atmospheric conditions in terms of the induction period prior to
pit nucleation, the sites from which meaningful/stable pits nucleate, and the growth of
stable pits? Please include your view both on what processes and microstructural features
are important, and on how they might be captured experimentally.

Crack initiation. In the literature, SCC crack initiation on austenitic stainless steels under
atmospheric conditions is believed to take place from localized corrosion sites. In your
opinion, what are the key factors that determine when a pit is likely to result in the
nucleation of a crack in terms of its size, internal chemistry, and relation to the underlying
microstructure and stress field? In addition, what are your thoughts on how the pit to crack
transition might be captured/observed experimentally?

Crack Propagation. Once an SCC crack has initiated, understanding the rate at which it
will propagate as a function of environmental conditions is critical, particularly for aging
management programs/inspection plans, the development of the ASME B&PVC code case,
and so on. Chloride driven SCC cracks in austenitic stainless steels observed in the field
tend to be highly branched in nature, hindering effective evaluation of their depth, or
assessment of their geometry simply by observing the surface. In the corrosion literature,
many different views have been expressed in terms of the required surface chemistry, salt
load or brine layer characteristics, location of the cathode supporting crack propagation,
and underlying microstructural features of importance. In your opinion, what are the
critical conditions and processes that govern atmospheric SCC crack propagation? In
addition, given the documented difficulties in determining accurate crack growth rate
measurements for atmospheric SCC cracks, how might this issue be attacked
experimentally?




2.1 Response from Peter Andresen (GE Global Research Center)

The brief background initially provided, and several questions that we were asked to respond to,
are listed at the end. My exposure to the details of this issue is limited, but it shares may things
in common with problems that have long occurred in stainless steels exposed to chlorides. In
particular, there have been extensive problems with cracking in stainless steel piping at nuclear
plants exposed to the atmosphere. Many of these problems are aggravated by the direct exposure
of the piping to the atmosphere, but I believe some occur in semi-protected areas that perhaps
have many things in common with spent nuclear fuel (SNF) canisters.

Analysis, understanding, experimental evaluation, and prediction of these atmospheric corrosion
problems are complicated by variability and ambiguity in the salt level and composition, the air
flow rate, the changing relative humidity and outside temperature, other atmospheric
contaminants (in addition to salt), the heat flux from the SNF canister, the orientation (e.g.,
vertical vs. inverted vs. horizontal) of the surfaces, the nature of the surface (cold work, grinding,
contaminants, etc.), etc. While deliquescence can create liquid films on the surface, they may
not be stable/permanent. Even when the salt composition on the surface is known, the
composition and pH of the solution that is formed can vary with relative humidity. The
thickness of the liquid film and its ability to provide sufficient liquid and salt to drive pitting and
cracking poses additional experimental and modeling challenges.

A primary challenge in addressing this problem is the ‘environment scenario’. There are few
measurements of the salt loading on the canisters, and also limited understanding of the aqueous
film chemistry that develops at low relative humidity (i.e., very concentrated salt solutions). A
further challenge is the transient nature of the conditions — changing temperature, changing
relative humidity, changing atmospheric conditions and contaminant, etc. Without a well-
defined boundary on the ‘environment scenario’, there will forever be challenges in the
acceptance of the corrosion and SCC data and models.

More specific comments on each of the questions posed to the panel are summarized below.

1. Localized Corrosion. There is little question that pitting and crevice corrosion can occur in
stainless steels in environments high in chloride. The exact conditions under which pitting
and crevice corrosion will develop vary with chloride concentration, pH, temperature,
oxygen concentration, metal surface condition including exposed MnS inclusions, etc. While
MnS inclusions are often a preferred initiation site, there are typically a myriad of surface
defects from machining, welding, grinding, etc. that are often pit initiation sites.

The need to model both the surface chemistry and the probability and density of pitting
depends on how critical these processes are to predicting through-wall penetration. For
example, it seems very unlikely that pitting can proceed through-wall given the dimensions
of the wall of the SNF canister. So the primary value of a pitting model may be to help
predict the onset of SCC. As noted in the response to the third question, this is very valuable
provided it is not viewed as the only possibility scenario for SCC initiation and growth — that
is, SCC should occur more rapidly under such circumstances, but could also occur in the
absence of pitting.

2. Crack initiation. The history of SCC studies is that most focus on high SCC susceptibility
situations using relatively simplistic and short-term tests, and such studies fail to capture the
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moderate and subtle conditions that become important after 5+ years of exposure. There is
no question that SCC can develop from the base of pits, and a common approach to
estimating the transition to SCC uses the stress intensity factor at the base of a pit, which
might not be hemispherical and might include some intergranular morphology. The growth
rate of the pit is at least as important as the internal chemistry, because high pitting corrosion
rates blunt an incipient cracking tendency. SCC might develop from smaller pits as the pit
growth slows for any of various reasons.

This is an area where aqueous experiments are valuable — it can be very difficult to address
issues such as chemistry and pit-to-crack transitions in an experimentally complex system
involving water films at varying relative humidity. The SNF canister benefits from being a
very statically stressed system — it seems reasonable to assume that there are no cyclic
stresses present. Experiments might employ a tapered specimen tested at constant load that
is both pre-pitted and pitted under load to identify the stress and pit size that lead to SCC, and
perhaps characterize whether the transition to SCC is inhibited in an actively growing (high
corrosion rate) pit, which can be measured independent of the development of cracking.

3. Crack Propagation. SCC is challenging to study well, and there is a historical tendency to
perform experiments that are sensitive only to relatively severe SCC, then assume SCC will
not occur under less aggressive conditions. This has been a major problem in high
temperature water, and increasingly sophisticated experiments with very high crack length
resolution have been needed to understand the vulnerability to SCC over long times. Such
experiments have been conducted at temperatures near and below 100 °C, and show quite
high growth rates in sensitized stainless steel and other materials even in pure, deaerated
water — conditions that are dramatically less aggressive than those needed for pitting and
crevice corrosion. The contribution of stress and dynamic strain can create a dramatically
different ‘environment’ that supports SCC than is the case with pitting and crevice corrosion,
which rely solely on the chemical and metallurgical ‘environment’.

Nonetheless, SCC usually initiates and grows faster under such aggressive conditions, with
the exception of blunting when the corrosion rate exceeds the nominal SCC growth rate.
Thus, experiments should employ the techniques and sophistication developed to study
moderate and subtle forms of SCC in higher temperature water, and should scope out the
spectrum of environments from pure water to high chloride, varying pH, varying aeration
environments, varying temperature, etc. Many of these scoping experiments can be done in
fully aqueous conditions, but experiments must also be done under varying relatively
humidity conditions to evaluate how differently SCC develops under the same nominal
conditions, but with water films and limited surface salt loading potentially affecting how
fast SCC growth can occur. The supply of water to the crack may be less challenging
because capillary condensation tends to promote formation of liquid water at lower relative
humidity levels. The supply of salt could retard SCC growth rates, but since many cracks are
very tight (low liquid volume) and SCC might not require the severe chemistry associated
with pitting, salt-supply may not be a controlling factor.

SCC testing must recognize that there are times when SCC slows and stops, but if the crack is re-
activated, it can be sustained for very long periods of time. So one or two observations —
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especially those showing crack retardation or arrest — have to be more extensively evaluated and
reproduced to have confidence in the result. Engineering structures have thousands or millions
of opportunities for cracks to develop and grow, and one laboratory observation on a single
specimen is almost certain to be misleading. Conversely, it is certainly possible that cracking is
not sustained with changing temperature, relative humidity, etc. from day-to-day and month-to-
month.
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2.2 Response from Dr. Robert Kelly (University of Virginia)

1. Localized Corrosion. With respect to the long-term performance of the dry casks, I don’t
think induction time is relevant because of the length of the time considered. No defensible
technical argument can be made based on initiation NOT occurring without having exposures
for times GREATER than the time period of interest that exactly mimic the conditions to
which the canisters are exposed. It would seem that understanding limitations on pit growth
rate/extent could form the basis for such an analysis. The type of microstructural/geometry
sites of importance would be: (a) MnS inclusions, (b) surface roughness, (c) deposits, and (d)
physically occluded regions. Characterization of the effects of (a) and (b) would be
straightforward using controlled laboratory testing (described below). Characterization of (c)
and (d) is more challenging as there is little true knowledge of the chemistry and geometry of
the deposits, and the geometry of the occluded regions. Some effort should be made to try to
mimic the evolution of the deposit chemistry by controlled laboratory experiments.

With respect to growth, the use of the maximum pit size model would seem to provide a
framework for capturing the regions of parameter space in which the largest pits would be
expected. The model was developed for a uniform, thin electrolyte layer. The effects of
droplet formation also need to be assessed. It is not obvious whether the loss of cathode area
will be compensated for by a decrease in the ohmic drop. If the area loss dominates, than the
thin film case will be bounding, whereas if the ohmic drop decrease is sufficient, the droplet
could be more aggressive. If the cathodic reaction is under diffusion control, my expectation
is that the thin film would be the more conservative approach, but this assumption needs to
be run to ground.

The range of chemical composition of the solution layers on the surfaces of the dry casks
needs to be assessed in order to develop the parameter space of plausible extremes. The
oxidizing strength of the environments may be the most critical aspect of that environment
and one that is least understood. The oxidizing strength of the environment will likely
overwhelm the range of chemistry because the diurnal cycles will likely lead to the formation
of highly concentrated brines independent of the starting composition. The loading density
will affect the water layer thickness, but the oxidizing strength will dominate the potential of
the surface. Even low loading densities will very likely have sufficient chloride
concentrations at low RH to initiate and grow pits if the oxidizing power is high enough.

How to capture experimentally

Three aspects need to be addressed experimentally: (a) surface environment chemistry
parameter space, (b) surface deposit parameter space, and (c) electrochemical kinetics of
atmospheric pitting.

Surface Environment: It is critical to expand the understanding of the actual field conditions
to which these casks are exposed. Although there are substantial engineering challenges
involved, without exposures of stressed stainless steel components and silver coupons at or
near the inlets of the cask containers, the technical basis for the selection of environmental
conditions for laboratory studies will be difficult to defend. Ideally the exposures would be
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sheltered from outside rain as the casks are. The exposure time periods would not need to be
extremely long (although the longer the better), because the insights gained on pitting
locations (e.g., surface roughness vs. occluded site vs. MnS inclusions) and oxidizing power
(from the amount of AgCl formed) would be of great benefit even for short exposures. These
data would allow plausible extremes for deposit composition and oxidizing power (i.e.,
potential) to be determined.

Surface Deposit: The nature of the surface deposits could be important in either leading to
crevice attack or in mitigating damage by increasing the ohmic drop between a pit and the
surrounding cathodic surface. Characterizing the ionic conductivity of deposits formed in the
lab under conditions meant to mimic the range of temperature/loading density/deposit
composition plausible on dry casks would be useful as input to the maximum pit size model.

Electrochemical kinetics of atmospheric pitting: There are two sets of electrochemical
kinetics needed for the maximum pit size model. The anodic kinetics of the pit surface can
be determined via the use of artificial pit measurements. Recent work has shown that the
repassivation potential and the critical stability product in the same measurement. Both
values depend (to different degrees) on the bulk solution composition, but such dependencies
as well as that on temperature, are straightforward to determine. The cathodic kinetics
needed are those that are relevant to the unpitted surface surrounding the pit. Thus, they
should be generated in solutions without chloride that have the same oxygen solubility and
diffusivity as do the chloride solutions present. The absence of chloride is important to
prevent localized corrosion occurring which would mask the actual cathodic behavior.

Crack initiation. Key factors include not only the pit size, but also the microtopography
within the pit. I think the microstructure is of less importance. The stress field is obviously
also key. The presence of physical occlusion will also be key in order to maintain the critical
chemistry. As I mentioned above with respect to pitting, any integrity argument based on the
absence of crack initiation is doomed. Such an approach is now gospel in the fracture
mechanics community.

Crack Propagation. In addition to the obvious factors listed (size, chemistry, microstructure,
stress field), the importance of the location and extent of the cathodic reaction needed to
support crack growth should be considered. It should be determined the extent to which the
crack communicates with/requires a cathodic surface outside the crack (as opposed to along
the crack flank). A combination of full immersion work and (the more difficult)
atmospheric cracking work should be pursued. The full immersion work will allow a more
controlled assessment of the importance of the factors whereas the atmospheric testing is
obviously more relevant to the situation of interest. As noted above for pit growth, cracking
kinetics are strongly dependent on potential, so this parameter needs to be connected to the
oxidizing power of the environment to which the casks are exposed.

14



2.3 Response from Dr. John Scully (University of Virginia)

1. Localized Corrosion. The key processes include salt deposition, deliquescence, gas
absorption, and establishment of an oxidizing potential on the stainless steel surface as we
have observed with the scanning Kelvin probe (SKP). The initiation process is less clear at
the molecular scale, but is favored at sites such as scratches or roughness, phases or zones
depleted in Cr or other chemical and structural heterogeneities. It should be noted that it is
easy for a chemical heterogeneity such a MnS inclusion to serve this purpose. Moreover, at
MnS inclusions, cracking of the interface between the particle and matrix has been observed
and can create a confined space between the inclusion and the matrix that provide a local site
that helps stabilize localized corrosion. Surface roughness may help serve the same purpose
other than the lack of sulfide chemistry and the likely greater difficulty of attaining
stabilization. The stabilization and propagation process may indeed be under cathodic
control and this tends to be supported by the fact that in cases where the electrolyte exists as
droplets on the active metal surface, only one pit is often seen per droplet. However, much
more needs to be learned about how a pit might be sustained such in copper pitting where
stifling occurs instead of true repassivation. The role of wetting/drying must be better
understood in the light of cathodically limited pits. In other alloying systems, evaporative
concentration of the environment accelerates pit initiation as Cl- contents increase. However,
cathode limitation eventually limits pit growth. This process must be better understood. The
role of relatively benign environments and whether or not HCl can provide a release
mechanism for ClI" must be clarified. Other microstructural features such as delta ferrite in
welds, potential carbides induced sensitization, and potential martensite formation may
change pitting susceptibility from a metallurgy point of view. The assumption that high
carbon grades won’t form deformation induced martensite may be incorrect as more modern
low carbon grades may be more susceptible. Recent experiments on BT Super 13
Martensitic steels with variations in alloying element partitioning in alloys containing
martensite, ferrite and austenite show unusual effects of phases on pit formation and growth
where simple notions such as a pitting resistance equivalent number (PREN) does not predict
phases which pit in chloride environments. These can be characterized in low tech are well as
high tech experiments where low tech experiments might involve rack exposures and high
fidelity experiments might be heavily instrumented with multi-electrode arrays or SKPFM
measurements. Plausible extremes are worth exploring in terms of environments and alloy
conditions.

2. Crack initiation. The first aspect to be realized is that both low temperature hydrogen
embrittlement and Cl- induced SCC must both be considered as pertinent SCC mechanisms.
It is incorrect to think of this phenomena only as due to as Cl- induced SCC only, although
this mechanism may dominate this class of materials at temperature above 120°C. (The
threshold temperature must be determined as well). In light of this, many aspects of the way
to think about each variable might be altered. For instance what environments promote
hydrogen uptake besides those that promote pitting. The report summary covers many
aspects of this that I think are important. Since the source of hydrogen is the cathodic
reaction (one of several) in acid stabilized pits, much must be understood about this process
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and the factors that control the manner in which a crack is initiated. Luckily some of the
factors that drive acid pitting, Cl- SCC and hydrogen embrittlement are common such as
acids with high Cl- content. There are differences though. At high temperature cracking
might be transgranular but could occur by IGSCC if sensitized. On the other hand hydrogen
controlled cracking might be intergranular. Testing must carefully include a range of
metallurgical conditions such as martensite and austenite that could produce these different
mechanisms and rates. HE rate might be hydrogen diffusion controlled to the fracture process
zone and susceptibility, critical hydrogen levels and crack growth rate would be a strong
function of microstructure. The crack path should be carefully inspected after the tests. Post-
exposure hydrogen analysis would add in interpretations.

I think there is value in low tech bent beam or 3 point load samples with salt deposited,
drops or designer pits. These specimens would be valuable for high throughput screening. In
fact there are advantages in that cracking from an array of pits can be investigated by
examining the pit at each droplet to catch the crack transition at various stages (all drops with
pits would not experience pitting and crack initiation at the same time). Moreover, highly
instrumented SENT specimens with salt deposition and crack initiation and propagation are
recommended to be monitored by methods such as DCPD and load pulse marking. A range
of environments and microstructures must be considered. I think that this method is perfectly
suitable for such screening but should not be relied upon for crack growth measurements and
accurate rate determination — given the number of assumptions needed. Careful attention
must be given to microstructure in plausible extremes. I also recommend full immersion tests
in NaCl solution at the pit repassivation potential or SKP determined droplet OCP as well as
full immersion tests after hydrogen charging at various hydrogen levels. I would argue that
this condition is quite pertinent until proven otherwise. The idea would be to test a range of H
levels and to try to determine the levels seen at actual pits via rescaling methods or via local
measurements with an SKP or SKPFM.

The pit to crack transition will become better understood by this full set of experiments. Our
approach has been to test individual droplets that transition to SCC in the various manners
described above.

Crack Propagation. My comments on the report summary and the answers above cover
much of this. The crack branching can be addressed with the load pulse marking method with
high probability. This must be checked, however. The K field trajectory must be investigated
to see if crack arrest can occur as residual stress is dissipated by cracking. The effect of
wetting and drying on crack growth must be much better understood. In some systems cracks
start and stop with the wetting and drying. This must be verified. Moreover, the source of
hydrogen and the hydrogen concentration field is most assuredly disturbed by the wetting
and drying. There may be some enhancement in uptake just before drying but what happens
after that and through this process is unclear. I remain concerned that the K trajectory differs
between three point loaded. SENT and actual canisters leading to differences in results.
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2.4 Response from Dr. Alan Turnbull (National Physical Laboratory)

1. Localized Corrosion: Issues to consider in localized corrosion: environmental conditions
(including temperature and thermal gradients) on the metal surface and how it changes with

time; initiation sites on the metal surface; factors controlling pit growth.

In relation to the environment, we make the reasonable assumption first that marine
environments are inherently the most aggressive and that inland environments will be
relatively benign unless their location is near to any facility spewing out nasty chemicals.
There is no consistent view of what constitutes the water chemistry at the surface with
atmospheric exposure in marine environment; we “believe” that simple MgCl,/NaCl models
that make up the bulk of laboratory testing are not representative and recognize that water
chemistry associated with evaporated seawater and atmospheric exposure is complex and
may not be as aggressive as simple salts. It is also not clear in relation to dynamic
atmospheric conditions how the metal-solution interface is changing with time; for example,
droplets, thin liquid layer, drying out combinations, T variation, all of which will impact on
pit initiation, pit growth and crack development. In that context, we need some data from
service as to the nature of deposits, the time variation of temperature, moisture content and
particulate matter content and composition. Can we define a suitable laboratory simulation
that is practically relevant; e.g. with seawater deposits in controlled humidity (constant and
variable) and also complement it with a test system at site that allows observation and

analysis. Extreme laboratory test conditions are not helpful.

