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SUMMARY

This progress report describes work performed during FY20 at Sandia National Laboratories (SNL) to
assess the localized corrosion performance of container/cask materials used in the interim storage of spent
nuclear fuel (SNF). Of particular concern is stress corrosion cracking (SCC), by which a through-wall
crack could potentially form in a canister outer wall over time intervals that are shorter than possible dry
storage times. Work in FY20 further defined our understanding of the potential chemical and physical
environment present on canister surfaces, evaluated the relationship between the environment and the
resultant corrosion that occurs, and initiated crack growth rate testing under relevant environmental
conditions.

In FY20, work to define dry storage canister surface environments included several tasks. First,
collection of dust deposition specimens from independent spent fuel storage installation (ISFSI) site
locations helped to establish a more complete understanding of the potential chemical environment
formed on the canister. Second, the predicted evolution of canister surface relative humidity RH) values
was estimated using ISFSI site weather data and the horizontal canister thermal model used by the SNL
probabilistic SCC model. These calculations determined that for typical ISFSI weather conditions, sea-
salt deliquescence to produce MgCl.-rich brines could occur in less than 20 years at the coolest locations
on the canister surface, and, even after nearly 300 years, conditions for NaCl deliquescence (75% RH) are
not reached. This work illustrates the importance of understanding the stability of MgCl.-rich brines on
the heated canister surface, and the potential impact of brine compaosition on corrosion processes,
including pitting and stress corrosion cracking. In an additional study, the description of the canister
surface environment was refined in order to define more realistic corrosion testing environments
including diurnal cycles, soluble salt chemistries, and inert mineral particles. The potential impacts of
these phenomena on canister corrosion are being evaluated experimentally. Finally, work over the past
few years to evaluate the stability of magnesium chloride brines continued in FY20. MgCl, degassing
experiments were carried out, confirming that MgCl; brines slowly degas HCI on heated surfaces,
converting to less deliguescent magnesium hydroxychloride phases and potentially leading to brine
dryout.

In FY20, corrosion testing and modeling was performed in more canister relevant environments.
Continued evaluation of pitting observed in large scale exposure tests from FY18/19 and comparison of
results to pitting in exposures of varied brine compositions helped elucidate influences of the canister
surface environment on pit growth, both size and morphology. In addition to enhanced experimentation
through testing in more relevant scenarios, FY20 also produced expanded modeling efforts for the
maximum pit size model. Efforts focused on accounting for non-static brine/corrosion conditions to
better predict pitting and SCC initiation. Two major observations produced from the corrosion work in
FY20 are: 1) MgCl; brines influence the pit morphology towards the formation of more irregular shapes
with near surface microcracks and 2) MgCl; brines influence the controlling cathodic kinetics through
dominance of the hydrogen evolution reaction in the cathode and formation of precipitates that lower the
predicted maximum pit size. Understanding the potentially opposing roles of these two phenomena on
SCC initiation will better enhance our determination of the susceptibility of SNF canisters to SCC. While
major advancements with respect to understanding the relationship between canister-relevant brine
conditions and corrosion were accomplished in FY20, it is still unknown how cracks, once initiated, will
behave under these conditions. To further the study of this, SNL has installed capabilities (four new load
frames) and started initial tests of the crack growth rate of stainless steel canister materials in canister-
relevant environments. New crack growth rate data will be added to the SNL literature database and
compared to the model developed for use in flaw disposition for the ASME code case N-860.

Overall, in FY20, SNL was able to better quantify and model canister-relevant environments present at
ISFSI sites. This was applied to inform current and future corrosion tests to explore the effects of
relevant brines on corrosion and SCC initiation. Experiments in FY20 elucidated potentially significant
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influences of MgCl.-dominated brines on corrosion; these brines may also govern crack initiation and
crack growth rates. This will enable better predictions of timing and location of SCC occurrence to
minimize risk of exposure, to inform canister inspections, and to develop and apply enhanced repair and
mitigation strategies.
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SPENT FUEL AND WASTE SCIENCE AND TECHNOLOGY

FY20 STATUS REPORT: SNF INTERIM STORAGE
CANISTER CORROSION AND SURFACE
ENVIRONMENT INVESTIGATIONS

1. INTRODUCTION

In dry storage, spent nuclear fuel (SNF) is commonly stored in welded stainless steel (SS) canisters
enclosed in passively-ventilated overpacks. Over time, dust accumulates on the canister surfaces, and as
the SNF cools, salts within that dust will deliquesce to form concentrated brines. If the salts contain
aggressive species such as chloride, then the resulting brine can cause localized corrosion, and if
sufficient tensile stresses are present in the metal, stress corrosion cracking (SCC) can occur. Over time,
SCC cracks could penetrate the canister wall. The risk of corrosion and SCC is greatest in near-marine
settings, where chloride-rich sea-salt aerosols are deposited on the canister surface. Developing an
improved understanding of the occurrence and risk of SNF storage canister SCC is considered to be
critical to demonstrating the safety of long-term dry storage of SNF. For this reason, the Department of
Energy (DOE) is funding a large effort to evaluate the occurrence and potential consequences of storage
canister stress corrosion cracking as well as to develop prevention, mitigation, and repair technologies for
this degradation mechanism, if it should occur. This effort includes work at several different national
laboratories and a large DOE-funded effort at universities, as part of the Nuclear Energy University
Program (NEUP) (Figure 1).
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Figure 1. Experimental work on canister SCC currently being carried out by SNL and other
national laboratories and collaborators.
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Sandia National Laboratory (SNL) plays a main role in this effort, leading work to develop a scientific
basis for understanding canister corrosion and SCC initiation and growth, and work to evaluate the
potential consequences of canister SCC. This work also involves development of a probabilistic model
for canister stress corrosion cracking. Pacific Northwest National Laboratories (PNNL) has a supporting
large role in many of these activities. SNL is also performing corrosion experiments to support work to
develop cold spray repair technologies at PNNL. Finally, SNL is evaluating potential coatings for
prevention and mitigation of canister corrosion and SCC. It should be noted that the DOE has large
NEUP efforts in both SCC mitigation and repair and corrosion coating development.

This report documents work done to develop a scientific basis for canister SCC—to define the canister
surface environment and corrosion phenomena, including the occurrence and growth of canister pitting
and SCC. Other aspects of the SNL program shown in Figure 1 are documented in Spent Fuel and Waste
Science and Technology (SFWST) reports.

Over the past few years, Sandia National Laboratories (SNL) has worked to develop a probabilistic model
for stress corrosion cracking which utilizes mechanistically-based sub-models to describe individual
processes and events that occur during canister aging and that could eventually lead to canister SCC
(Figure 2). The current model framework contains numerous assumptions and oversimplifications, many
with insufficient scientific basis. Current SCC work at SNL focuses on acquiring data for improved sub-
model development, concentrating mostly on determining the underlying mechanisms that govern (1)
brine evolution, both before and after initiation of corrosion; (2) the corrosion processes of pitting, SCC
crack initiation, and SCC crack growth. This includes developing high-quality data for salt compositions
and deposition rates at ISFSI sites and for brine compositions in the evolving canister surface
environment, and statistical pitting and SCC initiation and growth data for canister-relevant conditions.
By improving sub-model parameterization and validation, this work will reduce uncertainty in our
estimates of the timing and occurrence of SCC.

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

Salt Deposition 1

T
IncubationTin>v Pit Growth ) ‘ Crack Growth > Ti me
o N

Pit Initiation Crack Initiation Crack.
Penetration

* Pit-to-Crack
Transition Model

* Canister Thermal Model
* Weld Residual Stress Model
* Crack Growth Model

* Salt Composition Assumption

* Canister Thermal Model * Brine Composition/Property Model
* Weather Model * Canister Thermal Model

* Airflow and Salt Deposition Model « Weather Model

* Airflow and Salt Deposition Model
* Corrosion (Maximum Pit Size) Model

Figure 2. Probabilistic model for SNF dry storage canister stress corrosion cracking.
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1.1 Background

A timeline for SCC of spent nuclear fuel canisters in dry storage is shown in Figure 2. Several important
events and processes occur during the development of through-wall SCC and understanding the timing of
event initiation and the rates of these processes is critical to accurate evaluation of possible SCC
penetration times. These parameters are highly dependent upon the evolving physical and chemical
environment on the canister surface, and on the canister material properties, including composition,
surface finish, and weld-related microstructure and residual stress levels. SNL and several collaborators
are working to understand these dependencies, and their effect on potential canister penetration rates by
SCC.

Once a canister is placed in a ventilated overpack, dust and salt aerosols begin to be deposited on the
canister surface. Determining the composition of those salts is critical to understanding the risk of
canister corrosion, and SNL has participated in several dust sampling campaigns over the last several
years. Section 2.1 presents the results of the latest campaign, involving dust sampling carried out at the
Maine Yankee ISFSI in October 2019. Initially, canister surface temperatures may be too high to permit
salt deliguescence or even development of adsorbed water layers on salts, and localized corrosion cannot
occur. But as the canister cools, surface relative humidity (RH) values increase; eventually, salts will
deliguesce and a brine forms on the metal surface, permitting corrosion to occur. Once a brine is present,
corrosion may be delayed for a time, but this period is likely to be insignificant relative to storage time
intervals. The period following emplacement and prior to corrosion is known as the incubation period
and is a function of the physical environment—the temperature, RH, and salt load on the canister surface.
The chemical composition of the deposited salts is also important, as it controls both the corrosiveness of
the brine and the RH at which deliquescence occurs. SNL is evaluating the physical conditions and the
chemical environment on the canister surface, both prior to and after initiation of corrosion. In Section
2.2 of this report, an in-depth discussion of realistic conditions on canister surfaces is provided, focusing
on defining realistic diurnal cycles, salt chemistries, and inert components in the dust, all of which could
potentially affect corrosion processes, either beneficially or detrimentally. This information will be used
to define realistic testing environments.

One important conclusion in Section 2.2 concerns the prediction of the evolution of canister surface RH
values as the canister cools over time. The evaluation presented in Section 2.2.1 shows that, while sea-
salt deliquescence may occur relatively soon after canister emplacement, deliquescence of NaCl in the sea
salts will not occur for hundreds of years. This means that over time periods relevant to canister
corrosion, deliguescent brines will be magnesium chloride rich. Because of this, the long-term stability of
MgCl.-rich brines on the heated canister surface, and the effect of atmospheric exchange and corrosion
reactions is of particular interest. Experimental and modeling studies of the stability and properties of
MgCl.-rich brines are presented in Section 2.3.

Once deliquescence occurs, if the deliquescent brine is chemically aggressive (e.g., chloride-rich), then
pitting corrosion will initiate. SNL corrosion research is presented in Section 3. Pitting initiation and pit
growth rates, and possible limitations on pit growth, are strongly controlled by environmental factors such
as temperature, RH, and salt load, but also by material properties, including composition, surface finish,
microstructure, and stress level. SNL has several collaborations with university groups evaluating aspects
of pitting initiation and growth as a function of environmental conditions and material properties. SNL is
collaborating with the Colorado School of Mines and the University of New Mexico to evaluate the effect
of stress on pit growth rates. Because of the dominance of MgCl. brines during the storage period, SNL
is working with Ohio State University (OSU) to evaluate pit initiation and growth on unstrained samples
with different surface finishes and in different brine chemistries (e.g., NaCl-rich and MgCl,-rich). SNL is
also evaluating the effect of brine composition on the cathodic current generated in the region
surrounding the pit, and the anodic current demand due to dissolution within the pit. In the SNL
probabilistic SCC model, these values are used to determine the maximum pit size that can occur for a
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given set of environmental conditions (Chen and Kelly 2010). This work is being carried out in
collaboration with the University of Virginia (UVA) (Section 3.2).

In the presence of tensile stresses, the current assumption is that pits that grow sufficiently large will
eventually initiate SCC cracks. EXxisting models relate pit depth to crack initiation through the calculated
crack tip stress intensity factor (e.g., Kondo, 1989; Turnbull et al., 2006). However, this approach must
be implemented stochastically, and makes broad assumptions about the shape of the pit. To develop a
more realistic relationship between pitting and crack initiation, SNL is working with OSU to
experimentally evaluate conditions of pit-to-crack transition under controlled conditions. SNL is also
evaluating pitting and crack initiation using large weld samples from a full-diameter canister mockup that
SNL used to characterize weld residual stresses (Enos and Bryan, 2016c); this work is described in
Section 3.5.

Once a SCC crack initiates, the rate of crack growth will be controlled by the temperature and chemical
environment, as well as, possibly, the salt surface load. The tensile stress profile through the metal is also
important, as it is combined with the depth of the crack to determine the crack tip stress intensity factor
(Newman and Raju, 1981; Newman and Raju, 1979). SNL is working with colleagues at PNNL and
SRNL to measure crack initiation and growth rates as a function of canister surface environment (brine
composition and temperature). Prior to FY20, SNL’s role was largely to define the appropriate
environments for testing, and to help interpret test results. However, in FY20, SNL installed load frames,
and began its own testing. Most of the experimental work to date has been carried out by Det Norske
Veritas Group (DNV-GL), an engineering company that supplied Sandia’s load frames, and specializes in
SCC testing for both the boiling water reactor and oil and gas industries. However, the load frames at
SNL are up and running, and SCC testing will begin early in FY21. Sandia’s crack growth measurement
work is described in Section 4.

Finally, as industry begins to move towards strategies for mitigation and repair of SCC cracks, should
they be observed on SNF dry storage canisters, SNL is supporting work to develop repair strategies. We
are working with PNNL to evaluate cold spray repairs for compatibility and corrosion resistance.
Moreover, SNL is also working as a collaborator in a NEUP project led by Purdue University to evaluate
the corrosion properties of cold-spray repairs. This funding does not come from the SFWST program, but
the collaboration will allow us to leverage our funding for both projects.
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2. CANISTER SURFACE ENVIRONMENT

In FY20, several efforts focused on understanding the canister surface environment and how it evolves
over time. First, a set of analyses were carried out to describe realistic canister surface environments for
corrosion testing purposes. Then, field sampling of dusts and soluble salts was performed at the Maine
Yankee ISFSI. Finally, experiments and calculations to evaluate MgCl, stability on heated surfaces were
carried out. Each of these efforts is described in the following sections.

2.1 Analysis of Samples Collected from SNF Storage Canister
Overpacks at the Maine Yankee ISFSI

On October 15, 2019, the Management and Operations contractor at the Maine Yankee Independent Spent
Fuel Storage Installation, located near Wiscasset, Maine provided support to SNL in inspecting and in
some cases, removing, witness samples from the inlet and outlet vents of four in-service SNF dry storage
systems at the site. The samples consisted of glass coupons for dust and salt collection, and corrosion
witness specimens—4-point bend specimens of 304 stainless steel within their fixtures. The samples had
been placed within the vents of the overpacks on September 1, 2017 by the Colorado School of Mines, as
part of a DOE-funded Integrated Research Project (IRP). Once the project ended, CSU transferred
ownership of the emplaced samples to SNL for long-term monitoring. During this campaign, all the inlet
and outlet vents were opened, and the samples were removed for inspection. At each location, the glass
coupons were collected for analysis at SNL and replaced with fresh coupons. The corrosion specimens
were inspected, and the condition recorded they were then placed back into the overpacks. A few
samples were collected for more in-depth analysis at SNL.

It is important to note that conditions in the inlet and outlet overpacks do not represent conditions on the
canister surfaces. This is true for several reasons. First, the samples in the vents do not reflect waste
canister surface temperatures. The air entering the inlet vents will be at ambient temperature and will
heat only slightly before entering the main body of the overpack. The air exiting the outlet vents will be
somewhat warmer than the air entering the overpack, having been heated by heat exchange with the
canister, but will still not reflect canister surface temperatures. Second, although the vents are screened,
moisture in the form of fog, rain, or even snow can be drawn into, or blown into the vents and can settle
onto the coupons and corrosion samples—there was ample evidence that this occurred, especially at the
inlet vents. This cannot happen on the actual canister surface, much deeper in the overpack. Finally,
recent PNNL modeling of dust transport and deposition through an overpack indicates that, when large
dust particles enter the vents, most of that material is deposited in the vents, and does not reach the
canister surface. Hence, the particle size distribution, and the composition of soluble salts (if they vary
with particle size) deposited in the inlet vents does not match that on the canister surfaces.

Despite these limitations, the samples do offer useful information. The dust collection coupons provide
information on the composition of atmospheric salts at the site, which may differ from the composition on
the canister surface, where finer particles are preferentially deposited—salt aerosol compositions
commonly vary with particle size. This information is important for establishing the relationship between
ambient salt aerosols and canister surface deposits, which is necessary to evaluate the relative risk of
canister SCC at the site. As such, this sampling campaign complements one carried out in July of 2018,
in which canister surface deposits were sampled (Bryan and Schindelholz, 2018a). Canister surface
deposits were sampled in July of 2018. The corrosion test specimens are more difficult to relate directly
to canister surface conditions, as they are not heated and will experience higher RH values than the
canister surface; the amount and composition of deposited salts may differ as well. They do, however
offer a relative assessment of the corrosivity of salt aerosols at the site.
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2.1.1 Samples

The four vertical concrete canister (VCC) systems at Maine Yankee into which the samples were placed
are designated 18, 37, 42, and 56. These systems were to represent different conditions at the ISFSI—
convolutions of hot and cold systems, and systems exposed to prevailing winds vs. systems sheltered by
other canisters from prevailing winds. Note that the inlet and outlet vents on each canister face in
different directions, and commonly do not have the same wind exposures. The matrix is as follows:

Hot: VCCs 37 and 42

Cold: VCCs 18 and 56

Exposed to prevailing winds: VCCs 18 (inlet), 42 (inlet), and 56 (outlet)

Blocked from prevailing winds: VCCs 18 (outlet), 37 (inlet and outlet), 42 (outlet) and
56 (inlet)

At each location, witness samples were placed in both inlet and outlet vents. Two sample fixtures were
emplaced. The first consisted of one large 4-point bend sample, consisting of a 15" long fixture,
containing a 10” long, %" thick beam with a square cross-section. This sample lay on its side within the
vents. Attached to the side of the fixture via a bolted clip and facing upwards was a 2" x 2" glass slide to
collect dust. The second fixture was a small rack of three small 4-point bend specimens with %4" thick
beams at different tensions; the surface finish of the beams was the same at any given sample location but
varied between locations. An example storage system with witness samples is shown in Figure 3.

Outlet

Witness samples placed
in overpack vents at the Small4-pt bends = - :
Maine Yankee ISFSI

Figure 3. Evaluating witness samples at the Maine Yankee ISFSI.