The solution around deposited particles on the surface will concentrate but it is possible also
that under-deposit attack with changes in local chemistry induced by constrained transport

could be the additional factor creating the environment necessary for pit initiation.

Initiation sites for pits can be MnS inclusions, physical defects with the latter often more
significant for ground surfaces in our experience (are there any unused/discarded containers
available for evaluation of surface state?). Need to consider whether crevice/crack-like

defects may exist at welds and pre-empt the need for pitting.

The fundamental question is whether to consider the initiation stage at all. While there can be
much discussion about factors leading to pit initiation, I would take the view that it has
occurred early in life and is of the order of the largest defect and concentrate on what factors
control propagation from some assumed initial pit/defect size. In that context, we have
observed that pits may arrest and not re-start when the environment is transiently changed to
a benign environment (unpublished work for EPRI). A controlled experiment to evaluate that

possibility and thus give insight into the effects of varying the humidity may be merited.

In relation to propagation, the Kelly model is educational in highlighting the cathodic
limitations to growth but need to consider droplets, wetting and drying, physical deposits
which would provide a challenge in modelling. I would suggest that there is too much
uncertainty in relation to pit propagation and the complex and dynamic nature of
environment  to allow confidence in any quantitative prediction except under limiting
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conditions (e.g. thin liquid layer with established salt concentration to predict possible
maximum pit depths.

Pit growth rates will be inherently variable not just from pit to pit because of different size
(and for the same pit size from statistical variation) but primarily because of the dynamic
nature of the environment. We can only measure the distribution with exposure time to get
the rates but from a statistical perspective the period of measurement has to be representative
and include wvariation with all four seasons. Hence, short term tests would not be
representative and reliance on published data in a similar climatic region would be required
in the short term (should reliable data exist).

Crack Initiation: Combination of factors that affect transition including stress concentration
associated with micro-topography and macro-topography, local environment, pit growth rate
(strain rate effect) and Kondo criterion. Very hard to predict pit distribution and what
constitutes crack initiation without actual exposure data as a baseline. Modelers, including
myself, use the Kondo criteria as it has to be satisfied but site of initiation can vary around
the pit and defining the initial crack depth on initiation becomes very difficult.

In my view, it will be very hard to capture the pit-to-crack transition and I would advocate
focus on measuring growth from a prepared defect - could be a specially grown pit of
controlled size or physical notch (I prefer pit). As the pit-to-crack transition is so variable we
grow a very small fatigue crack from the pit to kick-start the process!

Crack Propagation: The key questions are what is the rate of crack growth as a function of
crack depth as measured from the exposed surface; how to define crack depth when cracks
are irregular/branched; how does the crack growth rate change with dynamic changes in
environmental variables such as humidity.

As noted in previous section I am biased towards using a previously grown pit of controlled
depth as a crack starter with a small fatigue crack then grown from that since that is closest to
the real situation. The challenge then is how to measure the growth rate with time. There is
no automated way that can deal with crack branching as techniques such as DCPD are
sensitive only to the change in resistance from whichever source. Nevertheless, such
techniques are useful in indicating crack activity and in the context of fluctuating exposure
conditions that in itself is helpful though only for a particular focused experiment, to explore
threshold humidity for example. Inevitably, multiple specimen testing for different
environments may be necessary with specimens removed at different times and fractured to
determine the deepest crack. However, if constant load is used then there is the option of
adopting specimens with multiple cracks of varying initial depth. However, final crack depth
for each crack would have to be determined by layer removal in this case. In view of overall
potential drop in crack and external solution a crack size effect on growth rate is projected
and readily evaluated by this method. For the case of a thin liquid layer of defined salt
content we can model some aspects of that depth dependence (we are doing this currently) as
can Kelly. For droplets it is more of a challenge and would require significant development
(incorporation of chemistry changes from effluent from pit/crack, surface tension driven
convection..)
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In terms of exposure conditions I am moving away from fully immersed conditions as they
may be considered so poorly representative with regard to potential drop in the solution, with
an uncertainty also in defining what the environment should be, as to be approaching
guesswork. That means setting up the relevant SCC tests as proposed above in controlled
humidity and temperature conditions with initial deposited seawater as the preferred route.
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3. MEETING MINUTES

What follows are the minutes from that panel review. The minutes have been grouped into five
specific topic areas that were discussed during the meeting.

3.1 Inspection

The first dry spent fuel storage system was fielded in 1986 at the Surry reactor, with a number of
reactors following shortly thereafter. The expanded use of dry storage systems was necessary for
operating reactors to maintain full core off load capability in spent fuel pools. Initially a specific
ISFSI license and a Certificate of Compliance (CoC) for a storage systems that could be used by
any general licensee were approved for a period of 20 years. As a result, many specific ISFSI
licensees and CoCs are approaching the point at which the specific license or CoC must be
renewed.

The concern exists that stress corrosion cracking of fielded interim storage containers could take
place, potentially leading to a breach of the container wall. As a result, the NRC is requesting
that ISFSI owners identify a lead system and inspect at least one of their fielded storage
containers to determine the current condition of the canisters as part of the license renewal
process. The NRC regulations require the development and implementation of Aging
Management Programs (AMPs) for important to safety (ITS) structures, systems and components
(SSCs) susceptible to credible aging effects that may affect their intended safety function(s).
The aging management activities including AMPs must be included in a license or certificate of
compliance (CoC) renewal application and implemented during the period of extended operation.
AMPs for the management of localized corrosion and stress corrosion cracking have relied on
periodic inspections of at least one canister at an ISFSI site.

Darrell Dunn (NRC) led a discussion on the need for inspections, and the rationale behind the
currently proposed inspection interval of 5 years. As everyone is aware, there is a limited
quantity of high quality data available on the atmospheric stress corrosion cracking of austenitic
stainless steels such as 304 in chloride-containing environments, particularly in the ranges of
temperature and relative humidity of relevance to interim storage systems. The majority of that
data has been obtained at combinations of temperature, absolute humidity, and contaminant
loading which are more aggressive than the conditions that could occur on the surface of fielded
containers. Because of this, the data may over-predict the occurrence of crack initiation, or yield
crack growth rates significantly faster than would occur on the container. However, despite the
limitations of the available data, it must be taken into account. Given these data, then, once
initiated and actively propagating, a crack progressing at the highest rate could penetrate an 0.5
to 0.625 inch thick container wall in as little as 17 years at temperatures where deliquescence of
chloride salts may be possible. The inspection interval was set such that, based upon the
available data, if a crack were to initiate and be continuously propagate at the maximum rate
based on the aforementioned literature data, then an ISFSI licensee would have at least two
inspection cycles during which they could potentially catch the crack before it had penetrated the
container wall.

Several panel members inquired as to what needed to be inspected, and if found what size of a
crack would be a problem? Darrell indicated that the regions where there was most interest were
welds, as they are typically associated with high residual stresses. However, which welds are of
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importance varies depending on the design. While all of the fielded designs in the US are single
shell vessels, and thus the welds along the sides of the container are of interest for all designs,
there are substantial differences in the top and bottom welds. For some containers designs, the
container lid incorporates a second cover such that the outermost weld is not the confinement
weld (i.e., the weld that is exposed to the external environment is not the confinement weld). In
other cases, the outermost weld is the confinement barrier. For the base of the container, some of
the welds are constructed such that the base weld is a side-penetrating weld, similar to a side
circumferential weld, while in other cases the base plate of the container is inserted as a plug,
and the weld at the bottom of the canister is not. To summarize, the specific welds of greatest
importance vary from design to design.

In terms of what constitutes a failure, the container licenses stipulate that the container must be
leak-tight. While the fielded canister designs may be able to handle a substantial crack and
maintain their mechanical integrity, and, radionuclide releases from cracks, should they occur,
would likely be small or negligible, that is not what forms the basis of the license. Any crack
that penetrates through the entire wall, irrespective of its size, would constitute failure in terms of
compliance with the license.

Several viewpoints were raised as to the nature of the potential for stress corrosion cracking and
the ability to address it. One view, expressed by Sylvia Saltzstein, was that this was, in part, a
public perception issue. The issue has been raised that stress corrosion cracking may be a
plausible mechanism through which fielded storage containers may fail, eroding public
confidence in the ability of the fielded systems to maintain confinement of the spent nuclear fuel
that they contain. As such, any approach taken to evaluate this phenomenon must be evaluated
in terms of how it would help alleviate the perception of public health issues — the question must
be asked “how is this work going to answer the questions or concerns that the public has?” Ken
Sorenson presented a slightly different assessment, stating that this appeared to be a licensing
issue, and that understanding the cracking process is critical if a licensee is going to be able to
build a sound technical basis for extended dry storage of spent nuclear fuel — in other words, the
research is necessary to build the justification for extended use of existing and future spent fuel
canisters, and to support the development of sound aging management programs. The question
was then posed to Darrell as to how the information would fit into a licensing scheme. Darrell
indicated that there is significant value in understanding all aspects of the cracking process —
from localized corrosion to the pit to crack transition, to crack propagation. As mentioned
already, better crack propagation information is needed to inform/refine inspection intervals, and
help both the NRC and its licensees understand the significance of a crack of a particular size. In
terms of localized corrosion and the pit-to-crack transition, industry representatives have
expressed that they anticipate pitting to not be uncommon on the surface of the containers,
though to date, this has not been verified via visual or other inspection methods. An
understanding of when and how localized corrosion initiates, the rate and extent of propagates,
and under what conditions a localized corrosion site would result in the initiation of an SCC
crack is critical to determining when canister surface inspections should be initiated.
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3.2 Environment

The environment discussion began with a presentation by Charles Bryan on the anticipated salt
chemistry on the surface of fielded containers. First, the results of the EPRI sampling program
were reviewed. The first site sampled was Calvert Cliffs, a near-marine site located
approximately a half mile inland from the Chesapeake Bay (a sheltered bay containing brackish
water) with a horizontal Areva-TN NUHOMS system. While a significant dust load was visible
on the top of the container, due to issues associated with the implementation of the sampling
system, only samples from the side of the container were obtained. The soluble salts within
these samples were calcium- and sulfate-rich, with gypsum (CaSO, - 2H,0) being the dominant
phase present. A small fraction of chlorides was also present, with the dominant phase being
NaCl. The second site sampled was Hope Creek, located approximately 0.25 miles from the
shore of the Delaware River, 15 miles upstream from the Delaware Bay (but within the tidal
zone), again being adjacent to brackish water and sheltered from the open ocean, with a vertical
Holtec HiStorm system. The canister top was much more heavily loaded than the sides, and the
dust was dominated with insoluble materials such as quartz, clays, and aluminosilicates. The
soluble salts that were present consisted primarily of gypsum and carbonates. A small quantity
of chloride-bearing salts was also present, primarily as isolated grains of NaCl. The final site
sampled was Diablo Canyon, a marine site located 0.35 miles away from and 400 feet above the
ocean, utilizing a vertical Holtec HiStorm system. As with the other locations, the dust load was
higher on the upper surface than the sides. The deposit was again dominated with insoluble
materials such as quartz, clays, and aluminosilicates, however, in this case a higher quantity of
chloride rich materials were present. The chlorides were present as sea-salt aggregates rich in
sodium, chloride, magnesium, and sulfate, consistent with deposition at a marine site.

Next, the results of thermodynamic models of brine composition upon evaporation of sea water
was presented. At low relative humidities (e.g., RH < ~60%), predicted deliquescent brine
compositions are rich in Mg?" and Cl-, and somewhat less enriched in Br and B (it should be
noted that the thermodynamic database utilized for these calculations is not qualified for use to
predict borate species and contains few borate salts, so the enrichment in B may not be real).
Under these conditions, other seawater components have been removed by precipitation, and are
minor in the remaining brine. Salt minerals that are predicted to precipitate out during
evaporation, in order of occurrence, include calcite (CaCO;), and then gypsum (CaSO,-2H,0),
which converts to anhydrite (CaSO4) at a concentration factor of about 9 (where the
concentration factor is equal to the ratio of substance concentrations in the concentrated solution
to the concentration in the initial solution). Halite (NaCl) precipitates at a concentration factor of
about 11. Other minerals precipitate, and in many cases redissolve, as the seawater evaporates.
The final salt assemblage at dryout consists mostly of halite, with lesser amounts of bischofite
(MgCl,-6H,0) and kieserite (MgSO4-2H,0) and trace amounts of anhydrite, carnallite
(KMgCl,:6H,0), and hydromagnesite (Mgs(CO3)4(OH),-4H,0). As sea-spray aerosols dry out,
these salts are precipitated, and salts, or a mixture of salts and brine, may be present on the
canister surface. As the RH rises over time, the salts redissolve and the composition of the
deliquescent brine follows the path of evaporation in reverse order. It is the highly deliquescent
MgCl,-6H,0 that is believed to control the deliquescence behavior of sea salts, determining
when an aqueous phase is present.

During the ensuing discussion, the suggestion was made that chloride might be lost by degassing
as HCI from the acidic pit solutions, based on the observation of Na-bicarbonate precipitation at
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the cathode in NaCl corrosion experiments by Schindelholz et al. (2014). The observed reaction
essentially converts NaCl to NaHCO;, and a balancing reaction to consume the chloride seems
necessary. This expectation is supported by observations of Cl-depleted Na-K bicarbonate and
carbonate salts associated with corrosion on storage canisters at the Diablo Canyon ISFSI. Alan
Turnbull disagreed with the statement that chloride would degas when associated with a pit,
noting that oxygen reduction at the cathode (external to the pit) would result in the production of
hydroxyl ions, and that chloride would be driven by electromigration to the anode site within the
pit. While the discussion presented regarding degassing considered the chemical
reactions/thermodynamics for their determinations, the electrochemistry was left out. In order to
capture what is taking place at an active localized corrosion site, the electrochemical reactions
(and their impact on the local chemistry) must be considered.

The discussion then moved to the nature of the evaporatively concentrated brine on the container
surface. Thermodynamics, along with a field study at the Morton Salt facility in Inagua (the
Bahamas), some laboratory studies, and geological evidence from salt evaporate deposits
indicate that as seawater evaporates, the brine chemistry should evolve to a magnesium chloride
rich brine. This result is consistent with many studies of the deliquescence behavior of sea-salts
(by SNL, NRC, and others), which show a stepwise increase in absorbed water mass (or
conductivity, or impedance, depending on the method used) at the deliquescence point of
magnesium chloride. However, Turnbull indicated that in experimentation he has conducted,
this was not observed. While thermodynamic predictions suggest that the brine should evolve
towards a moderately acidic, Mg-rich brine, experiment in the NPL labs and corroborated by
results at the Swedish Institute for Metals Research (SIMR), have found that when evaporatively
concentrating seawater (natural or ASTM artificial ocean water) the sodium content remains
high, and the brine pH remains close to neutral. To explore this further, they started with a
MgCl, brine then attempted to increase the Na concentration via titration with NaCl — in that
case, the brine remained a MgCl, brine, consistent with thermodynamic predictions. The results
suggest that there may be interactions between the various components within the brine that are
not accurately captured in the existing thermodynamic databases, possibly due to disequilibria
that occur during rapid evaporation of seawater. The implication is that a low pH, Mg rich brine
may not be what is formed as seawater is evaporatively concentrated. (Turnbull et al., Corrosion
Vol. 64, No. 4 (2008), pp. 325-333.) This would have significant implications as to the
anticipated corrosiveness of the deliquesced brine.

Some concerns were also expressed with respect to the solid phases which form upon the
evaporation of seawater. Andy Duncan indicated that he had evaporated seawater and identified
a species not predicted by the thermodynamic analyses — tachyhydrite (dimagnesium calcium
chloride, 12 hydrate). This material is highly deliquescent, and would yield a deliquescence
relative humidity below that of magnesium chloride. Charles Bryan indicated that the
precipitation of ternary and quaternary salt species occurs during evaporation of seawater, the
actual species being a function of the temperature at which evaporation took place, however, the
predicted species form at intermediate concentration values, and with the exception of carnallite,
redissolve with further evaporation.

In addition to the species present on the surface as solid salts (which may deliquesce to form a
liquid brine), Rob Kelly pointed out that there are a variety of gaseous constituents of
environments which can have a profound impact on the corrosivity of the environment, as well
as the resulting phases/corrosion products which can form. As an example, in performing
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standard ASTM B117 salt fog testing of silver very little corrosion product is formed, and what
does form is predominantly sulfides with little or no AgCl. However, when gaseous oxidizing
atmospheric contaminants (such as ozone, oxides of nitrogen, etc.) are added to the salt fog
environment much more significant attack is observed, with copious amounts of AgCl being
formed. W. Abbott at Battelle laboratories has made an effort to characterize the aggressiveness
of atmospheres located around the country (predominantly at military installations), and that
information could be leveraged in evaluating the susceptibility of stainless steel to localized
corrosion and stress corrosion cracking at different spent fuel storage locations.

3.3 Localized Corrosion

Rob Kelly began the discussion of localized corrosion of austenitic stainless steels under
atmospheric conditions, with a discussion of an ongoing program he has led at the University of
Virginia aimed at developing a model to predict the maximum pit size that might form on the
surface as a function of the environmental conditions. In modeling pit depth with time, most
models in the literature are power laws (i.e., d=At", where d is the size, ¢ is time, and both 4 and
m are empirically derived parameters associated with the material and exposure condition), with
the pit size increasing as an exponential function of time (note that the exponent, m, is less than
1, resulting in a slowing of the growth rate over time). While these expressions can be accurate
over short times, they do not capture the long term behavior that has been observed. Part of the
problem is the inability to obtain the required accuracy in the parameters used for these models
(i.e., 4 and m), where small uncertainties can yield substantial differences in the predicted pit
size with time. In the field, localized corrosion sites appear to have a limiting size that they
reach — as such, the maximum pit size on a structure appears to increase with time, and then
plateau at this maximum depth. While the number of pits may increase with time, none appear
to grow larger in size than the observed plateau, or maximum pit depth. This depth is a function
of the exposure conditions and the alloy being considered, and the time to reach the plateau size
can take years, or in some cases can be more rapid. In building a power law model, the
measured pit size as a function of time is fit to the expression described above. The accuracy of
that measurement then, in terms of the ability to capture the maximum pit size that could form as
a function of time, will thus define the ability of the model to predict a maximum pit size.