The large 4-point bend samples were inspected, but none were removed for laboratory analysis.
However, each of the attached glass dust collectors was removed and replaced with a clean glass slide.
The used slides were taken to SNL for further analyses. The large 4-point bend specimens and a general
description of their condition at the time of inspection are listed in Table 1. The smaller 4-point bend
specimens were also examined, and two were removed for further study. The condition of the smaller 4-
point bend specimens is given in Table 2.
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Table 1. List of large 4-point bend specimens placed in overpack vents at Maine Yankee.

Surface Load Weld

VCC Designation Material condition (MPa) Type [Notes

181 MY#I4CEP 304L 364 250MPa __ [pitting and cgrro_smn V|_S|ble on
front and top; oxide stains
Significant staining on front

180 MY#O#C#B 304L 36# 250MPa —  |(may be pits), oxide staining
and pitting on top

371 | MY#I#H#B | 304L Mill 250Mpa | . |Thick dustpollen on sample,
stain on top; dropped

370 | My#O#H#B | 304L Mill 250MPa | . [OXidestains on front, afew
dust particles on top

421 MY #I#H#P Mockup | As-received 250MPa CW  [Stained and dusty
Dusty, no visible corrosion on

42 0 MY#O#H#B 304L Polished 250MPa — [the front, oxide staining on the
top

561 | MY##C#B | Mockup | As-received | 250MPa | Lw [oidestaining nearweld toe
(front), nothing on top

560 | MY#OH#CHP | 304H Polished | 250Mpa | . [Pust. novisible corrosion on
front or top

Front: refers to the side of the fixture that was facing upwards. Top: refers to the tensioned face of the beam.
MY = Maine Yankee I =inlet C=cold P = exposed to prevailing winds
O = outlet H = hot B = blocked from prevailing winds
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Table 2. List of small 4-point bend specimens placed in overpack vents at Maine Yankee.

VCC HCN# Material Surface Load Sample | Notes
Condition | (MPa) | Number
310 3
181 | my#icsr | 304L Polished 240 6 Yellow with pollen, no visible
corrosion.
150 18
310 10
180 | MY#O#CHP 304L Polished 240 15 Oxide staining near paint edge, dust.
150 19
240 4
371 MY £IEHEB 304L Mill 150 8 Dust, small stains, dark spot on one
sample.
310 23
430 ) Dust, stain patterns, corrosion on
370 | MY#O#H#B 304L Mill 240 16 scratch (maybe carbon steel in
310 24 scratch).
310 1
Oxide staining on all. Pulled #20 on
421 MY#I#H#P 304L 36# 240 13 10/15/2019.
150 20
310 12
Oxide staining, dust on all. Pulled
420 | MY#HO#H#P 304L 36# 240 14 #14 on 10/15/2019.
150 21
310 2
56 | MY#I4CHB 304L 60% 240 5 I\_/Ilnor dlscolt_)ratlon. Black spot
(insect dropping?) on one sample.
150 7
310 11
560 | My#o#cHB 304L 60% 240 17 Dusty, no y|5|ble corrosion, brown
spot on paint (not corrosion).
150 22

During the inspection, the following general observations were made (Figure 4):

e The test specimens were inserted into the vents but were tethered to the screens with a steel cable, so
they were not deep inside the vents. The samples were dirty with wind-blown dust and plant debris.

e Spider webs and other insect debris were common (site personnel frequently clean wasp nests from
the outlet vents)

¢ Inlet samples were in general much dirtier than outlet samples

e There was much lower deposition on vertical surfaces of the fixtures

e Many samples showed evidence of wetting—rain or snow spatter, or possibly condensation or
accumulation of wet fog. This was indicated by rings and droplet patterns on the sample surfaces.

e Many of the specimens showed minor oxide staining and corrosion, but major corrosion was not
observed.
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Figure 4. Witness samples from Maine Yankee, showing heavy dust (a, b); spiderwebs and other
insect fragments (c); a heavy coating of yellow pollen (d); and water stains (e, f).
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A total of 8 glass coupon dust samples were collected from each of the sample locations. For SEM/EDS
and chemical analysis, those samples were designated by the sampling location, as follows:

VCC-18 inlet
VCC-18 outlet
VCC-37 inlet
VCC-37 outlet
VCC-42 inlet
VCC-42 outlet
VCC-56 inlet
VCC-56 outlet

2.1.2 Methods

Following photography of the dust collection coupons, the coupons were examined using Scanning
Electron Microscope/Energy Dispersive X-ray Spectroscopy (SEM/EDS). Then, coupons were leached
to extract the soluble salts for analysis. The following analytical methods were used:

o  SEM imaging and EDS element mapping. SEM/EDS analysis of the dry dust samples provides
textural and mineralogical information of dust and soluble salt species and allows visual
identification of organic matter (floral/faunal fragments).

o Chemical analysis of soluble salts by ion chromatography (IC). The soluble salts were leached from the
Scotch-brite™ pads and glass fiber filters with deionized water. Analysis of the leachate
provides soluble salt compositions and concentrations in the samples.

SEM Imaging and EDS Analysis

SEMV/EDS analysis of the glass coupon samples provides textural and mineralogical information on the
dust, and allows visual identification of organic matter (floral/faunal fragments). Samples retained for
SEM analysis were coated with gold/palladium to reduce sample charging during analysis. Imaging and
element mapping was done with a Tescan Vega3 SEM, equipped with an EDAX Element® EDS detector.
An accelerating voltage of 15 keV was used, and working distances of 9 to 12 mm, with varying degrees
of magnification. Images were obtained using both secondary and backscattered electron imaging, and a
beam current of 100-200 pA. A somewhat higher beam current (up to 1 nA) was used to produce a high
count rate during EDS analysis and to facilitate rapid element mapping.

Chemical Analysis

After leaching, IC analyses were done with a Dionex ICS-1100 RFIC ion chromatograph. Anionic
analytes were F-, CI-, Br, NOz-, NOs, SO472, and PO4~* however, signals for Br-and NO,~ were not
detected in any sample, and those species are not included here. Analyses were done with a 4 mm Dionex
lonpac AS-23 RFIC column and AG-23 guard column, and a Dionex AERS 500 suppressor. Blanks were
run after every sample to minimize carryover, but in some cases, a small amount of carryover was
observed. Six standards and a blank were made by dilution of stock Dionex IC anion standards. Sample
concentrations were estimated using a subset of the standards (never less than three and a blank),
excluding those which were higher than necessary to constrain the sample concentration. This was done
because the calibration curves were based on the least squares method, which over-weights higher-
concentration standards, potentially resulting in larger errors for values in the lower part of the range.
Cationic analytes were Li*, Na*, NH4*, K*, Mg*?, and Ca*?. IC analyses were done with a Dionex lonpac
CS-12A column and CG-12A guard column, and a CERS 500 suppressor, all 4 mm in diameter. As with
the anions, blanks were run after every sample to minimize carryover; in some cases, a small amount of
carryover was observed. The standards were made by dilution of stock Dionex IC cation standards. As



SNF Interim Storage Canister Corrosion and Surface Environment Investigations
November 11, 2020 35

with the anions, six standards and a blank were made, but only a bounding subset of the standards (never
less than three and a blank) was used to determine the sample concentrations. All standards and eluents
were purchased for this analysis and were well within their expiration dates.

2.1.3 Results and Discussion
2131 SEM/EDS analysis

The dust was analyzed as deposited, directly on the glass wafer dust collectors (Figure 5). There were no
major differences in dust mineralogy between samples. In general, large amounts of organic materials
were present, including pollen, stellate trichome (from oak leaves), and other plant fibers. Spiderweb
strands were also common, and insect parts were observed occasionally. This was expected based upon
the macroscopic visual inspection of the coupons and the obvious presence of yellow pollen and cobwebs.
The mineral phases present were dominated by detrital minerals; mainly micas (muscovite, biotite),
quartz, and feldspars. In addition to those common minerals, salt phases were also common.

C. d.

Figure 5. SEM images of common features in the dust on the Maine Yankee dust collectors. a)
Mineral grains, consisting mostly of mica (large flat flakes), and other silicate minerals; b) cobwebs
and stellate trichomes; c) pollen and plant fibers; and d) salts, redistributed on the glass surface by

moisture.
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Salt phases: Composition and distribution

Soluble salts were common on the surface of the glass collectors. They occurred in many different forms.
Individual salt aerosols were observed occasionally, as individual salt aerosols (Figure 6a), or more
commonly, as tiny chloride particles associated with mineral and pollen grains (Figure 6b). In one case, a
dried isolated droplet of seawater (that possibly entered the overpack as a droplet of sea-fog) was present
on the glass surface (Figure 6¢). These appear to represent individual salt particles that entered the
overpack, either in a dry or deliquesced state. Salts are also frequently associated with pollen and plant
matter—while in some cases, the salts appear to have been transported into the overpack on the organic
particles, more commonly the salts appear to have been wetted on the glass surface and to have wicked up
into and onto the organic particles when they dried out (Figure 7). In many cases, salts were redistributed
by wetting, forming large areas of continuous salt films on the glass surface, frequently occurring as an
apron of fine sulfates, with larger chloride grains distributed throughout (Figure 8).

These observations have significance with respect to discussions of washing dry storage canisters to
remove salts. Wetting results in salt redistribution and recrystallization, taking discrete, highly separated
chloride salt particles and causing them to coalesce into much larger grains (e.g., Figure 8a); alternatively
they might be redistributed into continuous layers on the metal surface (Figure 8c and d). Both could
potentially represent a more aggressive environment for corrosion. Because of the potential for salt
redistribution, washing canisters with aqueous solutions to remove salts is a cleaning process that should
only be undertaken with great care, if at all.

It is notable that, although there is significant nitrate present in the leachate from the glass dust collectors
(Section 2.1.3.2), no discrete nitrate phases were observed in the EDS analysis. Therefore, there is some
uncertainty regarding the origin and mineralogy of the soluble nitrate in the samples.
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Figure 6. SEM images of soluble salts on the Maine Yankee glass coupons. a) Particle exhibiting
the characteristic morphology and composition of a sea-salt aerosol; b) small particle of NaCl
attached to a larger mineral grain; c) a precipitated salt assemblage on the glass surface,
compositionally consistent with being a dried droplet of seawater.
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Figure 7. SEM images and EDS chloride maps of soluble salts associated with organic particles on
the Maine Yankee glass coupons. a) NaCl grains decorating a stellate trichome; b) chloride
associated with pollen, a stellate trichome, and organic fibers.
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C. d.

Figure 8. SEM images of soluble salts that have been redistributed by wetting and re-drying on the
Maine Yankee glass coupons. a) large NaCl crystals that crystallized out of a continuous water
layer on the glass; b) NaCl crystals on a mineral grain, surrounded by an apron of acicular sulfates;
¢, d) a film of fine-grained sulfates with intermixed fine particles of NaCl.

SEM/EDS Analysis of Small 4-point Bend Samples

In addition to analysis of the dust collectors, the two small 4-point bend samples that were collected were
examined by SEM/EDS. These analyses showed the presence of localized corrosion associated with areas
of dust. In addition, a few isolated NaCl crystals were observed on sample VCC 42 (Figure 9). However,
it is important to note that no evidence of SCC was observed; this is perhaps surprising, given the high
tensile stresses to which some of the samples were loaded. Future observations will be important in
understanding the relative risk of SCC at this site.
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Maine Yankee ISFSI Sampling, Aug. 2017 - Oct. 2019

Small 4 Pt Bend: Outlet Location
NaCl

Small 4 Pt Bend: Outlet Location
‘1 .I . A -‘\ ‘ b . A.. »

EDS of NaCl

Small 4-pt bend

Sample from VCC 42 High heat load, outlet in prevailing wind

Figure 9. Corrosion products and NaCl on the surface of a 4-point bend sample extracted from an
outlet vent at Maine Yankee.

2.1.3.2 Leaching and Chemical Analysis by lon Chromatography.

Following SEM analysis, the dust collectors were leached with deionized water, and the leachate analyzed
by IC to determine the composition of the soluble salts. The soluble ion concentrations are shown in
Table 3, and in Figure 10. Measurement uncertainties are generally 5 % or less but may be as high as
20% for values that are near the quantification limits.

Table 3. Composition of soluble salts leached from the Maine Yankee dust collectors
(umoles/sample).

Sample # Na* NH,* K* Mg*? Ca* CI- NO,~ NOs5™ PO, 2 S04
18in 1.853 0.021 0.500 0.190 0.478 0.675 0.027 0.273 0.020 0.120
18 out 0.350 0.026 0.080 0.041 0.120 0.969 0.033 0.879 0.007 0.221
37in 2.368 0.016 0.398 0.232 0.494 0.989 0.364 0.033 0.208
37 out 0.152 0.019 0.029 0.012 0.039 0.178 0.017 0.168 0.065
42in 0.963 0.016 0.479 0.089 0.263 0.373 0.017 0.128 0.085
42 out 2.339 0.018 1.109 0.183 0.981 0.872 0.033 1.528 0.292
56 in 0.669 0.012 0.500 0.063 0.285 0.272 0.017 0.111 0.077
56 out 0.373 0.018 0.358 0.045 0.334 0.139 0.053 0.027
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Figure 10. Composition of soluble salts leached from the Maine Yankee dust collectors.
Upper: cations. Lower: anions.

Generally, the salt are a mixture of solutes that are marine (Na*,Cl-, Mg*?, SO4~2) and continental (Ca?*,
K*, NOs", and SO47?) in origin. Although continental salts are certainly present, very little NH4* was
observed. There are a number of reasons why this could be true, NH," is prone to degassing and could
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have been lost. This might have occurred during sample transport, handling or leaching. Alternatively, it
may have occurred inside the vents, either by degassing from the dry salts, or after wetting; experimental

evidence indicates that NH," salts and brines containing Cl-or NOs;~ degas readily from even mildly
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heated surfaces (Bryan and Schindelholz, 2018b; Schindelholz et al., 2017b). The primary cation present
is Na*, but Ca*? and K* are also common and in a few samples are nearly as abundant as Na*. The Na:Mg
ratio suggests that the Mg present is likely from sea-salt aerosols. The primary anions are ClI- and NO3~
and to a lesser degree SO472. Chloride is the dominant ion in most of the samples, though a few samples
(e.g., VCC-42 out) have significant amounts of NOz~. Carbonate was not measured directly in these
samples, though observed anion deficiencies suggest that carbonate is present and abundant. While
carbonate may exist as soluble inorganic salts, it also may be present as a sorbed anionic species on the
abundant organic materials. Compared to previous sampling at Maine Yankee where dusts and salts were
collected directly from the canister surface, these samples are more chloride-rich. This may indicate that
sea-salt aerosols tend to be coarse, and deposit in the vent rather than on the canister surface.

Among the samples, the chemical composition is relatively consistent, the exception being sample VCC-
42 out, which was significantly more nitrate-rich than samples from the other locations. In general, inlet
vents had higher salt loads than outlet vents, although again VCC-42 was an exception, the outlet vent
having significantly higher salt loads. The impact of the other variables, such as heat load and exposure
to prevailing winds is not clear. VCC 37 and VCC 42 had hotter canisters. While these two VCCs do
have the high loadings of Na at one vent location, (37 in and 42 out), the reciprocal vents have fairly low
salt loading (37 out and 42 in). With respect to wind exposure, VCC 18 and VCC 42 inlet vents were
considered “exposed”. While there does not appear to be a strong trend between exposure and salt
loading, the outlet vents of these two overpacks, both considered sheltered from the wind, have the
highest NO3™:Cl-ratio, with 42 actually having more nitrate than chloride.

2.1.3.3 Summary

In October of 2019, corrosion test specimens were examined and dust coupons were collected from the
inlet and outlet vents of four VCC systems of varying heat load and wind exposure. The samples were
located close to the vent screens and had heavy loads of dust. The dust consisted mostly of silicate
minerals and organic particles—pollen, stellate trichomes, and plant fibers. Soluble salts, as determined
by leaching, consisted of a mixture of sea-salts and continental salts; however, salts observed by SEM
were chlorides and sulfates, and included a small number of sea-salt particles and sea-salt mineral
assemblages that appear to have been deposited wet, possibly as sea-fog droplets. Although nitrate was
leached from the coupons, no discrete nitrate phases were observed by SEM, and it may be intimately
associated with the organic phases.

An important conclusion from this work is that the salts in the vent dust samples differ from the canister
salts, suggesting that salt aerosols collected externally or in the vents may not represent the salts on the
canister surface. This suggests that external, or vent, corrosion monitoring may be highly conservative
relative to conditions on the canister surface. Also, although the salts of the dust collectors sometimes
occurred as discrete grains, frequently, they had been wetted and redistributed, wicking into the organic
materials upon drying, forming much coarser NaCl crystals, or forming finely crystalline and widely
distributed surface coatings. This suggests there may be some risk associated with washing canisters to
remove salts; if it is not done thoroughly, salt redistribution may result in more aggressive corrosion
conditions on the canister surface. For this reason, the ASME subcommittee responsible for developing
an inspection standard for SNF dry storage canisters has recommended that water not be used to clean the
canisters for inspection, nor as a couplant for inspections utilizing ultrasound techniques.

Finally, the lack of observed SCC in the witness specimens, even under high loads, and in the apparently
more aggressive environment of the vents, is encouraging. Future sampling will be critical to understand
the risk of canister SCC at this site.
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2.2 Testing Environments

Four studies were carried out to better understand the canister surface environment and how it evolves
over time. First, an existing canister thermal model was combined with ambient weather data from
different SIFSIs to calculate the spatial and temporal evolution of RH on the canister surface. Although
these calculations are specific to the thermal model used, they do provide insights on the timing and
composition of deliquescent brines that are anticipated to form on the canister surface over time, as the
heat load decreases and the canister cools. Second, ambient weather data were used to calculate relevant
diurnal cycles in T and RH on a heated canister surface, focusing on cycles that would result in large daily
changes in brine properties (e.g., dryout) on the metal surface. Cyclic changes in T and RH are generally
considered to be more aggressive than constant conditions (Nishikata et al., 1995), and cyclic corrosion
testing using the derived conditions is currently in progress at SNL. Third, soluble salt data from field
sampling of dusts on in-service SNF dry storage canisters was evaluated to determine relevant brine
compositions for testing purposes. Testing to date has been carried out with sea salts or individual salts
present in the sea-salt assemblage, but soluble salts sampled from canisters frequently have a significant
component that is “continental” in origin (i.e., derived from land use or other anthropogenic processes).
These components, such as nitrate and sulfate, may inhibit or promote canister corrosion. Finally, dust
collected from in-service canisters was evaluated to determine the size range of detrital mineral grains
present. These minerals are anticipated to be chemically inert but may affect corrosion by facilitating
brine spreading via capillary processes, or by creating occluded areas on the metal surface that could
result in crevice corrosion.