The source of this observed upper limit to the pit size is believed to be due to the limited ability
of the surface surrounding the pit to supply the cathodic current needed to support propagation.
In order for a pit to grow, the oxidation (anodic) reactions taking place within the pit (i.e., the
corrosion of the metal) must be equal in magnitude to reduction (cathodic) reactions taking place
outside of the pit (e.g., oxygen reduction). In the model developed by Kelly and his colleagues,
the cathodic capacity of the surface is modeled as a function of the salt loading of the surface, the
relative humidity of the gas phase, the electrochemical kinetics of the relevant cathodic
reaction(s), and the exposure temperature. The limiting pit size is determined by combining the
maximum cathodic current available from the surface with the Galvele pit stability product. The
advantage of this model is that the critical parameters can all be determined experimentally or
calculated via thermodynamics. As with all models, a number of assumptions are made in
implementing this one as well. First, it is assumed that the pit will be hemispherical in shape.
Other geometries can be described by this model, but the expressions presented are for a
hemispherical pit (which is often observed for austenitic stainless steels). In addition, Kelly
mentioned that his group had recently received a series of specimens which had undergone long
term exposure in Hawaii. The nature of the localized corrosion on those sites, including pit
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geometry, must be extensively characterized to validate the assertions on typical pit geometry.
Second, it is assumed that the active pits will be sparse enough that the maximum size pit being
modeled will be positioned such that no neighboring pits will be close enough to impact the
ability of the surface to supply cathodic current to it. Because the ability of the surface outside
of the pit to support cathodic activity is limited, if two or more pits are pulling cathodic current
from the same location, the total current density required from a point on the surface to support
all of the nearby active pits must be less than or equal to the maximum cathodic current density
that the surface can deliver. Under these competitive conditions, the observed pits will not
approach the calculated theoretical maximum pit size.

Once a localized corrosion site reaches to the point where its required cathodic current is greater
than what the surrounding surface can provide, the site will begin to repassivate as it will not be
possible to maintain the critical chemistry within the site. Thus while an actively propagating pit
has two key features — an acute geometry that acts as a stress concentrator coupled with a highly
aggressive critical pit chemistry — a pit which has repassivated will only have the former. It was
noted by John Scully that the repassivation of a pit is not an abrupt event. As the repassivation
process progresses, regions of the pit will remain active until the chemistry within the pit
becomes sufficiently dilute to allow the protective oxide along the pit walls to reform (i.e., the
surface becomes passive) and the rapid electrochemical dissolution within the pit to stifle.
During this process, the chemistry within the pit becomes increasingly dilute, and the pH
gradually increases. This gradual repassivation process has been demonstrated experimentally
by Scully’s group for crevice geometries using multi-electrode arrays. The likelihood of re-
initiation of a localized corrosion site was discussed — specifically, once a localized corrosion
site has repassivated due to exceeding the ability of the surrounding cathodic region to support it,
will it reactivate once conditions are again favorable for localized corrosion to take place? For
example, if the humidity decreases, resulting in a thinner brine layer and reduced cathodic
capacity of the exposed surface, and as a result an actively propagating pit is forced to
repassivate, will that pit reinitiate once the humidity increases again? Scully and Kelly
responded that once a pit has repassivated, the process of getting it to reactivate is complex,
requiring rehydration of the oxides and hydroxides within the passivated pit, followed by the
development of an aggressive environment within the pit — as a result, repassivated pits do not
typically reinitiate.

Repassivated pits behave differently than other regions of the surface (i.e., the regions of the
surface surrounding the once active pit). Scully described research in his group using multi-
electrode arrays which has indicated that repassivated pits can act as stronger cathodic sites
compare to the unpitted surrounding surfaces, presumably due to the reduction of species within
the repassivated pit. (i.e., the repassivated pit will contain numerous oxides, hydroxides, and
other species which could offer cathodic reactions in addition to the oxygen reduction reaction
(which would be prevalent on the unattacked regions of the surface around the once active pit).
That being said, Scully also indicated that cyclic wet/dry experiments have indicated that in
some situations, using NaCl/MgCl salt assemblages, that reinitiation may have been observed.

The discussion moved to a more general review of the conditions that would lead to pit initiation.
Turnbull expressed that understanding the window of conditions under which pitting might
initiate was critical in assessing the response of a system. Generally, pitting takes place when the
salts/solution is drying out on the surface of interest, consistent with the environment
presentation given earlier. As the solution concentrates, it becomes increasingly aggressive, and
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can result in local depassivation of the stainless steel. Scully reminded everyone that the
chloride concentration, in and of itself, does not necessarily dictate the aggressiveness of the
environment. As an example, he cited work on 2205 (a duplex stainless steel) where pitting and
cracking is observed in magnesium rich brines, but not in sodium rich brines of the same
chloride level.

The question was then raised about the number and location of localized corrosion nucleation
sites on an austenitic stainless steel surface, considering its microstructure and the impact of the
construction process (i.e., grinding). For engineering alloys, microstructurally, there are a
variety of features that have been observed to serve as preferential nucleation sites. These
include grain boundaries, second phase constituents (e.g., MnS inclusions), and other high
energy structures. Similarly, the forming process also generates preferential initiation sites, such
as highly deformed regions on the surface and the deposition of second phase materials (e.g.,
iron from the tooling used to form the structure). In some cases, the deformation associated with
the formation process — be it mechanical deformation or deformation due to the welding process
— can result in the formation of strain-induced martensite. However, Peter Andresen indicated
that he had not seen appreciable martensite formation associated with welded stainless steel pipe.
Presumably the heat input from the welding process prevents such a transformation. The
question was posed as to whether there are a limited number of these preferential initiation sites,
such that they might be consumed early in the life of the container, or if there were so many that
nucleation could be assumed to be a continuous process, to the extent that there would always be
sufficient nucleation sites once the environment was established. The panel argued that it would
be a given that there will be numerous corrosion nucleation sites. The panel agreed that while
there are some sites, such as MnS inclusions, that are perhaps easier to nucleate pitting, that there
would be plenty of easy nucleation sites — the supply would not be exhausted.

While discussion the model developed by Kelly and coworkers to capture the impact of the
surface environment on localized corrosion (in terms of the ability to supply the necessary
cathodic current for the localized corrosion site), Turnbull suggested that this model could also
be used to evaluate SCC cracks that grow from the surface. This approach could be particularly
effective at assessing the CRIEPI data from 4-point bend tests. The change in crack growth rates
with time observed in that work has been suggested to be the result of a cathodic limitation. The
use of the model to assess the CRIEPI data would help provide a sound technical basis for such
statements, or demonstrate that the notion is incorrect.

3.4 The Pit to Crack Transition

Localized corrosion is believed to play a critical role in the initiation of stress corrosion cracking.
A localized corrosion site, such as a pit, has physical features that provide an acute geometry
which will act as a stress amplifier, locally magnifying the stress, along with a concentrated, low
pH and chloride rich solution within the pit. The question was posed whether the combination of
the above two factors was necessary for crack initiation, or if only one, such as the stress
amplification, were sufficient to result in crack initiation. Scully, Kelly and Turnbull all agreed
that the environment within the pit was necessary for crack initiation, and that crack initiation
would occur from an actively propagating pit, rather than a repassivated one. Turnbull indicated
that the requirement for localized corrosion appeared to hold true for most steels. However, for
duplex stainless steels there have been instances where a dealloyed layer was found under a
corrosion product deposit, and that brittle dealloyed layer had served as the initiation site. Some
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discussion followed about the discussion by R. Newman in the recent Faraday Discussions
(“Localized Corrosion: General Discussion”, Faraday Discuss., 2015, Vol. 180, pp. 381-414) on
the dealloyed layer model of Newman and Sieradzki. Andresen offered a counter point,
indicating that it was not at all uncommon to find SCC crack nucleation from features other than
a localized corrosion site in high purity, high temperature water environments (i.e., primary side
of pressurized water reactors). Turnbull countered that the mechanisms through which such
cracks initiated in high purity water would be difficult to envision for an atmospherically
exposed stainless steel container. Andresen reiterated that while aggressive environments would
indeed initiate cracks more readily, the possibility of crack initiation cannot be dismissed under
conditions where pitting was not occurring actively. In other words, it is difficult to support the
assertion that an SCC crack will never initiate from sites other than pits (active or repassivated)
on the surface of the container. Peter showed crack growth rate data at constant K (no cycling)
that was quite high in pure, deaerated water at ~100 °C. Key issues include the experimental
technique and crack monitoring resolution.

As with localized corrosion, there often appear to be threshold environmental conditions which
must be met or exceeded before crack initiation will take place. Scully pointed out that
austenitic stainless steels tend to exhibit a critical temperature below which they will not undergo
stress corrosion cracking (though other crack mechanisms, such as hydrogen induced cracking,
can be operative). Experimentally, this temperature is found to be a function of the environment
(i.e., chemistry). As the temperature is reduced, there is a transition in mode — suggesting that
hydrogen effects are more important or controlling at lower temperatures. To more thoroughly
assess this, it would be necessary to evaluate the impact of the species present on the hydrogen
uptake behavior of the materials. Andresen countered the idea of a threshold temperature,
indicating that these types of thresholds don’t exist with more sophisticated experiments and
high crack length resolution. In high purity water, stress corrosion cracking below 50°C (the
historic “threshold” temperature) has been observed. There are effects such as cold work that
can have a large effect. Scully asked if delta ferrite could be present, or perhaps deformation
induced martensite. Andresen indicated that modern materials, often are less homogeneous than
expected. In the field, he has seen material that should be solution annealed (based upon the
material certification) show up with an as-cast microstructure — in other words, there appears to
be significant variability in material quality, when based upon the nominal specifications or
historical experience, there should not be. Addressing Scully’s question, while the presence of
undesirable phases would be unlikely for solution annealed plate, in his experience you can’t
guarantee that you get what you are expecting — as such, phases such as delta ferrite could be
present in some cases.

Assuming that a stable SCC crack will have to initiate from a localized corrosion site, it is likely
that it does not immediately form a stable crack. Turnbull pointed out that crack initiation needs
to be thought of in terms of an incubation time or process. Initially, a crack embryo (something
smaller than what is required to form a stable crack) will form, then progress with time into a
critical flaw size. Research has indicated that the initial growth processes working towards
forming such an embryo can be very slow. Turnbull went on to explain that once a pit has
reached a combination of critical size, chemistry, and internal geometry, microcracks are often
formed. Microcracks are seen at pit sizes as small as 50 microns in diameter, and tend to follow
slip planes in the parent metal. In many cases, these microcracks run out of mechanical driving
force, or are overcome by the advancing corrosion front, before they can become a stable crack.
The specific location at which the microcracks initiate is a complex function of a number of
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factors, including the local environment at a point within the pit, as well as the surface
topography along the walls of the pit. Turnbull pointed out that the most aggressive region may
not be at the base of the pit, and instead could be closer to the surface. Other factors which may
reduce the threshold for crack initiation include grinding/surface deformation which can, in
addition to lowering the resistance to pit nucleation, also enhance microcrack formation.

Peter Andresen offered some general comments on crack initiation, specifically highlighting the
difficulties associated with quantifying initiation. While evidence presented to date supports the
assertion that SCC initiation for welded austenitic stainless steel storage containers will take
place at a pitting site, the data is far from comprehensive/conclusive. Looking more broadly,
there are a number of phenomena that have been observed to result in SCC crack initiation,
including pitting, intergranular corrosion, grain boundary oxidation during thermal processing,
surface cold work (deformation due to processing, such as grinding, bending, etc.), mechanical
cracking, fatigue, etc. While it may be tempting to exclude such diverse sources of crack
initiation, some of them may be influential, if not completely responsible, for crack initiation
under some relevant (but perhaps as yet unexplored) conditions. A comprehensive treatment of
crack initiation would need to encompass all of the potential degradation mechanisms through
which cracking could initiate. Microstructurally, initiation relies on an understanding of a thin
surface layer of material, on the order of 100 microns in thickness or less, the characteristics of
which can be highly variable.

Overall, the panel agreed that the critical environmental conditions under which SCC can take
place on the surface of an interim storage container — or more specifically, the threshold
conditions beyond which cracking is possible — are poorly defined. Andresen inquired if there
were other sources of information that could be leveraged to predict the behavior of interim
storage containers — both in terms of conditions where cracking can take place, as well as when it
does not. There are a wide variety of atmospherically exposed, austenitic stainless steel
structures and piping under broadly similar conditions at both nuclear and other industrial sites —
could these installations be evaluated in terms of whether localized corrosion has been observed
under such conditions? There could potentially be a large volume of information available that
could be tapped upon to inform on the anticipated behavior of the storage containers. Darrell
Dunn agreed with Andresen — that data from industrially exposed components of similar
materials is needed. Pit depths, pit distributions, crack geometries (if present) and how/what is
depositing on the surface of the containers. While the fielded installations are from differing
environmental conditions, they could be used to inform on how interim storage containers might
be have.

3.5 Crack Growth Measurement

The discussion of SCC crack growth measurement was prefaced by a review of the pertinent
literature data. While the surveyed studies all explore SCC of austenitic stainless steels under
atmospheric conditions, the methods through which each researcher approached the problem
differed substantially, ranging from optical measurements made after the fact to efforts to
implement more traditional crack measurement techniques, such as direct current, potential drop
(DCPD). The surveyed studies utilized a variety of metal treatments including as-fabricated,
solution annealed, welded, and sensitized material. Furthermore, different surface treatments
(polished vs ground) were also used. In addition, most of these studies were accomplished using

29



techniques that are not generally accepted for high-fidelity crack growth rate measurements, and
in cases where more traditional approaches were taken, these methodologies may not be
applicable to the atmospheric conditions of interest here. The wide variety of methods and
materials results in the observed large scatter in measured crack growth rates (CGRs).

Peter Andresen offered a general summary of the limitations of SCC measurements. SCC
processes, much like other materials-degradation related processes, are complex, and as a result,
the experimental studies aimed at evaluating them are, more often than not, flawed.
Compilations of SCC growth rate data generally show vast amounts of scatter, often the result of
the methods through which the data was acquired. This significant scatter hinders the ability to
see inter-dependencies or to accurately predict trends in the data, softens trends such as the
impact which temperature has on crack growth rates. Furthermore, it is not possible to overcome
bad experiments, or more specifically, experiments that are flawed in their approach to
evaluating the problem, through statistics — the experimental program must be fundamentally
sound, and executed with an appropriate level of precision. Part of the issue appears to be the
prevalence of the concept of immunity to stress corrosion cracking being presented as an
achievable goal (particularly in industrial codes), which encourages the use of simplistic
experiments, and undermines the ability to generate comprehensive test programs that improve
our ability to understand. There is also an inclination to see specific material/environment
combinations as separate systems and evaluating them empirically, rather than seeking out the
connections/similarities between things and developing mechanistic models that could then be
applied to multiple systems.

Kelly discussed the definition of the environment space over which experiments were to be
performed. Due to the large number of variables, and the extended duration over which SCC and
localized corrosion tests take place, it would be difficult to employ something like a traditional
design of experiments. The desire would then be to explore the extremes of the environment. In
doing so, Kelly impressed that it is critical that plausible extremes be explored. The conditions
should be selected such that they bracket the anticipated field conditions, but not by too much as
there is a danger that other degradation modes could be introduced. Andresen expanded on this,
adding that in designing experiments, it is important not to get too greedy in terms of changing
too many variables in each test, or in terms of trying to simulate the complexities of the waste
canister and its environment in a few tests. In other words, limit the degree to which multiple
variables are changed from test to test. Andresen also added that given our limited
understanding of the phenomenon, there is a need to perform proof of principle tests in addition
to performing tests that will provide data to feed a model.

There was significant discussion as to the difficulties of conducting atmospheric SCC testing.
The ability to tune variables that directly impact the chemistry within the crack and the crack
growth rate is limited. Andresen offered that the use of inundated experiments, which are
simpler to run and less prone to ambiguity, can be leveraged to understand qualitatively the
impact of key variables, such as oxygen availability, chloride chemistry, or even surface
characteristics of the sample (i.e., cold work, etc.) on the crack growth rate. Insights into effects
such as external cathode limitation could be gained from inundated conditions by selectively
masking portions of the surface. Effects such as surface stress/strain distributions could also
readily be pursued via inundated experiments. Such experiments could then guide the
establishment of appropriate variables to explore during atmospheric testing. Other difficulties
with performing atmospheric SCC work that Andresen called attention to were issues associated

30



with initiation testing. We presently have a poor understanding of the stresses, strains, and
microstructural heterogeneities associated with the near surface region of structures such as an
interim storage container.

The atmospheric SCC work that has been performed on austenitic stainless steels in marine
environments to date has utilized a variety of sample geometries, though the dominant
implementations have been U-bend samples and 4-point bend bars. As implemented, neither are
able to yield high fidelity assessments of crack growth rate. The topic of how to perform
relevant atmospheric SCC growth rate tests was discussed. This brought about a discussion of
the need to understand the accuracy of the measurement (i.e., what can you see, and what is
beyond the capability of the measurement). Selection of an appropriate geometry/test method
needs to consider what level of fidelity is needed. Other things to consider are what test
specimen geometries do we think have worked thus far, and what data do we need to get? Once
those questions can be answered, we will be in a place to evaluate the existing test
methodologies, and determine if they are sufficient.

Turnbull suggested beginning with a flat specimen (of which there are a variety of potential
forms, including dog-bone samples, etc.) specimens that could be appropriately loaded with
contaminants, then exposed to relevant environmental conditions (i.e., T, RH) such that a pit
could be nucleated and grown. The sample could then be fatigued in air such that a fatigue
precrack was grown from the pit. The sample could then be exposed to a monotonic load and the
growth rate measured as a function of time using high accuracy methods such as DCPD. One
concern with this geometry that was voiced was the fact that SCC cracks under these conditions
tend to be heavily branched. As a result, while this geometry would be a more ideal geometry
for capturing what happens in the field, measurement of crack growth rates could be complicated
if the crack branches. Turnbull pointed out that there are stress intensity (K) solutions for
branched cracks, and that the effective crack “length” is measured as the depth of the deepest
crack. Bluntly notched samples were also discussed, though as with planar surface samples,
crack initiation would be slow until the crack had reached 50-100 microns in length, at which
point it would accelerate to standard growth rates. Andresen stressed that for any non-standard
geometry, he would strongly encourage enlisting the assistance of a structural mechanics
modeler to predict the true applied stress intensity as a function of crack length. The manner in
which the stress intensity changes with time (obviously more of a concern for fixed load or
displacement experiments, than an instrumented specimen in a load frame) can have a profound
impact on the crack growth rate. While slightly declining K experiments do not strongly impact
the growth rate of an actively growing crack, rising K experiments can result in substantial
increases in crack propagation rates.

Andresen indicated that while other sample geometries may look more like the surface of the
system we are simulating, they are limited in their ability to deliver highly accurate crack growth
rates. While fracture mechanics specimens, such as a compact tension (CT) sample force the
plane in which crack propagation proceeds, and thus significantly limit crack branching, they
allow precise control over the experiment. Other fracture mechanics geometries can also be
considered, though their impact on the stress intensity as a function of crack length (i.e., do they
yield a rising or falling K experiment) should be considered.
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3.6 Summary (from Panel)

Environment: There is no consistent view on what constitutes the water chemistry at the surface
with atmospheric exposure in marine environment; we “believe” that simple MgCl,/NaCl models
that make up bulk of laboratory testing are not representative and recognize that water chemistry
associated with evaporated seawater and atmospheric exposure is complex and may not be as
aggressive as simple salts (see also very recent work from Prosek in support of this). It is also
not clear in relation to dynamic atmospheric conditions how the metal-solution interface is
changing with time; for example, droplets, thin liquid layer, drying out combinations, and
temperature variation, all of which will impact on pit and crack development. In that context, the
definition of a suitable laboratory simulation and its relationship to service is required.

There is also the issue of the distribution of environments across the different sites AND across a
single cask. It would be expected that there exist occluded regions at the bottom of the casks
(either vertical or horizontal) that could act as preferred sites for pitting/SCC. Their location
leads to some sheltering from deposition relative to the top surface, but over time they could
become more of a problem than the top, and they are certainly less inspectable to the point of
impossibility. The dynamics of the environment are important, including the likely change in
wettability with cycles/time. Some of the organics that are deposited are surfactants. Their
deposition will lead to increased wettability of the surface, creating a more uniform film.
Understanding this in terms of time and temperature will be important in capturing the critical
factors.

Finally, the importance of the oxidizing ability of the environment must be captured in all
laboratory tests as it is well known that localized corrosion and SCC initiation and propagation
are strong functions of potential. Some data in this regard is available from Abbott’s self-
published book on atmospheric corrosion testing as the facilities of interest may well be near to
sites Abbott has tested. In addition, some simple exposures at some of the actual sites would be
very illuminating. Even simply putting Ag and stressed and unstressed SS samples at/near the
inlets would provide data in the short-term that would be invaluable. Getting as much
information as possible from the SCC failures of atmospherically exposed SS within the facilities
would be important as well. Some/much/all may be anecdotal, but on the off-chance that some
failed pipe is available, it would be a treasure trove.

One approach would be to define the bounds of plausible extremes of environments (and
metallurgy and mechanics). What constitutes “extreme” would necessarily be based on
experience and the literature. Determining the localized corrosion/SCC behavior at these
plausible extremes should effectively bound the susceptibility/possible damage rates. In parallel,
an assessment of the likelihood of these plausible extreme of the environments needs to be
developed as a function of geolocation. This approach would also allow an assessment of the
likely effectiveness of mitigation strategies (e.g., peening).

Localized corrosion: initiation sites for pits can be MnS inclusions, physical defects with the
latter often more significant for ground surfaces in our experience. There is a need to consider
whether crevice/crack-like defects may exist and pre-empt the need for pitting (as indicated by
Andresen). The Chen and Kelly model is educational in highlighting the cathodic limitations to
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growth, but there is a need to consider droplets, wetting and drying, physical deposits. Is there
too much uncertainty in relation to pit propagation and the complex and dynamic nature of
environment to allow confidence in any quantitative prediction. Use models to understand
effect of variables.

Models can be also be used to assess what parts of the parameter space of the plausible extremes
represent the greatest risks to allow a focusing of the research efforts to those areas. The
maximum pit size model would need to be extended to consider the effects of droplets vs. thin
film, wetting and drying and physical deposits. All of these aspects could be included, with the
wetting and drying effect being the most challenging. Do we have evidence that during service
in the temperature range of importance that there is wetting and drying?

Pit-to-crack transition: =~ Combination of factors that affect transition including stress
concentration associated with micro-topography (Burns, etc.) and macro-topography (FE
analysis of Turnbull), local environment, pit growth rate (strain rate effect) and Kondo criterion.
Very hard to predict pit distribution and what constitutes initiation without actual exposure data
as a baseline (our own pit and crack model has been used in service but had access to lot of
service data). One approach would be to the idea of ignore the impact of precursor development
and focus on measuring growth from a prepared defect - could be a specially grown pit of
controlled size or physical notch. Input is needed from structural mechanics analysts to
determine the size of a damage site that is important for cracking, to at least bounded the defect
sizes which must be considered.

Crack-growth measurement:

Both full immersion and atmospheric exposures are need, with full immersion being used to
explore variables to focus the more challenging atmospheric exposure tests. Question of what
constitutes a meaningful environment that is just conservative but not extreme. We cannot
answer that until we actively monitor marine atmosphere conditions (Humidity, temperature,
etc.) over sufficient representative period. Such data may be around already.

We do need to measure crack growth. Simple specimen geometry, high resolution DCPD, small
pre-crack from pit or alternative approach if these are branched. Long cracks testing may be
useful to see to what extent there is electrochemical driving force for crack growth.
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. PANEL RECOMMENDATIONS

. As the ultimate goal of this work is to establish a means to predict the nature/risk of SCC for
various ISFSI sites, need to consider what the model needs to tell you (i.e., what data, level
of fidelity, etc. are needed), as that will drive how the model is designed, and the quality of
the data that it needs. (Turnbull)

The effective application of a localized corrosion model, such as the model developed by
Kelly and coworkers, requires accurate kinetic data that must be acquired under
representative environmental conditions. (Kelly)

. In order to develop an understanding of the phenomenon, there will be a need to perform
proof of principle tests in addition to performing tests that provide data to feed a model.
(Andresen)

Given the low state of understanding of the atmospheric SCC process, care should be taken
when defining any test matrix such that multiple variables are not changed at the same time —
one at a time. (Andresen)

. A structural mechanics analysis should be performed on any non-standard (i.e., not a CT
specimen) sample geometry to enable the accurate prediction of K as a function of crack
length. (Andresen)

. Formation of a series of small working groups should be considered, with the different
groups focusing on different aspects of the process. Focus groups can then evaluate data as
the project moves along. (Andresen)
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Disposal Project.
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alter their properties over time. This can cause safety and reliability concerns. One example of
time-dependent degradation phenomena is the corrosion of metallic materials. This phenomenon
costs the US over $270 billion dollars annually. My specialty within the Materials Science and
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1970-1973 University of Bristol (Chemistry Department)
PhD for "Neutron Scattering Studies of Molecular Crystals"

Alan Turnbull is a Fellow of the Royal Society, the Royal Academy of Engineering, NACE
International, the Institute of Materials, Minerals and Mining, and the Institute of Corrosion.
Since joining NPL in 1973, Alan has produced over 250 publications on environment induced
cracking of metals and of thermoplastics, on localized corrosion, and on modelling of corrosion
processes, and has been the principal author of ten international standards. He is a recipient of
the T P Hoar Prize (twice) from the Institute of Corrosion; the Bengough Prize and Medal from
the Institute of Materials; a Technical Achievement Award from NACE International; the
Cavallaro Medal from the European Federation of Corrosion; the U R Evans Award from the
Institute of Corrosion, the Whitney Award from NACE International, and the Alex Hough-
Grassby Award from the Institute of Measurement and Control. He was elected Fellow of the
Royal Academy of Engineering in 2011 and Fellow of the Royal Society in 2013. In 2016, he
was awarded the Order of the British Empire (OBE) for services to science and engineering.

Publications

e Author of 123 peer-reviewed research papers, 84 conference papers, plus over 70 NPL
technical reports (mostly C-in-C); principally on corrosion but also on polymer
degradation; in addition, numerous failure analysis reports unlisted.

e Principal author of ten international standards and significant contributor to many other
ISO and NACE standards.

e Chapter/sections in five books
e [Editor of two international conference proceedings.
Primary scientific achievements

e Initiated major advance in scientific understanding and prediction of stress corrosion
cracking and corrosion fatigue crack growth rates by developing robust fundamentally-
based models and in-situ measurement techniques to quantify the local chemistry and
electrochemistry at a reacting crack tip.

e Established the critical foundations for prediction of hydrogen assisted cracking through
comprehensive, integrated models for hydrogen generation, diffusion, and trapping in
metals.

e Novel X-ray tomographic measurement and modelling of the pit-to-crack transition
showing for the first time how stress corrosion cracks actually develop from corrosion
pits and providing a radical mechanistic explanation for the process.
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Developing innovative techniques to characterize the electrochemistry and stress
corrosion cracking resistance of corrosion resistant alloys for oil and gas applications.

Major consultancies

Lead scientist investigating $6bn catastrophic failure of Great Man-Made River pipeline,
Libya, 2000.

Expert on international 5-man panel to assess the BP Inherently Reliable Facilities
Flagship program, 2009 (continued as advisor to BP)

Evaluation of risk of hydrogen embrittlement of nuclear waste containment for NAGRA,
Switzerland, 2009.

Independent expert investigating fracture of a pipeline in the power industry that led to
serious injury to 3 workers, 2007.

Expert advisor on disparate corrosion and cracking studies in nuclear waste reprocessing
including highly active storage containers and the Thorpe weld cracking failure.

Research history

An undergraduate project on self-diffusion in naphthalene was followed by a PhD study
of molecular reorientation in plastic crystals using the neutron scattering technique with
supportive modelling to unravel the rotational hopping mechanism.

Joining the Corrosion Group at NPL in 1973, my responsibility was to develop a new
research program on corrosion fatigue of offshore structures. Somewhat controversially
for the time, I focused on the local chemistry and electrochemistry at crack tips using my
evolving expertise in modelling transport processes combined with insight into chemical
kinetics. This research evolved into the general theme of “Corrosion Chemistry within
Pits, Crevice and Cracks” for which I became acknowledged as the world leader with an
invitation to MIT to aid the development of their modelling.

Recognizing the potential importance of hydrogen assisted cracking, especially in the oil
and gas industry, I set out in a new direction in 1986 to advance the measurement and
modelling of hydrogen transport in metals and to link that with different methods of
testing resistance to hydrogen assisted cracking (compatible with NPL’s metrology
remit). This led to new models of hydrogen permeation and international standards for
measurement such that NPL became the world leader in the field.

In parallel with this work, a new focus on polymer degradation was initiated in1993, with
the first application of nanoindentation and new insights into weathering of polymers.

Corrosion pitting and the transition to cracking is an issue of major engineering concern
and innovative modelling and novel X-ray tomography measurements established NPL at
the forefront of ideas and their translation to engineering practice.

Anticipating the demand for supportive research on energy generation, new projects on
fuel cells (modelling and in-situ measurement) and 3rd generation solar photovoltaic
systems were initiated with scanning electrochemical microscopy (SECM), SECM-AFM,
photoconducting AFM all being explored as supportive tools.
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APPENDIX B: SUMMARY OF AVAILABLE CRACK GROWTH RATE
DATA

44



Summary of available data for estimating chloride-induced SCC crack growth
rates for 304/316 stainless steel

Charles Bryan and David Enos

B.1 Introduction

The majority of existing dry storage systems used for spent nuclear fuel (SNF) consist of a welded 304
stainless steel container placed within a passively-ventilated concrete or steel overpack. More recently
fielded systems are constructed with dual certified 304/304L and in some cases, 316 or 316L. In service,
atmospheric salts, a portion of which will be chloride bearing, will be deposited on the surface of these
containers. Initially, the stainless steel canister surface temperatures will be high (exceeding the boiling
point of water in many cases) due to decay heat from the SNF. As the SNF cools over time, the container
surface will also cool, and deposited salts will deliquesce to form potentially corrosive chloride-rich
brines. Because austenitic stainless steels are prone to chloride-induced stress corrosion cracking
(CISCC), the concern has been raised that SCC may significantly impact long-term canister performance.
While the susceptibility of austenitic stainless steels to CISCC in the general sense is well known, the
behavior of SCC cracks (i.e., initiation and propagation behavior) under the aforementioned atmospheric
conditions is poorly understood.

A literature survey has been performed to identify SCC crack growth rate (CGR) studies conducted
utilizing conditions that may be relevant to existing SNF interim storage canisters, the results of which are
presented in this document. The data presented here have been restricted to those representing
atmospheric corrosion of stainless steels due to deliquescence of marine salts, or marine salt components,
on the metal surface. A suite of experimental studies representing both long-term field tests and
accelerated laboratory tests has been identified. Potentially relevant data are summarized in Figures 1-1
(304 SS) and Figure 1-2 (316 SS). In the Figures, when a particular reference utilized a series of samples,
the range is shown as a bar, and the average value shown with a symbol. A summary of the test methods,
sample geometry, and environmental conditions for each study is given in Table 1-1.

While the surveyed studies all explore SCC of austenitic stainless steels under atmospheric conditions, the
methods through which each researcher approached the problem do differ, as illustrated in Table 1-1. The
surveyed studies utilized a variety of metal treatments including as-fabricated, solution annealed, welded,
and sensitized material. Furthermore, different surface treatments (polished vs ground) were also used.

In addition, most of these studies were accomplished using techniques that are not generally accepted for
high-fidelity crack growth rate measurements, and in cases where more traditional approaches were taken,
these methodologies may not be applicable to the atmospheric conditions of interest here. The wide
variety of methods and materials results in the observed large scatter in measured CGRs. Each of the data
sets in Figures 1-1 and 1-2 is described in more detail in the following sections. A short summary of
crack growth rates based on operational experience is also presented.
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Figure 1-1. SCC propagation rates for atmospheric corrosion of 304SS. BM —base metal; W—weld
sample; SA—solution annealed; S—sensitized. Bars represent reported ranges (if more than one), while
symbols represent average values. “Times to failure” are for a 5/8” thickness, assuming continuous crack
propagation over time.
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Figure 1-2. SCC propagation rates for atmospheric corrosion of 316SS. “Times to failure” are for a
5/8” thickness, assuming continuous crack propagation over time.
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Table 1: Summary of SCC Crack Growth Rate Studies

Sample
Researcher Materials Salt Loading Method Environments | Geometry Crack Geometry CGR Measurement method
304, 304L, Initiation: 4
Kosaki 2008 | 316LNG 1. Natural exposure 1. Ambient point bent Fatigue precrack Optical - max depth/time
2. Salt fog (saturated 2.60C/95% Propagation:
Nacl) RH 3 point bend | described as through crack and half-elliptical surface crack
304 10 uL droplet of Dogbone,
(solution seawater placed on 35-75% RH, spring Length measured in SEM, depth
Hayashibara 2008 | annealed) samples 60-90C loaded no precrack, nucleation from localized corrosion sites optically
Final geometry not described
Optical - surface length measured,
Nakayama 2013 | 304, 304H natural exposure ambient U-bend no precrack, nucleation from localized corrosion sites depth calculated
coated with sea salt or Optical - surface length measured,
Cook 2011 | 304L,316L | MgCl, 32% RH, 80C U-bend no precrack, nucleation from localized corrosion sites depth calculated
applied as a mist then
dried
MgCl, applied via air
304L, cold brush with an EtOH 60-90C, 10- Optical - surface length measured.
Spencer 2014 | worked carrier. 70% RH Bend bar no precrack, nucleation from localized corrosion sites Rate = length/time
Deposit weight not
measured Crack length on surface measured
synthetic seawater
droplet injected into
Tani 2009 | 316L,312 notch 80C, 35% RH CT specimen | Crack geometry not presented upon completion of test DCPD
MgCl, droplet or 4 point bend
Shirai 2011 | 304L possibly spray 80C, 35% RH bar no precrack - nucleation from localized corrosion site DCPD
Tani 2010
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B.2 Available Data on Atmospheric SCC Crack Growth Rates

B.2.1 Kosaki [2008]
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Figure 2.1-1. Data from Kosaki [2008].

Kosaki [2008] evaluated performance of stainless steels, including 304, 304L, 316LN, and both base-
metal and welded specimens were used. Corrosion rates were measured in long-term natural exposure
tests in a near-marine setting (Miyakojima Island south of Okinawa; tropical rainforest to humid
subtropical climate); both exposed samples and under-glass samples (to avoid rain washing) were used.
An accelerated test was also run (60°C, 95% RH, NaCl “steam”). Both crack initiation and crack growth
experiments were run.

The crack initiation experiments were run using 4-point bend specimens at tensile stresses of 0.5 and 1.0
o,. Atambient conditions, exposed and under glass, SCC crack initiation was observed only of the 304
weld specimens, over the ~2.5 year duration of the test. Under accelerated conditions, SCC cracking was
observed within 30 days for all samples.

Crack growth experiments were done with 3-point
bend specimens, with applied outer fiber stresses of B

0.4 and 0.8 o,. Pre-cracks were induced by 1] |
fatiguing (thermal?) and are described as
“...through crack and half-elliptical surface
crack...” It is not clear what “through crack”
means, but the diagram in the paper (see Figure
2.1-2), seems to show a vertical crack penetrating
the sample (with crack propagation rates measured I ‘
as lateral growth?). SCC crack growth rates were SRS ) S ‘J
measured by fully fracturing the samples and (mm)
performing post-mortem visual analysis (reported
CGRs were calculated ignoring incubation time,
and are hence minimum values). While SCC

Figure 2.1-2. 3-point bending specimen for
SCC propagation test [Kosaki 2008, Figure 5].
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initiation was rarely observed in the initiation experiment, SCC crack growth was measured in most of the
pre-cracked CGR test samples. Results are summarized in Table 2.1-1 [Kosaki 2008, Table 2]. There
was little difference between weld and base metal samples for 304 and 304L, and little difference in
measured rates for those two materials. The 316LN performed better, with no observed SCC in the
unwelded samples at ambient conditions, and slightly slower corrosion rates in the accelerated test.
Perhaps surprisingly, the under-glass specimens performed significantly better than the exposed
specimens.

Table 2.1-1. Propagation rates of SCC in test materials [Kosaki 2008, Table 2]

SCC propagation rate, natural exposure (m/s)

SCC propagation rate,

Material Direct exposure Al Under glass exposure A2 accelerated test (m/s)
Type 304
Base metal 6.4E-12 (no SCC) 9.3E-10 (1.2E-10 to 2.7E-9)
Weld 6.6E-12 (2.1E-12 to 1.8E-11) 3.2E-12 (1.2E-12 to 6.4E-12) 1.2E-09 (1.9E-10 to 3.1E-9)
Type 304L
Base metal 1.5E-11 (no SCC) 1.0E-09 (2.9E-10 to 2.7E-9)
Weld 7.5E-12 (1.2E-12 to 1.7E-11) 4.2E-12 (4.1E-12,4.3E-12) 9.7E-10 (1.0E-10 to 3.5E-9)
Type 316LN
Base metal (no SCC) (no SCC) 1.4E-10
Weld 9.8E-12 (2.6E-12 to 2.1E-11) 6.4E-12 5.0E-11

Note: Propagation rates of SCC show average values and values in () show scattering range of data.