2.2.1 Evolution of Temperature and RH on the Canister Surface Through Time

In order to determine the RH on the canister surface at any given location and point in time, two inputs
are required: (1) a thermal model for the canister surface; and (2), the absolute humidity (AH) of the air
entering the overpack, which is obtained from site-specific ambient weather data. The probabilistic SCC
model developed by Sandia uses estimated storage canister surface temperatures based on computational
fluid dynamics modeling of filled storage casks performed by PNNL. There are two models, one for a
horizontal storage system, based on a model developed for Transnuclear (now Orano) NUHOMS systems
at Calvert Cliffs, and one for a vertical system, based on HOLTEC HI-STORM 100 storage systems at
Diablo Canyon. Here, the data from the horizontal system model described in Suffield et al. (2012) are
used to illustrate the evolution of the canister surface RH over time. The model was run at different heat
loads to simulate different points in time after placement in storage. These correspond to the following:

e 24 KW — 0years
e 20KkW — 2years
e 15kW — 7 years
o 10kW — 12 years
o 8kW — 27 years
o 6kW — 42 years
e 4kW — 92 years
o 2kW — 292 years

These models provide temperature maps of the canister surface through time; an example is shown in
Figure 35.
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Figure 11. Predicted temperatures on the canister surface for the Calvert Cliffs NUHOMS model,
at a heat load of 7.61 kW.

For the SNL probabilistic SCC model, the results of the 8 different heat load models were discretized into
thermal maps using 35 different points on the canister surface. The nodes are not evenly spaced
longitudinally, but instead were chosen to capture the overall longitudinal and circumferential variations
in canister surface temperatures predicted by the models. The nodes are shown in Figure 12, along with
an example of the simplified, flattened temperature map made by interpolating between the nodes.
Comparison with Figure 11 shows that the overall temperature distribution is captured well.
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Figure 12. Simplified grid of 35 nodes used to estimate the canister surface temperature at any
location over time. An example map derived from the grid data is shown.

The predicted thermal evolution of the canister surface at each of the 35 nodes used in the model, from
time = 0 to 292 years, is shown in Figure 3. The assumed ambient air temperature used in the model is
15.5 °C (60 °F). The heat load drops rapidly with time and so do the surface temperatures; in some
locations on the canister surface, temperatures below 40 °C are reached in less than 10 years. However, it
is important to note that the temperatures everywhere on the whole canister surface remain significantly
elevated—at least 7-10 °C above ambient—for hundreds of years.
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Figure 13. Predicted evolution of canister surface temperatures at 35 nodes on the surface of a
spent fuel storage canister, assuming an ambient air temperature of 15.5 °C (60 °F) (see inset).

Given the canister surface temperatures, the RH on the canister surface can be calculated for any given
absolute humidity (AH) of the air entering the overpack by using an equation of state for water (\WWagner
and Pruf3, 2002) to correct for the change in temperature. The relationship between RH, AH, and T, is
shown in Figure 14, for a range of different AH values. Over time, as the canister cools, the relative
humidity represented by any given AH increases.
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Figure 14. RH as a function of temperature and absolute humidity.

The base case thermal model results in Figure 13 are based on an assumed ambient temperature of 15.5
°C (60 °F). At that temperature, the maximum possible AH is 13.3 g/m?, the AH at which the air is
saturated with water. Using this value as the maximum AH for air entering the overpack, the RH values
on the canister surface corresponding to the temperature curves in Figure 13 are shown in Figure 15. RH
values can exceed the deliquescence point of bischofite (MgCl.:6H20), which closely corresponds to the
deliguescence RH of sea-salts, in less than 20 years at some locations on the waste package surface
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(specifically, the bottom of the canister, near the ends). By 50 years, a significant portion of the canister
surface may be cool enough for magnesium chloride deliquescence.

80 1 NaCl DRH

0 50 100 150 200 250 300
Time, Yrs
Figure 15. Predicted evolution of RH on the canister surface for the base-case horizontal canister
thermal model. Ambient temperature = 15.5 °C, and the AH is assumed to be 13.3 g/m?, the
maximum possible value at that temperature.

What AH values have been observed under natural conditions? SNL has compiled weather data from the
airport locations nearest to 64 different ISFSIs across the country, and maximum daily AH values over a
calendar year are shown in Figure 16. In this data set, maximum daily dewpoint values frequently
exceeded 25 g/m? during summer months but exceeded 28 °C (AH = 30 g/m?) for a combined total of
only two days, achieving dewpoint values as high as 29 °C (AH = 31.8 g/m?). Excluding these rare
events, a value of 30 g/m? appears to be a reasonable estimate for maximum AH values experienced at a
U.S. ISFSI.

The minimum incoming air temperature necessary to achieve an AH of 30 g/m?® is ~30 °C. Because
canister surface temperatures scale linearly with the ambient air temperature, the base-case thermal model
can be easily modified to represent an incoming air temperature of 30 °C by simply adding a delta of
14.5 °C (30 °C - 15.5 °C) to the base-case thermal model values. The resulting canister surface
temperature curves are shown in Figure 17, and the predicted RH values, in Figure 18.

Comparing the data in Figure 15 and Figure 18 shows that they are remarkably similar. The RH curves
using ambient temperatures of 30 °C and an AH value of 30 g/m® AH are only a few percent higher than
those at the lower ambient temperature and AH. When calculating canister surface RH, the effects of the
higher AH are mostly offset by the higher assumed canister surface temperatures.
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Figure 16. Daily maximum dewpoint data over a year, for 64 ISFSI sites.

S

Ambient =30°C

0 50 100 150 200 250 300
Time, years
............................................................. Junsusssssanssnnspsasssannnnnnnnnd
50 100 150 200 250 300

Time, years

Figure 17. Predicted evolution of canister surface temperatures through time for the horizontal
canister thermal model, assuming an ambient air temperature of 30 °C (86 °F).
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Figure 18. Predicted evolution of canister surface temperatures through time for the horizontal
canister thermal model, assuming an ambient air temperature of 30 °C (86 °F).

There are some assumptions in these calculations. The weather data in Figure 16 are only for a single
year (2012); however, it is unlikely that additional yearly data will vary significantly. Also, AH values of
30 g/m? are probably associated with temperatures above 30 °C; that is, the RH of the incoming air was
not 100%. In this case, the canister surface temperature is being underestimated and the surface RH
values are being conservatively overestimated. But the calculation shown here is a good approximation.

It is important, also, to remember that corrosion, and even stress corrosion cracking, has been observed in
stainless steels at RH values well below the deliquescence RH of bischofite. Fairweather et al. (2008)
observed SCC of 304 at 15% RH, in testing at 45 °C and 60 °C; Shirai et al. (2011) observed 304L SCC
at 15% RH and 80 °C; and NRC (2014) observed SCC of 304 at RH values between 20% and 30% at
temperatures of 60 ° and 80 °C. However, only the Fairweather conditions represent a combination of
RH and temperature that are actually achievable on the canister surface.

2.2.2 Diurnal cycles in Tand RH

At any ISFSI site, temperature and RH will vary over the course of a day, and over the seasons. These
changes are also reflected in the canister surface conditions, and, once conditions for deliquescence have
been achieved, these variations will correspond to large daily cycles in the amount and composition of
brine on the canister surface which may have either beneficial or detrimental effects with respect to
corrosion of the metal. Here, realistic diurnal cycles in T ad RH on canister surfaces are identified, and
one cycle has been chosen for use in corrosion testing. Part of the discussion below has been taken from
the FY17 status report for this program (Schindelholz et al., 2017a), and is repeated for convenience in
this more in-depth discussion of diurnal cycles.

For a SNF dry storage canister within its overpack, surface temperatures vary widely with location due to
passive cooling by air flowing up through the overpack. Air entering the overpack through inlet vents
near the base flows up and around the canister, becoming hotter as it moves upward. Canister surface
temperatures are lowest near the inlet at the base and increase upwards. At any given canister surface
location, canister surface temperatures are highest immediately after loading, and decrease over time as
the fuel ages and the heat load drops. At any given location and point in time, the temperature is a
function of both the heat load and the temperature of the ambient air entering the overpack. Previous
thermal modeling of canisters within their overpack indicates that the surface temperature varies nearly
linearly with the ambient air temperature; to a reasonable approximation, a 1°C increase in ambient air
temperature equates to a 1°C increase is canister surface temperature. Moreover, despite the canister
thermal mass, the very efficient passive cooling means that canister surface temperatures change rapidly
in response to changes in ambient air temperature. Hence, it is reasonable to assume that canister surface
temperatures at any given location will track diurnal and seasonal variations of the outside temperature,
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maintaining a fixed offset, or delta, due to the heating from the fuel. The RH at any given canister
surface location is a function of the surface temperature and absolute humidity (AH), or water content, of
the incoming air. It, too, varies diurnally and seasonally, both because of changes in ambient air
temperature and corresponding changes in canister surface temperature, and because of diurnal and
seasonal changes in the AH of the ambient air.