Raw data are shown in Figure 2.1-3 [Kosaki 2008, Figures 5 and 6]. The authors report no CGR
dependence on stress intensity factor (K;) over a range of 0.5 to 30 MPa. However, for the stated
experimental design—three-point bend specimens with a fixed load and with pre-cracks of different
geometries---it seems impossible to actually calculate an accurate K; value, or to achieve the range
described. For instance, for an elliptical crack, at the cited applied stresses, the CGR would have to be
measured at a depth of 10 microns to obtain a rate at K; = 0.5 MPa m”. Conversely, actually achieving a
measurable or calculable K; of 30 MPa m” would be very difficult in a sample of the cited dimensions
(90 mm long x 15 mm wide x 10 mm thick). For either of the proposed pre-crack geometries, it is not
clear how K; values could have been accurately estimated at any point along the crack front.
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Figure 2.1-3. CGR data as a function of K; from Kosaki [2008, Figures 6 and 7].
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B.2.2 Hayashibara et al. [2008]
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Figure 2.2-1. Data from Hayashibara et al. [2008]

This laboratory study was carried out using solution-annealed 304 stainless steel under constant load
uniaxial tensile stresses of 0.5 to 1.25 G, (reported to be 313 MPa at room temperature). Specimens
were dogbone-type specimens, 100 mm long and 26 mm wide with an 8 mm gauge section, and 2 mm
thick. Specimens were held at temperatures of 80°C, 70°C, and 60°C, at RH values of 35%, 55%, and
75% for 120 to 1075 hours. Samples were loaded with salt by applying 10uL droplets of synthetic
seawater onto three points of the metal surface within the gauge section. Crack lengths were measured
optically after conclusion of the experiment (reported CGRs were calculated ignoring any incubation
time, and are hence minimum values). CGRs as a function of applied tensile stress from Hayashibara et
al. [2008] are shown in Figure 2.2-2 and Figure 2.2-3. At 80°C, the maximum growth rate did not depend
on applied stress, but at 70°C and 60°C, the crack growth rate increased with increasing tensile stress.
SCC initiation strongly depended on RH at all temperatures. At 55% RH, SCC initiated at all chloride
spots, while at 35% RH, SCC initiated at all applied stresses, but a much higher fraction of chloride spots
initiated at tensile stresses equal to Gy, or higher. Measured crack growth rates were highly scattered, and
the range of possible activation energies was estimated to be 23—105 kJ mol~'. The authors suggested that
the scatter was due to differences in crack incubation time with temperature, and proposed that the lower
end of this range, from 23 to 39 kJ mol~! (based on the highest crack rates, which were likely the first to
initiate and hence the most likely to not include a significant incubation time) were preferred.
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Figure 2.2-2. CGR data for both crack length and crack depth, as a function of applied tensile stress.
Data from Hayashibara et al. [2008; Figures 6-8].
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Figure 2.2-3. Arrhenius plots for crack depth CGR data from Hayashibara et al. [2008; Figure 10].
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B.2.3 Nakayama and Sakakibara [2013]
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Figure 2.3-1. Data from Nakayama and Sakakibara [2013].

This article summarized test data collected in Japan that is published in several Japanese-language
reports. The authors used the data to build a time-to-failure model for repair-welded joints, for 304 SS
canisters with wall thicknesses of 20 mm. The authors describe two in-service failures of 304 stainless
steel (containing a notably high carbon content of 0.079), one 16.5 mm thick, and one 14 mm thick, in 7
and 35 years, respectively. These correspond to penetration rates of 2.3 mm yr! and 0.4 mm yr'. The
failures occurred at weld repairs.

The testing work used 304 stainless steel U-bend specimens sensitized to R, values of 2% to 20%, and
demonstrated that SCC initiation and propagation rates, over the interval of the test, were strongly a
function of R,. One set of samples was exposed to marine salts at a shipyard (both without a roof and
under a roof), while a second set was placed at an inland site. The exposed near-marine samples cracked
within half a year, with crack length growth rates of 0.54 — 3.36 mm yr!; the under-roof near-marine
samples initiated SCC more slowly, but once initiated (0.8 yrs), grew quickly at 0.99 mm yr'. The crack
depth data in Figure 8 were calculated by assuming a crack depth-to-half-surface-length ratio of 0.5—the
range of 0.3 to 0.5 is typical for austenitic materials (Lu et al., 2005). The authors present other data
showing strong crack growth rate dependencies on R, [Cl7], m; on the surface, and applied stress, and
present a SCC initiation and growth models incorporating all of these.
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B.2.4 Cook et al. [2011]
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Figure 2.4-1. Data from Cook et al. [2011].

Cook et al. [2011] evaluated SCC of both 304L SS and 316L SS U-bend samples (applied stresses not
provided) coated with sea-salts and with magnesium chloride in laboratory tests at a temperature of 80°C
and a RH of 30% (conditions not possible on a canister surface). Corrosion was measured after 42 days
of exposure. SCC crack lengths were measured and reported in the reference; the crack depth data in
Figure 2.4-1 were calculated from those data by assuming a crack depth-to-half-surface-length ratio of
0.5—the range of 0.3 to 0.5 is typical for austenitic materials [Lu et al., 2005]. CGRs were calculated
from the total exposure time (no incubation time) and hence are minimumes.

55



B.2.5 Spencer et al. (2014)
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Figure 2.5-1. Data from Spencer et al. [2014].

Spencer et al. [2014] performed laboratory tests evaluating SCC crack growth rates in annealed 304L
(oo, was 210 MPa after annealing), and to which a uniaxial plastic strain had been applied (the authors
were evaluating, in part, the importance of prior plastic strain on SCC initiation and growth). A spring-
loaded bend geometry was used for the CGR tests (Figure 2.5-2). Samples were loaded with a visible
coating magnesium chloride, applied as a methanol spray and allowed to dry. Surface loading was not
measured.

Tests were run at 60°, 75°, and 90°C, and
saturated salt solutions were used to
maintain constant relative humidities in
the test chambers, at values varying from
10% to 70%. Plastic strains varied from 0
-40%, and tensile stresses (outer fiber) up
to 180 MPa. Test results showed a strong
dependence on the degree of prior plastic
strain, with maximum CGR at values of
less than 10% strain; at higher strains,
cracking did not occur (Figure 2.5-3).
Although here appeared to be a threshold
tensile stress of about 10 MPa, crack
parameters (maximum and average
growth rate, and crack density) rose
quickly with increasing stress and

= 34,00 |
plateaued rapidly. Cracking was not ‘ ¢/R | R8s |
observed at 10 % RH, the lowest value : EIT[E E
tested, but was observed at 30% RH and L S—
above, for tensile stresses of both 60 MPa ' ‘
and 120 MPa. CGRs showed a general 760t
increase with RH, but the overall response | Figure 2.5-2. Bend test assembly used in
to variation in RH varied with tensile Spencer et al. [2014, Figure 1].
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stress and degree of prior strain (Figure 2.5-4).
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Fig. 4. Average (a) and maximum (b) crack propagation rates and corrected crack
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temperature of 75 °C and humidity of 70%.

Figure 2.5-3. Measured crack parameters as a function of degree of prior plastic strain. Data from
Spencer et al. [2014; Figure 4].
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Figure 2.5-4. Spencer et al. [2014; Figures 6 and 7]; measured crack parameters as a function of relative

humidity, for tensile stresses of (left) 120 MPs, and (right) 60 MPa.

Measured CRGs reported by Spencer et al. [2014], for samples with 2-5% plastic strain at 70% RH, were
8.9+3 um/hr (2.5E-9 m/s) at 90°C; 4.2+0. 956 (1.2E-9 m/s) at 75°C; and 3.2+0.64 pm/hr (8.9E-10 m/s)

at 60°C. Spencer used these samples to estimate an apparent activation energy of 33.7 kJ mol'.
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B.2.6 Data from CRIEPI
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Figure 2.6-1. Data from CRIEPI.

The Central Research Institute of Electric Power Industry (CRIEPI), a research institute of the Japanese
nuclear industry, ran two types of experiments evaluating CGR under atmospheric conditions. In the first
[Tani et al., 2009], compact tension tests were run with 316 SS, loaded to achieve K values of 5-30 MPa
m3. Samples were loaded with salt by applying 20uL droplets of synthetic seawater directly to the CT
notch. Tests were run at 50°C and 80°C, at a constant RH of 35% for the duration of the test. Crack
depths were determined by DCPD. At stress intensity factors of 10 MPa m°®? and above, there was no
variation in crack growth rate with applied stress; the single 80°C test at 5 MPa m®° was about 60 times
lower than the 80°C tests at higher K values (note that this point is not shown above, as it was apparently
not a “plateau” value, and is not directly relatable to the other data.

The second type of experiment that CRIEPI ran were four-point bend tests [Shirai et al., 2011a; Shirai et
al., 2011b; Shirai et al., 2011c; Tani et al., 2010]. The beams used for these tests were 20 mm wide,

10 mm thick, and 220 mm long. These tests were run using 304SS, at 80°C and 35% RH (conditions
corresponding to an absolute humidity too high to be achieved on a canister surface), with an applied
outer fiber tensile stress of 270 MPa. The specimens used are quite thick, so that crack growth rates at
depths greater than a few mm could be measured. Four tests were run, three with synthetic seawater and
one with saturated magnesium chloride brine.

As shown in Figure 2.6-2 [Shirai et al. 2011, Artificial Sea Water or Magnesium
Figure 3-2], the seawater and magnesium £hitie Sakan g
chloride brine were applied as a single 20uL — /

droplet in the center of the beam. (It should be o g %
noted that in several conference publications, 65f ' g
and in Figure 3-6 of the same CRIEPI project ‘__,-f"/

report, the salt was described as being applied AN~

as a spray, with a loading of 10 g/cm? CI. Four-Point Bend Test Piece
This is inconsistent with the earlier Figure 3-
2, and with the text in the report. Given the Figure 2.6-2. CRIEPI 4-point bend tests
[Shirai et al. 2011; Figure 3-2].
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droplet loading scheme, and the fact that saturated magnesium chloride brine contains 15 times as much
Cl as seawater, it seems clear that the actual salt loadings used for the bend tests varied, and are poorly
defined). Crack areas were measured by DCPD, and depths were estimated by assuming a half-elliptical
crack observed crack aspect ratio at the end of the experiment was typical of the entire experiment—that
is, that the crack aspect ratio was constant. The observed a/c (crack depth to half length) ratios were
between 0.5 and 1.

Observed crack depths over time are given in Figure 2.6-3 [Shirai et al. 2011a, Figure 3.6]. For each of
the three samples loaded with synthetic seawater, the crack growth curves seem to show two segments.
These is an initial fast growth, which transitions into a much slower, steady rate at a depth of about 2-3
mm. The early crack growth rate data that were measured (~4 X107 m s7!) are consistent with the other
studies presented here; but the long-term rate is much slower (~2 x10"' ms! to 8 X102 m s™!). For the
sample loaded with saturated magnesium chloride brine, there was no slowing of CGR with depth. The
initial interpretation of the slowing in crack growth was that it was due to the changing stress state in the
bend sample with depth (Shirai et al. 2011a); if so, then the slower rate would not be applicable to SNF
storage canisters, which have been shown to have through-going tensile stresses. However, several other
papers by CRIEPI make use of the slower rate data when assessing possible canister penetration rates
without comment (e.g., Tani et al. 2010; Shirai et al. 2011b). EPRI [2014] makes use of the bimodal
crack growth data and attributes the slower rate at depth to cathodic limitations related to the thin and
discontinuous brine film and the presence of undissolved salt particulates; in the case of magnesium
chloride, all salts would have deliquesced, so cathodic limitation would not occur.

It is important to note that the long-term CRIEPI rate does not represent the “plateau rate” that is
commonly seen with increasing K, because the rate actually drops to a constant low value, rather than
increasing to a constant maximum value.

Because of the potential importance of the CRIEPI observations, we discuss the experiments here in
detail. There are many issues with interpreting or applying the CRIEPI data:

Use of DCPD to estimate elliptical crack depth requires assuming a constant crack aspect ratio.

CRIEPI utilized reversing DCPD to measure crack length as a function of time — little information is
provided on the current used or the positioning of the voltage sense leads relative to the crack being
measured. As demonstrated by CRIEPI, DCPD data only provided a voltage proportional to the area of
the crack, not the crack geometry or instantaneous depth of the crack. Crack depths were estimated
assuming a half-elliptical crack with a constant c¢/a ratio. The reported crack depths were calculated
assuming a constant crack aspect ratio, although the ratio was not specified for each test. This assumption
is most likely incorrect. Newman and Raju [1981] have shown that for fatigue crack growth under
bending, no matter the starting a/c, the a/c will quickly follow the line where a/c = 1 — (a/t), where t is
sample thickness. This is because of variations in K; along the perimeter of the crack, and the dependence
of the CGR on K. It is not clear that this relationship is applicable to SCC, which also faces constraints
related to reactant transport and possibly cathode area (see below), but if it is applicable to these bending
tests, the a/c would start at 1 and decrease to 0.7 at 3 mm depth. Hence, calculated crack depths, which
assume a constant aspect ratio, would be incorrect.

Application of salts as a droplet instead of as a uniform coating.

In the 4-point bend tests, salts were applied to the beam by placing a 20 uL droplet of either synthetic
seawater or saturated MgCl, solution on the center of the beam. If deposited as a hemispherical droplet,
this would correspond to a spot 4.2 mm in diameter; however, the droplet may have spread out to be
larger. Because the salt was deposited as a droplet, the limited size of the salt-covered area may have
artificially limited the external surface area of the sample that could act as a cathode. This would
especially be true once the length of the crack extended beyond the edge of the droplet, and further
growth would require diffusion along the crack to the crack tip outside of the salt covered area. For a
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crack aspect ratio of ¢/a =1, this would occur when the crack length exceeded 4-6 mm (corresponding to a
crack depth of 2.0-3.0 mm) exactly where the slow-down in growth occurred in the CRIEPI experiments.
For a surface evenly coated with salts, the cathode would be adjacent to and surrounding the crack tip,
where it intersects the surface. Why would the magnesium chloride specimen see no slowing of crack
growth? Because at the temperature and RH used, the entire salt droplet would be deliquesced, and may
have spread to cover a much larger fraction of the surface (or completely wetted the growing crack).
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Figure 2.6-3. Crack growth data collected by Shirai et al. [2011a].

Use of a bend specimen introduces a changing stress field with depth.

Four-point bend specimens are commonly used to assess susceptibility to stress corrosion cracking, and
there is an ISO method for this: ISO/FDIS 16540 Corrosion of metals and alloys — Methodology for

62



determining the resistance of metals to stress corrosion cracking using the four-point bend method.
However, this method is for assessing SCC susceptibility, not for measuring crack growth rates. The
reason for this is given in the ISO method:

The four-point bend test is a constant displacement test that is performed by supporting a
beam specimen on two loading rollers (bearing cylinders) and applying a load through
two other loading rollers so that one face of the specimen is in tension (and uniformly
stressed between the inner rollers) and the other is in compression. The stress at mid-
thickness is zero and there will be significant gradients in stress through the thickness,
this being most marked for thin specimens. As a consequence, cracks may initiate, but
then arrest or their growth rate decrease.

In the four-point bend specimens used by CRIEPI, the initial bending moment produced a 270 MPa outer
fiber tensile stress; which decreased to 0 at a neutral plane in the center of the sample. With further
increases in depth, the stress state becomes increasingly compressive, finally reaching a value of 270 MPa
compressive stress at the inner fiber of the sample. As a crack propagates though the sample, the change
in stress condition is reflected in the crack tip stress intensity factor (K;). Values of K as a function of
crack depth at crack tip locations corresponding to the bottom of the crack (90°) and the crack tip at the
surface (0°) been recalculated here (Figure 2.6-4) using the methods of Newman and Raju [1979]. Also
shown is the predicted change in K, for an infinite plate under the same bending moment, and the results
are also shown for a crack in a sample under a uniform tension of 270 MPa, instead of under a bending
moment. Uniform tension is a good representation for a storage canister, because even a through-
penetrating SCC crack will be very small relative to the area of the outside of a storage canister (5 m long
and about 5.3 m in circumference). All calculations were done using a crack depth to half-length ratio
(a/c) of 1. That is, the crack is assumed to be semicircular (although CRIEPI reported a/c values of 0.5 to

).

In the case of the infinite plate, if a/c = 1, then K| at the bottom of the crack (90°) initially increases with
depth, and then, after reaching a depth of a 1-2 millimeters, begins to decrease, passing though zero at a
depth of 5 mm, or half the plate thickness. This is because, in an infinite plate, lateral constraints
maintain the original stress profile in the sample. For a sample the dimensions of the CRIEPI beam, some
constraint is lost as the crack grows and the crack length becomes a significant fraction of the beam
width. This result is a downward shifting of the neutral plane below the crack, and the neutral plane is
forced down to about 7.4 mm. At the 0°C position, on the surface of the sample, K; continues to increase
as the crack grows. Thus, K varies greatly around with location on the crack tip, from the surface to the
bottom. It is unlikely that this actually occurs—instead, the crack aspect ratio probably changes as the
crack grows, maintaining a more or less constant K; along the perimeter of the crack. For instance, for a
longer, shallower crack (a/c = 0.5), K; is nearly constant along the entire crack perimeter.

Conversely, in a sample under uniform tension (i.e., constant load), K; continues to increase as the crack
depth increases until penetration occurs. Moreover, the value of K; varies only slightly with location on
the crack tip, from where it intersects the surface to the bottom of the crack. Hence, the crack aspect ratio
may remain more or less constant as the crack grows.
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Figure 2.6-4. Stress distribution in the CRIEPI four-point bend specimens, calculated using the methods
of Newman and Raju [1979]. Dotted lines are outside of the range of the model used to calculate K;
values.

One important aspect of this is that, in a bend specimen, the X varies strongly as a function of crack
aspect ratio and of location along the advancing crack front, and that relationship changes with increasing
crack depth. If we assume that crack growth tends to preserve a constant K; along the crack tip, then the
crack aspect ratio will change as the crack grows, just as it does for fatigue cracks. On the other hand, for
a sample under uniform and constant tension, the difference in K; along the crack front is much smaller,
suggesting that the crack should be more semicircular (a/c = 1). This behavior has been observed
experimentally and modeled theoretically for fatigue cracks by Newman and Raju [1981], and may apply
to SCC cracks as well.

Again, why was the magnesium chloride specimen not affected? Possibly because the deliquesced
droplet was larger, supporting more lateral crack growth—as the crack grows longer, the predicted stress
distribution changes, and K; no longer rolls over as in Figure 2.6-4, but instead continues to increase with
depth.

Application of the CRIEPI model.

Even should the EPRI interpretation of cathodic limitation in the case of sea-salts be correct, it is
important to note that the actual fraction of the salts in sea-salt that deliquesces is a function of RH. For a
given salt load, at a higher RH, the brine volume increases dramatically. Crack growth rates may be more
strongly controlled by deliquesced brine volume than by amount of salt present, the temperature, or the
crack depth. An important part of any experimental study will be to isolate and evaluate each of these
parameters individually.
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B.2.7 Crack growth rates based on operational experience.
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Figure 2.7-1. Data from nuclear plant operational experience.

0.0035

While near-marine nuclear plants have frequently reported SCC of 304 SS, details are scarce. Estimates
for crack growth rates from operating experience were recently summarized by the NRC [Dunn, 2015].
The data are all ambient temperature data, and are mostly for thinner components than SNF interim
storage canisters. The available data shown in Table 2.7-1 [Dunn, 2015].