Hence, canister surface temperatures and RH vary daily and seasonally as the outside air temperature and
AH change. This can have major effects on the volume of deliquescent brine present and on the
composition of the brine. In the extreme case, daily weather changes may cause the RH at the canister
surface to fluctuate above and below the deliguescence RH for the deposited salts, causing the salts to dry
out and re-wet on a daily basis. Note that all SNF canisters, as they cool, will pass through an interval
when the periodic dry-out and rewetting of salts will occur in response to ambient weather fluctuations.

Siegel et al. (2015) suggested that conditions of periodic dry-out are the most aggressive for corrosion
initiation and growth, perhaps because of the formation of very concentrated brines as dry-out occurs.
Some experimental studies have attempted to evaluate the effects of cyclical changes in RH and periodic
dry-out on the extent and rate of corrosion (NRC, 2014; Siegel et al., 2015). However, these experiments
did not cycle T and RH in a realistic manner or over a realistic range for field conditions. Under natural
conditions, AH varies relatively little over the course of the day; changes in ambient RH are driven
largely by changes in T. This means the T and RH correlate indirectly—higher temperatures correspond
to lower RH values. On the canister surface, temperatures will be higher than ambient, but the same
relationship would hold. Moreover, with increasing canister surface temperature, the maximum possible
RH decreases, and the RH swing caused by daily temperature fluctuations narrows. Experimental studies
run under cyclic conditions have not captured this relationship. For instance, the NRC (2014) evaluated
pitting and SCC initiation under cyclic temperature and RH conditions, but utilized a system design
where T and RH covaried directly—higher temperatures corresponded to higher RH values. Moreover,
during the cycle, the AH varied by more than 12 g/m®, a much higher range than is commonly observed in
daily fluctuations at natural sites. Siegel et al. (2015) evaluated SCC crack growth in aluminum under
cyclic RH conditions, but held the temperature constant and varied the RH from 40% to 90%,
corresponding to an AH variation of over 15 g/m?.

Finally, for both experiments, no attempt was made to ramp temperature and RH at rates that were typical
of natural settings. If Siegel is correct that corrosion rate increases as brine concentration increases
during the dry-out step, then it is clear that the rate of RH change is a critical parameter, especially if the
goal is to compare corrosion rates determined by testing at constant RH with those determined under
realistically varying conditions.

The goal of this task is to utilize real ISFSI site-specific weather data to develop a realistic model for
coupled diurnal variations in T and RH on a heated canister surface. Specifically, we have identified
conditions where the RH fluctuates on a daily cycle above and below the deliguescence RH for sea-salts,
potentially resulting in daily dry-out and re-deliquescence. This temperature/RH cycle will be used in
corrosion experiments to evaluate the effects of diurnal weather cycles on pitting and SCC.

To determine a realistic diurnal cycle in T and RH, weather data sets representing locations near three
different ISFSIs were examined. Airport weather data sets are very complete, with data collected on an
hourly schedule. The ISFSIs examined were Arkansas Nuclear 1 in west-central Arkansas; San Onofre
on the Pacific coast between Los Angeles and San Diego, California; and Turkey Point, on the Atlantic
coast just south of Miami. Comparing these data sets offers assurance that overall diurnal cycling
behavior is similar at all sites, and that the conditions chosen for testing are typical.
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2.2.2.1 Arkansas Nuclear 1.

The Arkansas Nuclear 1 data set exhibits both a high average AH and large daily temperature swings. A
high average AH means that the deliquescence RH is reached at a higher temperature, important
experimentally because higher T will speed corrosion and shorten necessary experiment times. Large
daily temperature swings are also useful, as they result in larger RH swings, increasing the probability of
finding a time interval in which the daily RH fluctuations intersect the deliquescence RH, resulting in dry-
out and re-wetting.

Once the data set had been identified, different temperature offsets were applied to the ambient data to
represent the heated canister surface, and a new RH was calculated at the higher temperature using the
equation of state for water provided by Wagner and Pruf3 (2002). Examples of the results are in shown in
Figure 19. In Figure 19a, the ambient temperature and relative humidity are provided for the entire year
of 2013. A large seasonal fluctuation in temperature is obvious, and short-term (daily or day-to-day)
fluctuations form a band about 20°C wide. The range of RH values does not show a significant seasonal
dependence, and short-term fluctuations define a broad band, as much as 70% wide. Calculated RH
values for a temperature offset of 10°C are shown in Figure 19b. The width of the T band does not
change—it is simply offset 10°C higher. The RH band is offset to much lower values and is also much
narrower, only about 30% wide. Further increasing the temperatures to 20°C above ambient (Figure 19c)
results in lower RH values and an even narrower band of RH values.

The right-hand plots in Figure 19 show the same data sets, zooming in on 20 days in the summer to
illustrate daily T, RH, and AH fluctuations. In these data, the indirect correlation between temperature
and RH is clear; when temperature rises, RH drops. This occurs because, as seen in the figures, diurnal
changes in AH are generally quite small, and for a constant AH, a rise in T results in a drop in RH.
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Figure 19. Arkansas Nuclear 1: Effect of increasing canister surface T on surface RH. Yearly data
on the left, and an interval during the summer on the right. Top—ambient T; Middle—ambient
T+10°C; Bottom—ambient T+20°C.

Determining a diurnal fluctuation that crosses the deliquescence RH for bischofite.

For sea-salts, the presence of brine is determined by the deliquescence of bischofite (MgCl.:6H,0),
which, at near-ambient temperatures, is 36 % RH; this drops to about 35% RH at 40°C. The desire is to
carry out experiments under representative diurnal conditions, at which the RH varies from above to
below the deliquescence RH (DRH) on a daily basis. For the Arkansas Nuclear 1 data set, using the
weather data with a 10°C delta provides some representative conditions that meet this criterion. A one-
week section of the weather data with a 10°C delta, representing the time interval from 170 to 177 days
(Figure 19, right), was fitted using Excel Solver with a repeating 24-hour cycle discretized into 2-hour
intervals. Temperature and RH cycles were determined independently. The resulting cycles are given in
Table 4 and the resulting fits are compared to the actual data in Figure 20. The 24-hour cycle fits the data
well. Also shown in Figure 20 are AH values calculated from the paired temperature and RH values for
the 24-hour cycle; again, the calculated values are consistent with the actual data.
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Table 4. Best-fit Arkansas Nuclear 1 diurnal
cycle that crosses the bischofite DRH.

Hour Temp. °C RH, %

70 2 41.68 30.33
o | 4 36.45 41.68
£ 6 35.27 43.92
g 8 34.35 46.69
* 10 33.69 48.68
o 7 v g 7 - 12 32.74 49,54
w0 | 14 33.44 49,57
o . . . . ‘ 1 16 38.24 40.98
18 40.55 34.62

® T 20 42.69 30.62
S s Best Fit AH 22 43.51 27.82
24 42.97 29.15
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Figure 20. Arkansas Nuclear 1: Comparison
of temperature-adjusted weather data with
best-fit diurnal cycle that crosses bischofite

DRH.

While independently fitting both T and RH yields the best fit to the data and captures the diurnal
variations well over the 7-day period examined, this approach may be difficult to implement in an RH
chamber because RH is strongly dependent on T, and varying them both simultaneously may not be
possible, or may not yield the desired smooth transition from point to point. Simultaneously changing T
and RH was tested at SNL, and occasionally resulted in RH transients for some conditions. However, the
cycle given in Table 4 did not result in transients.

An alternative approach makes use of the fact that the AH varies little over the 24-hour cycle (b). As
illustrated in Figure 21 holding the AH constant at 17.5 g/m? while following the 24-hour temperature
cycle yields an RH cycle that matches the temperature-adjusted weather data nearly as well as the best-fit
RH curve derived by directly fitting the data. The diurnal variations are captured well, and overall shape
of the curve matches the slow daily increases and decreases in RH. This is important because the
transition periods have been identified as critical times, during which there appears to be an increase in
corrosion rate (Siegel et al., 2015). The 24-hour best fit cycle made by varying the temperature while
holding the AH constant at 17.5 g/m? is given in Table 5. It may be useful for experimentally
reproducing the diurnal T and RH cycle in environmental systems where varying T and RH
simultaneously results in artifacts.
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It should be obvious that many possible T and RH cycles exist that meet the criterion of intersecting the
deliguescence RH on a daily basis. The cycle determined here is just one realistic choice, that can be
readily implemented, because at least over the time interval evaluated, the day-to-day fluctuations are
highly regular and can be duplicated by varying only temperature, while holding AH constant.

Table 5. Simplified (constant AH)
best-fit Arkansas Nuclear 1 diurnal

° ———— cycle that crosses the bischofite DRH.

o r ----RH calc from T and constant AH Hour Temp oC AH, g/m3
/'/\ f\ ﬂ WP 2 41.68 175
2of | M - m/\ 4 36.45 175
Y Y Y VRV Y 6 35.27 17.5
" 8 34.35 17.5
10 33.69 17.5
Tw e m e w m w w 12 32.74 17.5
) ) 14 33.44 17.5
Figure 21. Arkansas Nuclear 1: Comparison 16 38.24 175
of temperature-adjusted weather data with 18 2055 175
simplified (constant AI_—|) bes_t-fit diurnal cycle 20 42 69 175
that crosses bischofite DRH. 22 4351 175
24 42.97 17.5

Determining a diurnal fluctuation that crosses the deliquescence RH for halite.