Table 2.7-1. Summary of reactor operating experience with atmospheric CISCC in welded stainless steel

components [from Dunn, 2015]

Distance Material and Thickness, Time in Average
Plant to salt or crack Service, crack growth
Component
water, m depth, mm years rate, mm/yr
Koeberg 100 304L refueling water 5.0to 170 0.29to
(South Africa) storage tank 15.5(7?)2 0.91(?)?
Ohi 00 | 304Lrefueling water |y 5y 5 30 0.17 t0 0.25
(Japan) storage tank
St Lucie 304 refueling water
(FL, USA) 800 storage tank pipe 6.2 16 0.39
Turkey Point .
(FL, USA) 400 304 pipe 3.7 33 0.11
San Onofre .
(CA, USA) 150 304 pipe 34t06.2 25 0.14t0 0.25

aCracks were observed in the thickest components, but it is not clear if penetration occurred.
bSome thin-walled components apparently failed within as little as 11 years, but details are unavailable.
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The most extensive and perhaps best documented examples of atmospheric SCC due to marine salts are
from the Koeberg Nuclear Power Station in South Africa. At this facility, several different 304L
components of a borated water storage tank system and associated piping were degraded by externally-
induced atmospheric stress corrosion cracking. On the storage tanks, SCC was most commonly observed
in areas where attachment fillet welds and butt plate welds created high residual stresses. In the piping,
SCC occurred due to high stresses imparted during pipe and elbow fabrication [A4lexander et al., 2010].
The water tanks in question are 16-17 meters high, and consist of 5 cylinders welded together, the
lowermost being 15.5 mm thick and the uppermost, 5 mm thick. The tank roof is also 5 mm thick. All
thicknesses exhibited SCC. The tanks are not pressurized, and the system was ambient temperature.

The plant began operation in 1984. The water storage tanks were originally constructed in the open, but
were enclosed in specially-built rooms in 1990; although this reduced the rate of salt deposition by an
estimated 2 orders of magnitude and the tanks were periodically washed, it has been speculated that
enclosing the tanks exacerbated the SCC problem by eliminating rain-washing of salts from the surface of
the tanks and piping [4lexander et al., 2010; Basson and Wicker, 2002]. A few pinhole leaks near welds
were identified as early as 1990, but were attributed to weld flaws. Several more leaks of thinner walled
304 SS components occurred between 1995 and 2001, when an extensive inspection program was
initiated, and the extent of the problem was realized. Inspection of the piping and the tank indicated that
the metal was extensively pitted, and that the pitted areas served as initiation points for SCC cracks. In a
number of instances, while pitting was observed, no cracks were detected via dye penetrant — however,
ultrasonic evaluation yielded indications. By grinding off 50-100 pm of metal from the surface, cracks
were revealed and detected via dye penetrant examination. Cracks tended to initiate from the base of pits,
and did not necessarily breach the metal surface, hindering detection without material removal via
grinding. SCC cracks were present both as both linear cracks and networks. About 10% of all pipe spool
pieces associated with one reactor were cracked, while a smaller number were cracked for the second
reactor. Similarly, for one of the two water storage tanks examined, SCC cracks were associated with
nearly all of the welds; the second tank was cracked to a lesser degree [ Basson and Wicker, 2002].

CGR were not explicitly calculated, but have been estimated, based on installation and crack detection
dates to be 0.29-0.91 mm/yr. These would be minimum crack growth rates, as no incubation time was
assumed.

Nakayama and Sakakibara [2013] describe an additional example of atmospheric SCC of a large diameter
304 (0.079% C) pipe at a Japanese nuclear plant. The crack initiated externally and occurred where there
had been a weld repair on the internal surface of the pipe, further sensitizing the material in the weld heat
affected zone. The pipe was exposed to the atmosphere, and was found to typically have a NaCl surface
load of 0.1 g/m?; occasional rains washed the surface and prevented heavy buildup. The crack was
confirmed to have penetrated about 14 mm in 35 years, or 0.4 mm/yr (1.3E-11 m/s). This is a minimum
penetration rate, as the timing of crack initiation is not known, nor was it known exactly when penetration
occurred.
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B.2.8 Crack growth rate data collected under immersed conditions, for high chloride

brines
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Figure 2.8-1. Data from chloride-rich brine immersed experiments.

Data for SCC crack growth rates under immersed conditions in chloride-rich brines have been compiled
and are provided here as a potential talking point. The data extend to higher temperatures than data
collected for atmospheric SCC. An aqueous brine cannot be present at temperatures higher than 60-70°C,
based on the possible range of absolute humidities in air circulating through a SNF interim storage
system; however, these data may provide insights into the mechanism of the corrosion process.

The following data sets have been identified:

o Spiedel [1981] — Solution annealed 304L, in 42% MgCl, (130°C), and in 22% NaCl (105°C). Also,
solution annealed and sensitized 304 samples, in 22% NaCl, over a range of temperatures from 23°C
to 105°C.

o Shaikh et al., [2013] — 316LN base and weld metal samples, in 5SM NaCl + 0.15 M Na,SO, + 2.5
ml/L HCI. Also, solution annealed, sensitized, or 10% cold worked 304LN samples, at 90°C, 100°C,
and 108°C, in the same solution.

o  Russell and Tromans, [1979] — Cold worked (25 and 50%) 316 SS in 44.7% MgCl,, at 116 and
154°C.

o Hawkes et al., [1963]. — Solution annealed 316 SS in 42% MgCl,, at 154°C.
o Nakayama and Takano, [1986]. — Solution annealed 304 SS, in 42% MgCl,, at 143°C.
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B.3 Summary

Available SCC crack growth rate data from corrosion testing under atmospheric conditions is
highly scattered, in part due to wide variety of testing methods used to collect the data. Other
contributing factors are study-to-study variations in potentially important parameters such as salt
load and RH. Moreover, operational experience from operating reactors does little to fill the
knowledge gaps, as it is restricted to ambient conditions. While ambient testing and operational
experience yield relatively similar SCC crack growth rates, the potential effects of temperature
are poorly understood. Corrosion is a thermally activated process, and under immersed
conditions, CGR increases with temperature. However, under atmospheric conditions, elevated
temperatures correspond to lower relative humidity (RH) values, which in turn result in (1) more
concentrated, potentially more corrosive brines, and (2) smaller brine volumes (thinner brine
films for a given salt load) which may limit the size of the cathode area on the metal surface, or
limit transport between the anode and cathode. Sufficient data do not appear to be available to
currently predict what the effects of elevated surface temperatures on SCC crack initiation or
growth under a deliquesced brine film.
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APPENDIX C: INTRODUCTORY PRESENTATION
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Sandia
Exceptionad I service in the national fntevest National
! Labaratanes

UFD Expert Panel on Chloride Induced Stress Corrosion Cracking of
Interim Storage Containers for Spent Nuclear Fuel

Sandia National Laboratories
Albuguergue, N

March 24 and 25, 2016
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Degradation Mechanism of Concern: Stress
Corrosion Cracking (SCC)

Susceptible Material?
Well established for 304/304L in CI-

Stress?
Mockup container and other
literature indicate stress field

strongly tensile

Aggressive Environment?
Maybe. ..
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Why are we here?

* Atmospheric stress corrosion cracking has been identified as a
significant potential degradation mode for fielded interim
storage containers

= Current understanding of what governs this cracking process
under atmospheric conditions is lacking...
* |nduction pericd
" Localized corrosion initiation and growth
= Pit to crack transition
= Growth rate of stable cracks

= (Critical need to understand each aspect of the process as well
as how to characterize it

® What needs to be done experimentally to address the existing data
gaps?

The Panel

= Expert panel has been assembled to work through this
degradation process and help establish a viable path forward

= Dr. Peter Andresen
GE Corporate Research and Development

= Dr. Robert Kelly
University of Virginia

= Dr. John Scully
University of Virginia

= Dr. Alan Turnbull
National Physical Laboratory
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Schedule—Day 1

= Times are just rough estimates

7:30 heet at badge office, then travel to CG5C
8100 8:30{ Introduction, Goals, and ground rules
8:30 9:30| Surface environment on the containers (€. Bryan)

9:30 10:30| UV A Localized corrosion model (R. Kelly)
10:30 A0:45( Break
10:45 12:00( Localized corrosion
Initiation
propagation
Impact of RH, T, etc.
12:00 1:00{ Lunch

1:00 3:00( Crack intiation
Pit ta crack transition
Early crack growth
Measurement Methodologies - how do we guantify crack nudleation?
3:00 3115{Break
3:15 5:00| Crack initiation |continued)

5 5:30| Return to hotel

6200 Dinner

Schedule —Day 2

700 Meet at CG50

7400 7:30|Recap of day 1{review conclusions, action iterns)

7:30 9:30| Crack propagation

Impact of microstructure

Crack branching

Measurement methodologles - how dowe effectively measure crack growth?
9:30 0:45|Break

0:45 11|Crack propagation [continued)
11 11:30|Recap of day 2 {review conclusions) and plan path forward for documentation
11:30 Meeting can continue if there is time/interest - Facility is available all day.
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Topic 1: Localized Corrosion

SCCin atmospherically exposed stainless steels has typically
heen observed to initiate from localized corrosion sites.

= What are the key processes that govern localized corrosion
under atmospheric conditions in terms of:
® the induction period prior to pit nucleation
= the sites from which meaningful/stable pits nucleate.
= How impertant is the underlying microstructure?

MinS stringer and other precipitates, chromium depleted zones,
deformation induced martensite, local plastic deformation, etc.

= the growth of stable pits?

= Are there data gaps that need to be addressed?

Topic 2: Crack Initiation

SCC crack initiation on austenitic stainless steels under
atmospheric conditions is believed to take place from localized
corrosion sites

= What are the key factors that determine when crack
nucleation is likely in terms of:
* |5alocalized corrosion site necessary?

* |sthere a critical combination of factors that governs when crack
nucleation is likely from a localized corrosion site?

= |sthere a critical size or geometry?
= |5 the pit internal chemistry necessary for crack nucleation?
* |sthere a necessary underlying microstructure and stress field?
= How can the crack nucleation process be effectively
monitored?

= Are there data gaps that need to be addressed?
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Topic 3: Crack Propagation

MMany different views have been expressed in terms of the required surface chemistry,
salt load or brine layer characteristics, location of the cathode supparting crack
propagation, and underlying microstructural features of importance.

* |nyour opinion, what are the critical conditions and processes that govern
atmospheric SCC crack propagation?

= Given the documented difficulties in determining accurate crack growth rate
measurements for atmospheric 5CC cracks, how might this issue be attacked
experimentally?

*  Chloride driven SCC eracks in austenitic stainless steal: observed in the field tend
to be highly branched in nature = how should this be addressed experimentally?

= What are the key data gaps that must be addressed?

Recap—Day 1

= Surface Environment
= . Bryan = presentation of limitations of existing data, and predictions of likely
surface conditions
*  Some studies suggest other phases may be present, differing from
thermodynamic predictions
»  Aszessment of oxidative strength via Abbott work, ete.
*  Localized Corrosion
*  R. Kelly = presentation and discussion on maximum pit depth model
= Mucleation site discussion
= |mpact of passivated pits
= Data needs for the model = cathodic kinetics, validation data
= Crack Nucleation
= Wery difficult area to tackle experimentally

»  Necessity of a pit— generally agreemeant that needed for this systermn, but not
universally so, While pits appear to be needed, doesn’'t mean absence of a pit
will translate to immunity to nucleation

*  |imited understanding of surface strezs state — |ots of factors to consider
10
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Recap — Day 1 (continued)

= Crack Propagation
v |ncreazed seruting of axisting data fram other structures
s Evaluation by structural mechanics folks on varying stress state with crack
prapagation
= Experimental approach
= Evaluation of plausible extremes
* Explore variablesin a controlled manner
* |nundated experiments to evaluate impact of variables [gualitative)
* Atmospheric expariments — options with limitations
= Elliptical crack from surface
= Traditional fracture mechanics specimens
» Presentation of CT and ESE(T) sample work fram SWRI

11
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APPENDIX D: ENVIRONMENT PRESENTATION
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Used Fuel Disposition Campaign

Used

Fuel Overview
Disposition

+ Background
+ Types of Interim Storage Systems

+ Describing the environment on the surface of in-service storage
canisters. Required Information:
Salt Compositions
« ISF3I focations
«  Anticipefed Dust’'Sait Compositions
« EPRI Dusf Sampling Program and Results
Determining Relative Humidity
+  Calcuiated from Canister Surface Temperalure and Ambient Hurmidity of Inflowing
Air

Determining Initial Temperature and Temperature Evolution over Time
+ Modelad and Measured Dala

Salt surface load (?)
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Used

Fuel Background
Disposition

= Tha Unted States curently does ned have a dispasal pathway for SNF, Dry slersge canlsbers
currently in wse may be required to perform their function for decades beyond their original design
crteria. Localized comosion, especially stress cormosion cracking (SCC), of welded stainlass stael
(304/304L55) canisters is considered the most important potential failure mechanizm.
= Canslers are siorad in passivaly ventilated cverpacks and accurnulate dust an the surface cver
time. SCC of stainless steel due to deliquescence of chlonde-nich salts on metal surfacesisa
welkknown phenomenon, especiallyin near-marnne environments. Operational experience with
stainless stesl SCC at CA and FL nuclear sites.
= Directly inspactng m-sensce canisters for carressan, or far dest compesitian, i$ difficult due ta hagh
radiation fields at the canister surfaces and limited access through vents in the storage overpacks.
+  EPRI eampling program codeced amd analyzed sufsce dushs Fonm i-sendos siorage camsievs al fves mear
manne 15F S locatons, and established that chlonae-nch saits can be present
+  AMernats ko defermnislicaily or grabatilisticgity predicl carmsier pansiraiion rafes have been hamperad by
Jrwsd and hagily scallarsd sxpanmenta dala & reievant smvinmmental conciions. Howevsr, dafa collscied
g davekanrmand of thoes modais helos define e articiosed o6 peical S CherTial erirmsnd o s
Lanlelar sifaces
Wiowl s progressing fo develop in sity SO0 inspection schnalogias o camsfers within thelr overpacks

Used Criteria for Stress Corrosion Cracking
Fuel What is the canister surface environment, and how does it affect SCC
Disposition crackinitiation and growth?

Chist o canster
zurface al Calvad
Clils (EPRY 2014)

T b H i ogsared Sfrosses,
1——-1— Ciroamdsrantial weld HAZ,
T 1 E Eandha Canishior Llockug
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Used i .
Fuel Canister Surface Environment

Disposition

* Environmental Requirements for SCC are:

« Frasence of an agueous solution
*  Immersed conditions unlikely— casks are profeciedifrom weather by overpachs

o Dwliguescence of salts in dust— passive venifation draws large volumes of oulside air
through the overpacks. and dustand aerosols are depositedon the cask surfaces.

= Chemically aggressive environment {e.g., chloride-rich)
= Salt deliquescence and brine composition are

dependenton: N _
= Composition/amount O‘fdﬁ'pﬂ&llfﬁ'd salts Characterizing the canister

) surface environment means
= Temperature at the container surface understanding how these

= Relative humidity at the container surface  evolve with time in storage.

Used .
Fuel ISFSI Locations
Disposition

Different environments
— Varying salt assemblages

. Cosgstal l,rmElf'l:ﬂE zalt | i LS. Indepancient Sgera Fusl Siomgs Inctilsiane §SFS0 e
agrosais) - e
. — =
+ [Inland {ammonium, sulfate, | o . ___". =‘,_ i ? Ii !:___..
and nitrate-rich asrosols; ) ] =l o Lo __E Jo It =
possibla road salls, cooling . Bt — ¥ i = 0 g
, - Ly . g . —
tower amissions) ¢~ e —
+  Sall assemblages control - - o Ry ==
DRH and RH, . £ s . T..'H -
- Range of weather conditions 2 :_"“ - =T
«  Dewpoints (4H) : — e e, T IE:
+  Ambient temperafures ) —

— Temperature range of interest
(when deliguescence can
oceur)

« Defermined by RH, and AH
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Used

Fuel
Disposition
General Storage System
Designs
Used
Fuel Interim Storage Systems for SNF
Disposition

B Stainless steel (generally 304/304L) welded canisters are stored
in concrete/steel overpacks.

B Canisters are 1/2" to 5/8" thick, single shell. Formed and sealed
using multi-pass welds. Canister closure welds at one end are
double-shell.

B Passively ventilated for cooling. Unfiltered air enters lower
vents in the overpack, passes up and around the canister, and
exits upper vents.

B Two majorstorage types

Vertical systems. Canisters are stored vertically, in eylindrical
steel/concrete overpacks.

— Haorizontal systems, Canisters are emplaced on steel rails into
rectangular concrete overpacks.
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Used
Fuel Dry Storage Systems: Horizontal
Disposition

u Forexample, Areva/TH HUHOMS storage
systems Conerete
m  ~38% of current dry storage overpacks

+ Passiveairflow through the

overpack cools the package =
« Relatively air high flow rates e

(mmin) bringin dust;

deposited on the canister o

surface

(i) B
FARL 2012 Fugpre 7.3

Used
Fuel Dry Storage Systems: Vertical
Disposition

® Several different vertical storage system designs, with different vent and
internal geometries. For example, Holtec HI-STORM 100 system.

® Air enters slit-ike vents at the base, moves up through a narrow 27-4" annulus
between the overpack and the canister, and exits vents at the top of the
overpack.

W 1%
WBler ven L.... B2 v & |
o B
% ek |
S B ' 3' &
£
I
=4
5 -1
|
L AT
_:_"ﬂ H tl H
| e e
HI-STORM 100 sharogs spahans of vabio Covyan RO 1.3 BT A N S L

W ] o]
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Used

Fuel
Disposition
Storage Canister Surface
Environment
Used
Fuel
Disposition

Chemical Composition of Salts
Deposited on Canister Surfaces:

Sampling of Dust on In-Service Storage
Canisters
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Doed Sampling of Dust on In-Service

Disposition Interim Storage Canisters

EPRI sampling program: Assess the
compaosition of dust on the surface
of in-service stainless steel SNF
storoge canisters, with emphasis on
the deliguescent salts.

+ Emphasis on near-marine sites, as sea-salts
are known to couse SCC of stainless steels,

+ Sampling difficult and expensive

+ Limbted aveess to canleter surface within overpacks Sampiing a
v High canister surfeee radiation levels (1000-10,000 HI-STORM 100
Haghr). canister atthe
= [ISFSI locations sampled: Disbde Canyon
v " I1SF5I
S Tt O e
+ Wope Creek; Woltes WRETORM system, vertios)
eanister [Dee, 2013)
v Dishbls Canpan: Haltee H-STORM spstem [lan 2014)
* Samples delivered to Sandia Netienal
Laberatories for analysis |
i G5.1930
4 Sarnphng wilk tha 13
T sarmping ool
g:‘:f' EPRI Dust Sampling:
Calvert Cliffs Site
Disposition

Eastarn 5.

ISFSlis ~0.5
miles from
Chesapaake Bay

- Shelfersd bay
- Brackish water

14
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Used EPRI Dust Sampling:

Euel Hope Creek Site
Dis pos ition

Eastern U5,

ISFS] ig ~0.25
miles from the
Delaware River,
15 miles
upstream fram
Deiaware Bay

+  Brackish water
« Shelersd from

Oen ooaaT

:E"E:f' EPRI Dust Sampling:

Disposition Diable Canyoen Site

Western U.5.

ISFSI is ~1/3 mile from the shoreline,
af a hill above the planl.

« Elsvaled (~400 fsel) above sea lavel

*  Rocky shore, bragking waves

= Opedt aoaan
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Used
Fuel
Disposition

EPRI Dust Sampling:

Types of Samples Collected

— MUHOMS henzontal storage
systems—entered through door,
annulus arcwnd shisld plug (-2.5
cm}

HI-STORM systems—antered
through upper ventilation cpening

— Sali-Smart® sensors
Used to chargctenze schuble salts
(gquantify amount paer unit area)

AMed Uss, Sanscd was splt and
capiured salis were rinsed ou faor
analyss

Dry dustsamples

— Sgoleh-Brite™ pads

- Used to characterize salt
comiponents (chemistry,
mineralogy, texture); cannot

« The canisfer upper swizce was

* The solublezalfsare Ca- and 50,

+ Chlorlges compnse s small fraction

quantify amounl per unll area & "i»f
Used .
Fuel EPRI Dust Sampling:
Disposition Results: Calvert Cliffs

s Feavly cosled wilh dust and
sails due fo gravitabiona seliing
Samples fromupper sudace
confaimed abundart polien.

Folan gmans i dust o7 the ugper

neh. Gypsumisihe dominant sall
phase presen!.

of the fofsl zalf load, and are
dominanily NaCl.

Despitethe proximityto the coast
and prevaiiingwinds from the
2asT, the dusrs sampled fromin-
service containers at Calver
Cliffs do not appearto havea
large sea salt component.
Chesapeake Bay I5 brackish, and
may be sheltered sufficiently to
limit wave-generated sea-sait
aerosols.

Dol pavdoias adhanag &
Scolch-Brk™ sampiig
pad 1
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Used EPRI Dust Sampling:

F'Z'IEI . Results: Hope Creek
Disposition

+ Flat canister top much more heavlly coaled than vertical sides.

+ Dusl dominated by insoluble minerais (guarz, clays, aluminosilicates). Soluble saits minor;
dominantly gypsum, carbonates. Sparse chiorides, mostly solated grains of NaCl.

Despire the praximimy 1o the cosst, the duses sempled
froum if-gervice confalpers ar Hope Creek do Aot have a
large seq sak component. Delaware River is brackish,
and may be shetered suMciantly o i wave-generasd
Sea-5af serosols

Used .

Fuel EPRI Dust Sampling:

Disposition Results: Hope Creek Salt-Smarts®

Dmpth, | Temp.. Ammcant pres s, pgieampls
Sawglad | e Vel T [ w [ g | F ] o [ wor (e | o

144-00E Sde 130 | 932 14 0.6 T red 2.8 T red 41 154
144000 Sde | 75 [ 1165 17 [ af [0 [ 27 [ m [ 08| 64 EEE
144-010 Sde 14 1323 14 42 a4 24 red 12 -] red 44 134
144013 Top | 00 [ 136 [ 42 [ @ [toe [ @ |26 [os [az [ w [as [ m n7
144.014 Top pa 1412 ) 12 64 = B ar a4 13 7.3 13 EE I
14400 G5 | — | — | m™ 22 [ 04 [ 14 [ o EN IEFE XN T
144.004 GS — — red iz LR P} red ae 1B 1T 11E
145005~ Sde | 130 [ 708 22 [ a4 |06 [ 23 | m [ 22 [a1 [ m [a7 | #1
145.007 Sde T5 |1008 1 14 06 P} el 21 iz 53 178
145014 Sde 14 1303 iz 0B iz red 12 15 red 31 215
145015 Top | 00 [1aa[ ® [ [ o [ @ [ 26 [ m [ 22| w [ a5 | e 73
A45-11" Blank — — red 23 a3 3 red 13 red 1T 9.5|
14500 G5 | — | — [ m [2]as o527 m 5.0 z 14 5]
5581 min1 = | — — red red 13 a2 11 red 1.6 red 51
ssmng [ IS ~ [ ™ [z [0z [ 5| m™ E
SE81S min — — | — red red 1.5 0.5 5.7 1.2 11 1.6 1.7 12.8

Mt RARCEG 0 YRGS I Qray WENa a00va D ank v sl s, Dl oD e 1D uanily ecCurdely . nd

4GS = QanTe shild

erv o pad ank damp
- oy partidly safiraied
. W i e b e DRy psar ey conlaciod 1he conisler sur ace | ~10 of tha pad)

=
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Used EPRI Dust Sampling:

Fuel Results: Diablo Canyon
Disposition

« Canistersideslightly coated, tops more heavilycoated. CEEIFTZ‘DHE

+ Dusteaminatedby insoluble minerals(guanz, clays,
aluminasiiicates), bul chionde-rich saluble salls are abundant,
presen! as sea-sall aggregates

MHeawy wave actiofn at the Diablo Canyon site generares
abundant sea-sak aerosols. Akhopgh 400 feer above sea
Feved, Diabio Canyon canisters Rave a signifcant amount
of sea-salts on the canisier swfaces.

Used EPRI Dust Sampling:
Fuel . i .

. . Results: Diable Canyon
Disposition

Saa salt aggregate, comprised largely of NaCl and Mg-50, (the two mos! abundant minerals
that form whan seawaler evaporates. Smaller ameunts of K and Ca minerals. A Mg-Cl,
phase, if prasent, 15 not distinguishable.




Used EPRI Dust Sampling:

Fuel
Results: Diablo Canyon
Disposition
Examples of Sea-salt aerosols
k]
Used .
Fuel EPRI Dust Sampling:
Results: Diablo Canyon Salt-Smarts®
Disposition Y
5
weve colscied dala &
Dk, | Tameg, BTG s i, i il SUM,
SAmESE | by F | Hm K| Ca | Mg | m" | F | oor | Moy | eoS | S0t | e
2
12500 | Sde | 14 [ried [ 03 [o76 [ 2a [0F | 26 [ o4 [ 14 | 18 £1 | 164
123004 Eide 115 | 1734 | 028 14 312 148 13 F 11 45 T 25 153'
1230057 Eida 10.5 1E7 nd 0.33 45 D3 17 .35 0.59 Dy 17 1|:|f|
123002 [=}-] — — irr 11 T4 11 24 12 ir4 133 nd 128 ."E-I:II
123010 Hank — — 4 23 27 1.59 za 12 T5 18 1.3 2 2‘EIZI|
170007 Eida 105 | 1775 11 043 25 L1 e ] 14 0.3 13 24 nd 17 115]
1TD-poa” Eide 85 1828 | 0.23 a.62 23 0.3 13 04 0.6 23 oy or 114
ireom [ mde | w Qiee2 [ 035 [ za | 4 (0w |13 | ea [om [ s (e [ 11 | 2
e [ Gs | — | — o | ve [ 73 [ s [ 2a 4 % |om | 78 [ 10
Fitank f: — [ = — Joes [ 12 [ 22 Jom | 14 i [1a [ sa [oer | oas [ 1zs)
[Baanksiil | — [ — [ — [ nd Jo2a[ 12 Toos [ 14 Joma [0a2 [oue 14 | oz 43|
[ankao | — | — | — [ oo [as6 [ 8 [om [ 44 [ o= [0 [ 23 [ 0w [0 74|
[ankaz | — [ — | — [oss| v+ [ 13 Jam ] 12 i [ 12 [ 22 [om [ @ 63|
[ankad | — [ — | — [ nd Jooe [ 10 Joms [ 12 [ [oda Jom [ 1 [ oo E|
[Brnkgz) [ — = = nd | 026 [ 14 [ o= 1 0= [0m | 13 nd | D52 55)
Hodas Mo EahSman® samples wara collackad fom canistr o e the emperalings were oo high-outside ol the oparational
range afthe Sakaman®. Ralicized values in graywers above anaksis Bank value | but oo ow 1o guanifyecoirabaly nd =not
dukckd. G.E= gamma ahield
*Canister surface lemparaties no high. Wick adheared fa the slicons prassure pad_and meeror pad only partily saurabsd o

ruriace salts maynol have bean quantiaive yrevered
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Used Summary of EPRI In-Service

Fuel ) !
Disposition Canister Sampling

+ Dusts on Calvert Cliffs and Hope Creek canisters are largely insoluble
minerals; salts are limited, and are salts are largely Ca-sulfate and
nitrate-rich. NaCl was observed as rare isclated grains.

+ Dusts on Diablo Canyon canisters are sea-salt rich. Sea-salts are
present are present in both the fine (<2.5pm) and coarse (10-20pm
fraction). Larger grains are spherical aggregates or euhedral crystals
of halite, with associated Mg-sulfate, and lesser amounts of Ca and K.

+ Dust loads generally much heavier on canister upper surfaces than on
vertical surfaces,

Observations of heavy canister dust loads at some sites (e.g., Calvert
Cliffs) and of sea-salt-rich canister surface dusts at different sites (Diablo
Canyon) indicate that at some near-marine sites, heavy chloride-rich dust
loads could eventually be deposited. Once deliquescence occurs, SCC
may be possible.

Used
Fuel
Disposition

Modeling Brine Compositions
that Form by Deliquescence,
and Conditions of
Deliquescence

26
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Used
Fuel
Disposition

Deliquescence:

Deliquescence 15 controlled by RH:
RH = f{salt composition, AH, temperature)

B Salt assemblages havea 100%
minlmum RH at which they 3%
deliquesce |RHg) 3%
B RH= Pwak.rva pﬂr e
B Py vaper = AR 0miae e
Y
B Pt = ATwe sortace) . s
B Durng cooling, T decreases s
and RHwe curiace INCrEases -
until RH; is reached, and s B ki . 204
deliquescence ocours, ) LT
[P e ———— e e e e e e s SRRt IS rrr rar e ————
B The limiting RH for corrosian, 1 a 50 L] o L EE] 150
RHy, is somewhat below RHy container Surface Temperabare, 20
(adsorbed water films).
7
Used ‘e
Fuel Salt Composition and RH,;:
. . Marine asrosols—observed
Disposition

Sea saltspray — generally simulated

with synthetic ocean water (A8TM
D1141-98)

Cone, mgfl
AETM McCaffrey
| Specien D1141-38  etal [1887]
Wa* 11031 11734
i 308 438
Mgt 1328 1323
Cal= 419 4015
(4 15835 21176
Br =] 74
- 1 —
£0,2- 2766 1942
B> 26 -
HEOy 145 -
aH B2 B.2

Sea-saltaggregate on Diablo Canyon

ISFS] storage canister
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Used
Fuel
Disposition

Salt Compositions and RH:
Geochemical modeling of seawater evaporation

U auvagration, salts precipitata and
redizsolve. Bermoed salts dictate the
compostion of rermering brme

*  Saawatar avolas towands concentratad Mg-
ClErine a= Nall precipitstes

@ Brand B conzerved [t Plbrer daiabaze used
for thess caloalations is not guakfied for B,
ard vy not be accursie)

Cancant ration, Fhola

AL - - -
& a5 ane mosthy remowed by mirerals, and i 1 Lid Lis¥) 10s30d

e vary bovw it remnaining brina.
& Delgusscence iy e revere of eusporntion
Precipitated salts:
® Lo evapanedion, sevened seMs precipitede
ond re-dizsabe,

Comrentration Factor

sk, moshr ol pacpwne

n L LR H
Finol assembloge determings

deliquescence RH (RH,}
« Mol fRofits)
= Miglilaiha0 (bschofite)
o S0 (hesarite)
o KMpleH0 foomoaiite)
" Ll fenkpnite) L

TR

L]

Pei p1anes Pk T LT off o 3187

F] 1 am 1 )
Caniern ianin Faimar

:;"::f' Predicted Deliquescence of Individual
Disposition Sea-Salt Minerals and of Assemblage

Deliguescence points:

u Ca-530,(gypsum or anhydrite):
DRH =99%

® Mg-50, (four different hydrates): e e |
DRH = 03-84%, e — — ez

® Nacl: I s |
DRH = -77% atall temperatures e . _:::"r':;'

B KMgCl,:6H,0 (Esylvite): 0% 1 —E"_______ ———
MH’EHM‘E 20% 1 -\-\"'-\-..\_\_\_\_ _\_\_"-l—\_\_\__\_\_

B MgCl,:6H,0: 103 4 —
DRH = 36-29% o% 4

u MgCl,:6H,0 plus any or all other 0 40 &0
salts: Temperature, TC
DRH = ~Same as MgCl,:6H,0

But is deliguescence RH = RH, 7 Experimental data indicate that
corrosion accurs of lower RH vaolues...
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Used

Fuel RH, vs RH_ (RH Threshold for Corrosion)
Disposition
Corrosion Below the Deliguescence RH

= NaCl (DRH 77%)
& Schindetbalr ef @ [2014h) summonzes severe! shidles—cormasion of mild sheel ot BH valoes of 50-58% RY. Theirown
shuy showsd corosion o= low o 33% 08,
® Ocd CONTOREON Sarts, T oo pavsist fo dowar AH for Aaost 278 AH) due to ghly deliquesceat iron chlorde selts.

= MgCl; (DRH ~23%] (Schingelholz et al, 2014c)

®  Ohserved corrasion fo il shael) as low o 11% BH {2125), af @
1 &H O
Tpoding of & pgderm™, i e "‘.cl -
L A 1 g o high
= Sea-salts (Schindetholz et al, 2014c) e ‘&  fmed
w  Corrasion fmdld stoeed| obssned o5 Aow os 33% RH [2IRC), af o ] m'1 : nﬁﬂ H'\i
Tooding of 16 ipdem
*  Corvosion obseved as low o5 23% RH (2190), of o loading of 150 2y
- o'y e |
w  nfarad that o higher sea-salis loadtngs, resatts woald match . *
Mgt 101 o
® Observations of SCC ,
= WA FI0I ) =500 (I0ASE) obsenved as between J0% and 30% BH 074 -
[warkshle tempeatianas), aing a-salts .\ L Soksdalbolr ol &l (2014
' - L] AR AAALARRRS A v
. f:;;l::.:gil):j” SOC [F455) observed ot 155 RH ond' FIRC 0 10 30 31 40 B0 €0 7O ®1 59 100

& Folwesther et ol (A008 500 (30435 abssrved ot 155 BH and RHPNY

A58 and SIFE, using Mgy
Sea-salt RH, for $CC of 304 55 poorly constrained, and may be a function of salt load, Could br as lowat 15%, #

Used Absolute Humidity
Fuel Possible Range of AH Evaluated for 85 ISFSI Sites by using
Disposition Data from Nearby Weather Stations

At any given site, AH [here i

represented as dewpoint) | |
varies both daily and Rl ,l m
seasonally. i ﬂ'

Does corrosion stop if daily
fluctuations in RH cross the RH,?
Quite possibly not (Schindieholz
et al., 2014); but it may stop if
seagsonal variations are large ' JEP———
enough. - S

Taerv o ratuare, 5
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lanirrmm Daily Dawpein, 90

Used
Fuel

What about AH?
Possible Range of AH Evaluated for 65 ISFS| Sites by using

Disposition Data from Nearby Weather Stations

NEC/CNWRA [2014) suggested 30 g/m? was an upper limit for AH, based on
meteoralogical monitoring data,

- . Avar, ety de M ey L better indicotor
Weather data from 65 ISFSI sites, collected for the “_GETE;' i: wga::n_ .l?: nerolan : I_I
SN probobifistic SCCmodel, confirm this bs frue. O IME OF WAENESS. LDMATGETT can ! on @verage

dewppint? Lotitude [= overage wearly temperature),

(1]
LN
-
1 -
S
15
10
! . ' . .
3 1 15 in i L]
Ladibad e, degrees
: Nf.?m.,. Year ) ) 30 g/m? is a reasonable upper limit for AH

=

Used
Fuel
Disposition

Given AH and RH_, what is the temperature
range at which corrosion can occur?

The actual RH,

the potential maximum

temperature for corrosion, Max,

T. in turn affects:

® Timing of corroskon inltation as the
canister cools (lower RH, eguals
eariar corrosion]

* Total ime-of-weatness— aarlier
initiation, and less chance of dryout
during dally/seasonal varlations in

AH

* Corrosion rata |pitting and crack : ™
growth ratas), if thermally activated.
Decreasinginitial T from £3%to '!l'\-\-..\_-\-:"'-u.h,
542C changes initial CGR by about a e :

factor of 2.

Considering uncertainty in RH,, the
maximem temperature for atmospharic
chlorda-induced 5CC i poorly definad,
but s likaly to be in the range of 55210 -2
G52CL 7). Mo operational experience? ?

has a big effecton

RH & the Cannier Surface, %

Canhber Temperahurs, &

. 13

5] %‘-\-

ey

Ea |

.33 ™ i
p I )

ar .
5 "]
E, = 8 W e

In 5.k mf

LT K M
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Used

Fuel
Disposition
Evolution of Waste Package
Surface Temperatures
a5
E::f' Waste Package Surface Temperatures:
Dispusitinn Evolution and Variation with Surface Location
Horizental Storage Syetem Thermal Model (FNNL 3012 Maioeily, mE
~ Cabert Giffs NUHOMS HE3M-15 (24 PWR) storags moduls -
— CFDmaodal providas tamperabuore map of canister surfaca, l
intemals, map of ventilaton velcilies through overpack;
thamal responsa imes e
— Resulfa:
+ Hugslsmparafuse @nge (=HC) on the sudace 05z

« High aovective fow rales through the overpack ars very
affiective af cooling e canmsier

+ Seasonal emperature fuchrabons comespand o similar- 035
Fagmide confalmer samacs lemperatuve Muctusiions

o7
Termp °F

EETI

217

PHML 2012
Figure 7.3

o
Modsied airflow through the ovemeck

a3

149

Boda{ed canisler surface
lemparatunes, aller 19 years in dry
clarage [~T.67 kIA)

116
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Used
Fuel
Disposition

Horizontal canister model. 24 KW initial

i i I il

®  Evalale tamperabore evolution at 25 paints an ‘
the carister suface

®  Heal lnad dacays rapidy, and advactive coaing
I aflective Some canisber suface localions are
below SOFC immediately, and a sigrificant
fractian of the canistar surfaca i below S00C
within 10-20 years afler emplacement

Evolution of Surface Temperatures:
Thermal Model, Horizontal Canister

\ 150
and most -
100 g
Ipaded well g .
maximum heat | | 50 Euw
load. N
..... = = e
u - ! |
L] wa 133 1% Bl Fit]
0 50 R .
Used Evolution of Surface Temperatures:
Fuel Thermal Model, Horizontal Canister
Disposition
Flattered canister map |side view)
= v TF
L L] -u
il ]
o - -
i £ =
- L % i1 | .:1.:
i J:L —¥T]
v *:L_____"_ — - HE]
1 e
=|: o [T} 1% £ = an (£} LL] 12 m Pd) 1 LE] i
Tiews 1 ‘ L peer wa e ackage imi
(1] [:14 e ik i 9 11 ik in e a (L Lk} m ) 1m 1% a1
Lahgih o’ wiksele o g i) Leagi over wasie package bl
k-]
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E:::j Evolution of Surface Temperature:

Thermal Model, Horizontal Canister

Disposition
Weld Locations: we anbicipate SCC will ocour
T at walds due to high wald residual stresses
Weld? || 7 Welds:
7 {1 Weld2 + Longitudinal welds: 2, location uncertain
0 + Circumferential center welkd

+ End-plate weld (on verfical canisters only)

Flattened canister temperature map, 0 yrs

Canisters are not “clocked”
when they are placed in

overpacks, Longitudinal weld —
locations are uncertain. = 140
Howewver, Efficient passive W
cooling means that some |
fraction of the welds (regardless
of placement) will rapidly reach .
temperatures low enough to S e S A
allow deliquescence. P,

=

E::f' Evolution of Surface Temperature:
Measured Data, Vertical Canister

Disposition

Vertical Canister, Diablo Canyon . -

= HOLTEC HISTORM 100, Version B i .