Interest in the effects of diurnal variations in temperature and RH on corrosion have largely focused on
the region where dry-out occurs, using the logic that it is in that range that the greatest changes in brine
properties (concentration, volume, and composition) occur. However, this is not entirely accurate. Below
the deliquescence point, the salts dry out. But once deliquescence occurs at around 35% RH, brine
properties (concentration and volume) vary only slightly between 35% and 50% RH. A region over
which potentially much larger changes in concentration, composition, and volume occur is at the point of
NaCl deliquescence (74% RH), where the brine volumes, properties, and composition change markedly.
As with the deliquescence point of bischofite, waste packages will eventually cool to the point where
diurnal variations in ambient temperature and RH will cause canister surface RH values to fluctuate
across 74% on a daily basis. As noted in Section 2.2.1, this may not occur for hundreds of years for heat-
generating SNF dry storage canisters. However, for non-heat-generating canisters containing greater-
than-class-C (GTCC) waste, such conditions may apply as soon as the waste is emplaced.

Figure 38 shows the weather data from Arkansas Nuclear 1, along with data for temperature deltas of 2
and 5°C. It is evident that under ambient conditions, the canister surface RH will vary over the NaCl
deliguescence RH on a daily basis; no temperature delta is required to achieve this. In fact, even very
small temperature deltas shift the RH to values below the deliquescence point of NaCl. Hence, the
optimal conditions for evaluating the effect of daily NaCl deliquescence correspond to ambient
conditions. Note that these conditions may be difficult to achieve in a laboratory setting, as the minimum
daily temperatures will be very close to, or even slightly below, room temperature.
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Figure 22. Arkansas Nuclear 1: Effect of increasing T on RH, zooming in on 20 days in the
summer. (a) ambient T; (b) ambient T+2°C; ambient T + 5°C.

To develop a simplified schedule for duplicating the ambient temperature weather data, the same
approach was used as previously. A one-week section of the data, representing the time interval from 170
to 177 days, was fitted using Excel Solver with a repeating 24-hour cycle discretized into 2-hour intervals.
Temperature and RH cycles were determined independently. The resulting 24-hour cycle is given in
Table 6, and compared to the actual data in Figure 23. The 24-hour cycle fits the data reasonably well.
Also shown are AH values calculated from the paired temperature and RH values; again, the calculated
values are consistent with the actual data. Note that some of these temperatures are only slightly above
room temperature (70°F or 21°C), so unless the environmental chamber can be cooled, care must be taken
to keep the room temperature below the needed temperatures.
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Best fit, T2C
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. \\/ W/ /\'[ YN \,,/N\ Table 6. Best-fit Arkansas Nuclear 1

) diurnal cycle that crosses the halite DRH.

Temperature

1 Hour Temp. °C RH %
1mﬂo 171 175 176 177 2 3185 5178
4 26.41 73.67

ZZ /‘/\ /4\ A/J\ i 6 25.28 77.89
. f\/\ /NaCl qu{ﬂ"” 8 2435 8319

\/ \j \JJ \}j \/ k 10 23.60 86.97
) J\ 12 22.74 88.87

:Z 14 23.44 88.63
———B‘esl fit RH% 16 28.24 71.72

RH%
@
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B = 20 32.69 52.68

- 22 3351 47.70

o 24 32.98 50.11
£
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Day of the Year

Figure 23. Arkansas Nuclear 1:
Comparison of temperature-adjusted
weather data with best-fit diurnal cycle that
crosses halite DRH.

As with the previous data set, a simpler approach makes use of the fact the AH varies little over the 24-
hour cycle (Figure 23c). As illustrated in Figure 24 holding the AH constant at 18.0 g/m?® while following
the 24-hour temperature cycle yields an RH cycle that matches the weather data nearly as well as the best-
fit RH curve derived by directly fitting the data. This possible test cycle is shown in Table 7.

Again, it is important to stress that while conditions for NaCl deliquescence may be of great scientific
interest, these conditions are of limited interest to SNF dry storage canister studies. This is because as
shown in Figure 22, even very small increases in temperature, corresponding to very low heat loads, make
it impossible to reach the deliquescence RH for NaCl of around 74% RH. Hence, only the coolest
canisters (for instance, those containing reactor components classified as GTCC waste) will be able to
achieve conditions for NaCl deliguescence within time spans relevant to dry storage.
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Table 7. Simplified (constant AH) best-
fit Arkansas Nuclear 1 diurnal cycle

- that crosses the halite DRH.
f Hour  Temp.°C AH, g/m?
o« 2 31.85 18.0
z 1 4 26.41 18.0
% — 6 25.28 18.0

. e it 8 24.35 18.0

0 10 23.69 18.0

W W e ¢ W 12 22.74 18.0

14 23.44 18.0

Figure 24. Arkansas Nuclear 1: Comparison 16 28.24 18.0
of temperature-adjusted weather data with 18 30.55 18.0
simplified (constant AH) best-fit diurnal cycle 20 32.69 18.0
that crosses the halite DRH. 22 33.51 18.0

24 32.98 18.0

In order to demonstrate the representativeness of the trends observed for the Arkansas Nuclear 1 data, two
additional sites are evaluated below. These illustrate that the diurnal cycle developed from any single site
can be used to represent sites across the complex as a whole.

2.2.2.2 San Onofre.

Weather data for the nearest airport to San Onofre are shown in Figure 25. Compared to Arkansas
nuclear one, the weather is more moderate, cooler in the summer, and hotter in the winter. The AH is
somewhat lower at Arkansas Nuclear 1 in the summer, probably due to the cooler temperatures. The
overall trends observed at Arkansas Nuclear 1 are again seen at San Onofre. Diurnal cycles are regular,
especially in the summer, and temperature and RH strongly anti-correlate, while AH shows very little
change over daily cycles.

Determining a diurnal fluctuation that crosses the deliquescence RH for bischofite.

For the San Onofre data set, using the weather data with a 13°C delta provides representative conditions
that result in diurnal cycling over the deliquescence RH of MgCl,. A 13-day section of the weather data
with a 13°C delta, representing the time interval from 182 to 197 days, was fitted using Excel Solver with
a repeating 24-hour cycle discretized into 2-hour intervals. Temperature and RH cycles were determined
independently. The resulting cycles are given in Table 8, and the resulting fits are compared to the actual
data in Figure 26. The 24-hour cycle fits the data well. Also shown in Figure 26 are AH values
calculated from the paired temperature and RH values for the 24-hour cycle; again, the calculated values
are consistent with the actual data. Use of a single daily cycle does not provide as good a fit as for the
Arkansas Nuclear 1 site, but it is adequate.

As with the previous data set, the best-fit temperature data can be used with a constant AH to produce a
nearly identical solution. This cycle is provided in Table 9, and is illustrated in Figure 27 For San
Onofre, a constant AH value of 13.8 g/m® is used, significantly lower than that for the Arkansas Nuclear 1
site. This lower AH probably reflects the lower temperatures of the San Onofre site relative to The
Arkansas Nuclear 1 site.
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Figure 25. San Onofre: Effect of increasing canister surface T on surface RH. Yearly data on the
left, and an interval during the summer on the right. Top—ambient T; Middle—ambient T+10°C;
Bottom—ambient T+20°C.
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Lt A A AN ANNNAR N Table 8. Best-Fit San Onofre diurnal
® Shad k"/’\J”ﬁ\"}\&A«/ WA v \J\/\/ cycle that crosses the bischofite DRH
” Hour Temp. °C RH, %
2 34.23 36.05
55 ——RH% at (T + 13)°C 4 3320 3788
. 6 33.10 38.46
£ 8 32.33 39.94
PP A, SR » I s 10 32.36 40.11
AL Vﬂwﬁ Al ﬂ f[\ MIM I/CAMMC#THA&A 12 3237 39.79
NARALARRARAR AR RE 14 32.33 40.35
2 16 34.85 35.43
® o o - o i~ - - - 18 36.56 32.43
© 20 37.11 30.94
. R 22 36.51 31.89
? 24 36.02 32.87
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Figure 26. San Onofre: Comparison of
temperature-adjusted weather data with best-
fit diurnal cycle that crosses bischofite DRH.
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Table 9. Simplified (constant AH)
best-fit San Onofre diurnal cycle that

. e FTEEET crosses the bischofite DRH.

. 50 ----RH calc from T and constant AH HOUf Temp OC AH, g/m3
& * 2 34.23 13.8
ARARAANARAARNN 4 3820 138
. VV“WVVV vaka 6 33.10 13.8
. 8 32.33 13.8
5 10 32.36 13.8
182 184 186 188 190 192 194 196 12 3237 138
i . 14 32.33 13.8
Figure 27. San Onofre: Comparison of 16 34.85 13.8
temperature-adjusted weather data with 18 36.56 138
simplified (constant AH)_ best—fit diurnal cycle 20 37:11 13:8
that crosses the bischofite DRH. 99 36.51 138
24 36.02 13.8

Determining a diurnal fluctuation that crosses the deliquescence RH for halite.

For San Onofre, the only weather condition that shows reliable diurnal fluctuations across the
deliguescence point of NaCl is the ambient temperature condition—even a temperature increase of just
two degrees above ambient is sufficient to inhibit deliquescence of NaCl. Hence, the ambient condition
(Figure 25, top) was fitted to derive the appropriate daily cycle. The best fit cycle is given in Table 10,
and compared with the measured temperature data in Figure 28. Fitting with the best-fit T data, and a
constant AH of 14.4 g/m® (Table 11), yields a nearly identical fit (Figure 29).
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Figure 28. San Onofre: Comparison of
temperature-adjusted weather data with best-
fit diurnal cycle that crosses the halite DRH.

Table 10. Best-Fit San Onofre diurnal
cycle that crosses the halite DRH.

Hour Temp. °C RH %
2 21.28 77.04
4 20.18 81.46
6 20.10 82.74
8 19.33 86.34
10 19.37 86.67
12 19.37 86.00
14 19.33 87.18
16 21.85 75.48
18 23.55 68.42
20 24.12 65.07
22 23.50 67.32
24 23.01 69.55
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Table 11. Simplified (constant AH) best-
Rl P o J fit San Onofre diurnal cycle that crosses
ol \ﬂtﬁ.‘f VW"V[ U‘“v’ \ﬂf%ﬁ\f\ﬂ. /’\% *’“\ the halite DRH.

g \' Hour _ Temp.°C AH, g/m®
o} — 2 21.28 14.4
s 4 20.18 14.4
] | e 6 20.10 14.4

S A A 8 19.33 14.4

) ] 10 19.37 14.4
Figure 29. San Onofre: Comparison of 12 1937 14.4
temperature-adjusted weather data with 14 19.33 14.4
simplified (constant AH) best-fit diurnal cycle 16 21.85 144
that crosses the halite DRH. 18 2355 14.4

20 24.12 14.4

22 23.50 14.4

24 23.01 14.4

2.2.2.3 Turkey Point

Weather data collected near the Turkey Point ISFSI in Florida are shown in Figure 30. Compared to the
previous two sites, the weather resembles that of San Onofre. It is more moderate than the Arkansas
site—cooler in the summer and hotter in the winter. However, the average AH is actually the highest of
the three sites. As with the other sites, temperature and RH inversely correlate, while AH varies little
from day to day.

Determining a diurnal fluctuation that crosses the deliquescence RH for bischofite.

For the Turkey Point data set, using the weather data with a 14.75°C delta provides some representative
conditions that meet the criterion with respect to the deliquescence of MgCl.. A 13-day section of the
weather data with a 14.75°C delta, representing the time interval from 175 to 195 days, was fitted using
Excel Solver with a repeating 24-hour cycle discretized into 2-hour intervals. Temperature and RH cycles
were determined independently. The resulting cycles are given in Table 12, and the resulting fits are
compared to the actual data in Figure 31 The 24-hour cycle fits the data well. Also shown in Figure 31
are AH values calculated from the paired temperature and RH values for the 24-hour cycle; again, the
calculated values are consistent with the actual data. Use of a single daily cycle does not provide as good
a fit as for the Arkansas Nuclear 1 site, but it is adequate.

As with the previous data sets, the best-fit temperature data can be used with a constant AH to produce a
nearly identical solution. This cycle is provided in Table 13, and is illustrated in Figure 32. For Turkey

Point, a constant AH value of 19.7 g/m? is used, significantly larger than that for the San Onofre site, and
slightly larger than the value for Arkansas Nuclear 1 site.



SNF Interim Storage Canister Corrosion and Surface Environment Investigations

62 November 11, 2020
" TR -
o 80 o 80
£ £
?D ~
= 60 2 ot
T
< <
o 40 5 40
z 2 E 20
J J —RH%
2 o 2 o} Tec
——RH% Ambient T ——AH, g/m3 Ambient T
20 i h : ; ; i 55 ; |
0 50 100 150 200 250 300 350 175 180 185 190 195
100 100
o 80 o 80 |}
£ £
) =2 ot
x T
< <
5 5 o f
by - O PPN S e R s—
o @ 20
J - J —RH%
& ol —TeC 2 of —TeC
—RH% (T+10) °C ——AH, g/m3 (T+10)2C
20 i h ; A I i 20 I i !
0 50 100 150 200 250 300 350 175 180 185 190 195
100 100
o 80 |} w80 |
£ £
£l E
— 60 L — 60 =
T T
< < A Lo SAWASY RV Ve Wa Va Ve AN AN AWAN Wy Wa
o 40 o 40}
e O Z
J %) ——RH%
& ot —TeC & o —Tec
——RH% (T+20) °C ——AH, g/m3 (T +20) 2C
20 " I i 20 ; i I
0 50 100 150 200 250 300 350 175 180 185 190 195
Day of the Year Day of the Year

Figure 30. Turkey Point: Effect of increasing canister surface T on surface RH. Yearly data on
the left, and an interval during the summer on the right. Top—ambient T; Middle—ambient
T+10°C; Bottom—ambient T+20°C.
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sl Table 12. Best-Fit Turkey Point diurnal
& cycle that crosses the bischofite DRH.
= Hour Temp. °C RH, %
Yo s wm m ms w s m mwms 2 40.36 37.29
) 4 40.07 38.58
. — e 6 40.25 38.78
8 40.03 37.72
i - / 10 40.32 38.23
" I\ W iy 12 41.74 35.79
oV HE S Y NET DY YWY 14 42.58 33.42
2 16 43.42 32.47
18 44.15 31.26
0 20 43.21 33.17
* T 22 43.48 33.13
o — 24 40.57 36.81
Z 2 ,ur"g\vV«"{\M%Mﬂrf'ﬁuﬁ”pm\frﬁu, f.a\.www\ﬁw%l_
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Figure 31. Turkey Point: Comparison of
temperature-adjusted weather data with best-
fit diurnal cycle that crosses bischofite DRH.
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55 ——RH% at (T+14.75)°C
----Best fit RH%
----RH Calc from T and constant AH

RH%

Day of the Year
Figure 32. Turkey Point: Comparison of
temperature-adjusted weather data with
simplified (constant AH) best-fit diurnal cycle
that crosses the bischofite DRH.

Determining a diurnal fluctuation that crosses the deliquescence RH for halite.

Table 13. Simplified (constant AH) best-
fit Turkey Point diurnal cycle that crosses
the bischofite DRH.

Hour Temp. °C AH, g/m?
2 40.36 19.7
4 40.07 19.7
6 40.25 19.7
8 40.03 19.7

10 40.32 19.7
12 41.74 19.7
14 42.58 19.7
16 43.42 19.7
18 44.15 19.7
20 43.21 19.7
22 43.48 19.7
24 40.57 19.7

For Turkey Creek, the best weather condition to produce reliable diurnal fluctuations across the
deliguescence point of NaCl is the ambient temperature condition plus 1°C. The best fit cycle is given in
Table 14, and compared with the measured temperature data, with a delta of 1°C, in Figure 33. Fitting
with the best-fit T data, and a constant AH of 20.6 g/m3 (Table 15), yields a nearly identical fit (Figure

34).
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£ Table 14. Best-Fit San Onofre diurnal
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Z Hour Temp. °C RH %
oo mememe | 2 26.61 80.53
B T 4 26.32 83.45
% — e T 6 26.50 83.77
AN e LY TN 8 26.28 81.61
o L UL RELE LGS L L 10 26.57 82.56
o PR 12 27.99 76.68
i | | 14 28.83 71.34
ss 16 29.67 68.97
N s s m m am 18 30.40 66.11
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5 22 29.73 70.31
o 24 26.82 79.41
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Figure 33. Turkey Point: Comparison of
temperature-adjusted weather data with best-
fit diurnal cycle that crosses the halite DRH.
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Table 15. Simplified (constant AH) best-

100 fit San Onofre diurnal cycle that crosses
. the halite DRH.
w Py ) 4 x" AHAAL AT x.j } A “ Hour  Temp.°C AH, g/m®
VR TR VAR LY RVRTAY { 2 26.61 20.6
BLAIASA LR MR A L 4 | 26.32 20.6
e 6 26.50 20.6
° Moo O 8 26.28 20.6
B s wm  tE  am me 1 ae @ i b 10 26.57 20.6
Dayofine vear 12 27.99 20.6
Figure 34. Turkey Point: Comparison of 14 28.83 20.6
temperature-adjusted weather data with 16 29.67 20.6
simplified (constant AH) best-fit diurnal cycle 18 30.40 20.6
that crosses the halite DRH. 20 29.46 20.6
22 29.73 20.6
24 26.82 20.6

2224 Recommended diurnal cycles for testing

Of the three different diurnal cycles provided in this section for daily cycling over the bischofite
deliguescence RH, the cycle for Arkansas Nuclear 1 has been chosen for use in testing. This is because it
is the cycle with the largest range of RH values, and hence, the cycle that will result in the largest range of
possible brine compositions. Therefore, it is the most conservative choice for testing purposes.

Noted in Section 2.2.1, conditions for NaCl deliquescence will not be reached on heated canister surfaces
and are of less interest for SNF dry storage considerations. However, if testing is undertaken, then the
diurnal cycle presented in Table 14 is recommended, as the temperatures are all well above normal indoor
temperatures and would not require a chiller to implement in the lab. Moreover, the higher temperatures
make it a more aggressive environment than the other cycles for NaCl.
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2.2.3 Realistic Brine Chemistries (CI/NOs3)

To date, SNL has performed testing with simulated sea-salt brines, and with individual components
(NaCl, MgCl,) of those brines, that represent a worst-case scenario for salts on canister surfaces, as they
are extremely chloride-rich and do not contain other ions that may inhibit corrosion. Such brines may be
relevant to some coastal locations, but sampling and analysis of in-service canister surface dusts has
shown that at many East Coast locations, the dusts are actually a mixture of marine salts (Na*, Cl-, Mg*?,
SO42-rich) and a continental component (