I

o 32 PWR, loaded with high-burnup fuel
o Decay heat 20,1 kW at loading
B |nspection after 2 years

Depth of Insertion (fi]

B B w o=

o Dust samples collected and surface

et -
termperatures measured - ::)-c"w'".l-:'
Ty Empe

Decay heat 17.1 kW at inspection 15

[a]

40 [=E) a0 oo 120 140
Temp. {2C]

Lower ~3 feet of the canister already cool enough for
deliquescence after 2 years [remember that there is a side-
penefrating baseplate weld an vertical canisters).

4an
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Used

Fuel
Disposition
Brine Properties as a Function of
Salt Load, T and RH
g::;ﬂ Environmental Parameters for Pit Growth
Disposition  Model

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

Electrochemicalrerm
{from cathodic
Ma Brine Brine layer polarization curve)
cathode  conductivity thickress
current -\ /‘
2 [Erp .
\ 4Ekm.ﬁgma_r L -[Em,.,.{!f - IP]d'E
In jr.:,:rm:uc = T Ar
CoME miax
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Used
Fuel

Brine Properties

Disposition

Brine Conductivty

Brine layer thickne==

[TER TTUTEE RS Y

Ops Lgi=”

B

Thickness = Conducthity = {x Conduciance?)

[--PEY SN TPy

AN © LRl

a

Used
Fuel

Brine Properties

Disposition

LY

Dwotted Bves represent the maximum RH

possibleat the listed temperaiune

rl

Effectof Salt Load

10000

'mt

seasalt

| 40

0

1a
0.5
0
[

a
E

AYARIMPUDT ¥ S5AURIYL

L0

11

1o

an

EL

a

5

£l

0

10
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Used _ )
Fuel Brine Properties

Disposition

Electrochemical data? Measurements in progress.

Chipnde concantration and pH change litha below the point of halita saturaton,
bl predicted chionde actkilies change gresly. Larpe changes n calhodic
patarization curéa?

1000 in

25°C

100 4

pH

Conducthity, 5/m
=== {hleride astmity. m
Thizride conc., m

Conductivity, O activity, or €l corcentration

—pH
0.0l &
i) = 4a Ei Bl L] L] ai ioi
R -
Used
Fuel Summary
Disposition

B Interim storage systems commaonly consist of welded 304 55 canisters in
passively ventilated concrete/steel overpacks. Salt aerosols enter with airflow,
and are deposited on canister surfaces.

B Chloride-rich sea-salt aggregates have been observed on canister surfaces at
near-marine ISFS1 sites, and over time are likely to build up to significant
concentrations. Breaking waves and shoreward winds are likely important
(Diablo—yes, Calvert and Hope Creek—na).

B Decay heat raises canister surface temperatures above ambient, but effective
passive cooling means temperatures vary widely over the canister surface.

B Maximum AH values are consistently around 28-30 g/m?, regardless of ISFSI
location. However, mean yearly values are strongly controlled by latitude (and
mean temperature).

B Combined canister surface temperature and AH data suggest that some pans of
the canister surface become cool enough (=~65°C7) to allow salt deliguescence
and corrosion soon after emplacement into storage.

B RH,? For sea-salts, may be a function of sali load (minimum brine volume
required). MgCl; data suggest it may be may be as low as =15%, if sulficient
sea-salt is present.
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APPENDIX E: MAXIMUM PIT SIZE MODEL (R. KELLY)
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Prediction of Maximum Pit Size from Atmospheric
Exposure of Metallic Materials

R.G. Kelly, M. Woldemedhin, J. Srinivasan, Z.Y. Chen

Department of Materials Science and Engineering
University of Virginia

SCC Workshop
Sandia Mational Laboratory
March 24-25, 2016
Albuguergue, MM

Most popular pit growth laws are
power laws

500 —— :

?‘ il S Marne | ) sl F.E.Wm e

. O [ d = Atm
T | —I—H-l—'l—

E:E 100} m=0s7 ey %—.—, T

8 (40 R »

= Ve L2 l ~.—',__ . m = power law exponent
Ty LoowonE . |

£ : ‘.:;::n

E - v b B Trmde )

T Y mglemioge [ 1 & Pl Exponents as highas 0.6

[ Luu Liiiies HTITEE I W ETE SR L e e ey

2 45 TR - !

Exposura Pencd, f [ year

| Muta et 3l Proc. af Int. Symp. On Flant Aging and Life Pred. of Com. Stnuctures:
Ky 1006, Sagpam. Japan
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The problem with power laws for long-
term prediction is the needed precision

¥
H

m=0.6
igd000 1
= Factor of 40 for observed
- 160,000 1 range of m
s
g uan m=0.57
E 120000 1 Similar sensitivity to A
10em 2 100000 1
=
E B0
E
= Eaoo0 1 m=0.4
=
A0000 1
m={, 4
i

200,000 400,000  E00000  EOO000 1000000 1,200,000
Timee [yr]

A=45 from Muta fit for severe maring site for up to 10y

It is an issue even at shorter times

1Lo00
e d=Atm

o
00
500

A

Maximum depth (microns)

ang

200

Time [yr}
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Limiting pit sizes are often seen
for atmospheric exposures

::|_.:- SinE (BENM [Eremn ]|

e
i . |
=1 Y |

(L]

« Can take several years to
R reach plateau

* Value of plateau depends
on alloy, environment

Pit depth,” um
[

= @ & B 5 F

L I L N B U]

[
qa | O} Bming part (RLSITE)
S

nf otk e B

[ P L W il B L
I B R A

Exposire ©ime. yaars M. Mokata, H. Ond, ¥ Laada, Comson Engiioeiag

n 4B, 655-BaE (199T)

Why would there be a limiting pit
size?

* In service, materials are
at their open circuit
potential

* Under open circuit
conditions, the
conservation of charge
dictates

* The anodic and cathodic
reactions are spatially
Z I . Z I separated during pitting
C a = As pits grow, more
cathodic current is

needed
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Consider localized corrosion as a
galvanic couple to define limits

* Cathode Current Capacity (¢, max)

* The total cathodic current that a wetted surface could
provide to support a growing crevice or pit

* Provides upper bound for cathode current
* Anode Current Demand (I ¢)

» The total anodic current that an active localized
corrosion site requires to maintain its critical chemistry
* Provides lower bound for anode current for stable site

The combination of the material and environmental

conditions will determine whether stable localized corrosion
is possible

L >
STABLE 3, COUPLING OF
LOCALIZED CORROSION AMODE AND CATHODE
2. ANODE CONTROL
CATHODE
CURRENT STIFLING
CAPACITY ! 1. CATHODE CONTROL
“catl'l.max:' .

ANODE CURRENT DEMAND (I .) ——l

Cathode Current Capacity =Anode Current Demand for stability
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What limitations might exist at each electrode?

Cathode Anode

Wi K (. I
— l——
El‘ﬂ Erp Pit
E-lm

Limited conductance of WL limits size of Anode must dissalve fast enough to
cathode replenish aggressive pit chemistry vs,
diffusion

Consider the cathode

Cathode

Goal is to calculate the HIGHEST value of |, possible

given WL, K, and cathodic kinetics = 1.y, .
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Concept of an equivalent cathode

& L N L

—=" EGonstant width, w
Given LD, T, RH,
s |

i EI'-HF_-"-.H I‘a_,*:j{fz_ip)-"“{ir
i

Eu (s En
[k} i i
X
[ti.~i,)-dE
g = MET = average current density over E, <E <Eg
- "

Derivation of I__,, Equation for Circular Cathode

E-v
--___----H-' i —_— : " " 2 H — N .

Illllr" l“"“" - EL_E-}'-

f Er -

|| ;L;I '| i P .

\ Pit with / AE=E,-E_= fﬂ’F’= fg Teg In{lﬁ}_l
N P e | 2

e A &

T:IT'
weer s [(i,-i,)-dE
+In( e )

ﬁ:illh JTEE fyaln g

411“ L WL -{EL‘LII'I.' - E1'|!l}

cath,max
I

Inl

2%, Cheas ared RO Kally. . Elsciraakem. See. 15T (25 CHRCTE {33

108




Comparison of |, from FEM and Equation
Calculation for Circular Cathode

H
1E-5}
o *r,=10 pm
{ -
@ 31&1L
2 1E-6} *45%
3 s «E,=-04V
c P *i, =10" A/m’
=]
T 1ET}
] o
1E7 1E-6 1E5

FEM model outputs, A

Cathode conditions determined by ohmic drop
and cathodic kinetics, as influenced by WL

j / Ep [ 4
needr o | (1, —i,)-dE
4TI‘K‘WL'{E¢L1W _E'1'|1JI FE:[rr p
].I].l cath,max + ln{ J
cath,max com — EIT'
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Relate WL and k to measurable parameters:
RH and Loading Density (LD)

D'\- L] REC oo e tra b on
%\ Ej Fiting curve
) * At RH = DRH, equilibrium concentration of
g 5 salt is determined by RH
g )
g ? . * Mass of salt (LD) available then
2 n determines WL
0LTE DA0 0ES DED 0.8% .00
Realatie B umidity *  Conductivity determined by molality
- *  Conductimity data
E 0 + Fllhx n.r\: .
£ 15 . LD(1+m, (RH,T)-MW,_,)
£ 10 . -
E Nacl m_ (RH,T)- p(RH,T)- MW,
€ 5 25°C
S o ]
076 080 0EE 090 DAS 1.00
Relative humidity

Createa |, nax Surface for Circular Cathode of 5§
316L

IIJ-ET, At #A

.:o-l’d—’ '.
o)

07s 0

r,=10umandT=25°C
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Why would the I ., may €Xpression be bounding?

» Assumes fixed chemistry and kinetics
* pH increases with time, kinetics slow

» Assumes no particulate
* Increases effective resistivity

* Assumes no limitations on cathode length
» e.g., surface tension, surface curvature

Galvele pit stability product allows critical
anode conditions to be determined

* Pit stability product (i*x) must be exceeded for stable localized
corrosion:
= j»x is required to maintain C7 at base of pit
+ [=dissolution current density
+ x = depth of pit

* Ifisx < (i*x),, pit repassivates ai -
. . - d -
* For 2-D, Ifr is the pit stability product o
Anodic
1 e dissodution
% i-t\ dansity
— WA SILY
ILC '“/r)crit r.|:|it gt

R, Gabesle, JAECS, 12574, 1070
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s 1, bounding?

* Yes, for hemispherical pit
* Extendable to other geometries

* Measurement of (i®x),,
* Usually done for salt-film-covered surface
+ If salt film not required, (i*x)_.; would be < (i=x);

* Degree of saturation required generally quoted as 60-
80%

Individual expressions for |, c and | .y, .4(r i) are

combined to determine maximum pit size

Inl -4 +In(B-r;,) Iie = (Ta/m)esie Ty

cath, max

&L
50 |- RH=88% I
| LDO=104 yg cm™ of NaCi =

cath, max —— i
—r
_---'_--

A » e /.'

e
(=]
v T

Current/pA
Lk
o
M
-
L1
*

|

|

|

: |
= /,f Stable | Unstabld

f/. : ;

10
A |
! ./.f’ Fmax =38 pm |
of « , , L

a 10 20 a0 40 o

Radius of the pitfym
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The crazy aunt in the basement is
how to obtain critical parameters

* Salt loading density
* Field measurements
* Use as parameter in modeling
* RH dependence of concentration
* Thank heavens for thermodynamics
* Cathodic kinetics

* Given above, determine in appropriate solution, account for
increased O, diffusion limited current at low WL

* Pit stability product
= Artificial pit

* Repassivation potential
= Artificial pit

Potential EfmV,_

FYTITE

L

Artificial pit measurements give both
(i*x);and E

Anodic kinefics Evaluation of {ix),,, ..
HEL anag -
e 4 Stainless steel alloy bype: J1EL
MO8 Tpst solution - 1.5 ﬁ';Ei
2008 L
L
E 1800
-
1200 |
Boo |-
400 - = =i = =
Shope = | J{1d) = i.d = {iLx) . = 0.734 Alm
L M M & 1 ! | M M M M 1
w* 1! 10" 10" 1" 800 1000 1500 2000 2500 3000 3800 4000
Current density /A.cm™” {1idpm”

i, = zFDAC/d = (zFDAC)*(1/d)

{i*x)crit =f* {i*ﬂsau film

113




Biax. Pt Dopth s

Initial comparisons to literature are
encouraging for seacoast exposures

LA L B e, AH =Bl W

w ]
WS 5 Ay Taee Tor DO B8 o, RH =1

5 4
ARl ) Jobwacn 1S Makaw |0T)  Mbow {ig]  Meio ) Tadoke | 1G] doravien [iFid] Mshas 0] SeRwa (] W) Law [0}

Marine atmosphere exposures for up to 26 y show limiting pit sizes

Z¥. Chain wnd RG Helly. & Ekoleotatt. Sao 15T () CeBCTE 200

Approach to Validation

* Material and Environment
+ 316
* Thin film of FeCl,

* Experimental
* Anodic kinetic parameters via artificial pit measuremeants
* Cathodic kinetic parameters via Cl-free polarization curves
* Plasma-cleaned 6.5 cm? surfaces exposed up to 7 days to thin layer
of FeCl,, assess pit dimensions with profilometry
* Computational
* Calculate maximum cathode current using method of Chen et al.
* Calculate anode current for hemispherical pit

T Waldermedhin, M. E. Shadd, R G Kelly, . Efecimchem Soc. 164(8), 2044,
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Typical data from artificial pit
measurements

: HEL_1.43M FlI:I'_RI-h‘.!E‘&

—_———

e

Increasing inttial

it depth ILd = F‘IFDCS = {i-x)mfgﬂ.fm

Log [ 1 & cm2)

[ ke da
Ji
1 i
./:: |
L . I}
i r )
[l

£.5 435 006 02 nsa
EiVve SCE

Cathodic Kinetics of Fe3* Reduction on SS

E
g Ecorr
B L In Frgifillyly
P —
T
:_-.|,.
£,]
24
o] !
10

£ £ 61 wa o s
E!¥vwa. BCE

Tl f(i: ~i)-dE

- 4m-x-WL-(E_, —E,P} | )

cath,max —
' I

can

Inl

+In(

cath, max | eomr P
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Extract needed anodic parameters from
artificial pit measurements

=

- E_in0.4M FeCl, —a— 34
".I - 3 —a— 160
51 o |
8
g
k- A5
2 E
m&-ﬂlﬂ-
T iy
<350 o
|
T T T T T T T -m 1 L T T T
0 B 10 5 B0 B0 M 1%0 4 L 580 Mo 960 e 300
ripm qiCem?

Maximum pit size calculation predicts bounds as a
function of assumed degree of saturation required

ELL]

250 4

200 o

5 150 (0l . = 170 um
.

316L

(i, =130 um

100 ~

50 4

0 40 80 120 160 200
time | hr
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Do the experiment:
RH=97%, LD=400 mgcm?,tupto 7 d

(a)

Plazma cleanad Mot

Hemispherical pits quickly reach
a limiting size

b
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Maximum pit size calculation bounds experimental
observations for thin film case

300 —
lib) 316L_RH=97%_LD=400 g cm
250 - ivr), . =245 um
zuu: T - EKpDSUI’E
Jhee r,/+’ results are
E 1s0- A’A Whewut= 1700m | hounded by
S in___=10,m| critical stability
e criteria of 70-
T 0
. 80%
u- L T T T L T T T L
[1] 40 80 120 160 200
time ! hr

M.T Waldemedhin, M. E Shadd, R G Kelly, J Efectochem Soc. $618), 2014

Pitdensity > 1 per A .y, nax limits pit size, too

A =0.28 cm?

Cathode

LO=400 pg cm-?
After 1 Week Exposure

Use Iy, e quation to caleulate R, = minimum cathode size
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Summary and Conclusions

* Maximum pit size approach determines a physical
upper bound on the size of a hemispherical pit grown
under a thin electrolyte film

* Critical parameters can be determined experimentally
or via thermodynamics to allow application to
atmospheric exposure

» Maximum pit size approach can be validated with thin
FeCl; film data

* Demonstrates that even under these conditions, a salt
film is not required for pit growth

Acknowledgements

* Office of the Undersecretary of Defense Technical
Corrosion Collaboration via the USAFA Contract
FA7000-10-2-0011.

* Center for Surface Technology, Rolls-Royce
Corporation, Indianapolis, IN.

119




ot ke ek

DISTRIBUTION

Dr. Peter Andresen

GE Corp Research & Development
1 Research Circle K1 3A39
Schenectady, NY 12309-1027

518 /387-5929

Dr. Robert G. Kelly

Dept. of Materials Science and Engineering
University of Virginia

Charlottesville, VA 22904-4745
434/982-5783

Dr. John R. Scully

Dept. of Materials Science and Engineering
University of Virginia

Charlottesville, VA 22904-4745
434/982-5786

Dr. Alan Turnbull

Electrochemistry and Corrosion Group
National Physical Laboratory
Teddington, Middlesex

TWI11 OLW

James F. Dante
Southwest Research Institute

MS0888 David G. Enos 1852
MS0889 Coby L. Davis 1852
MS0747 Ken B. Sorenson 6223
MS0779 Charles R. Bryan 6225
MS0779 Sylvia J. Saltzstein 6225
MS0899 Technical Library 9536 (electronic copy)

120



121



@ Sandia National Laboratories



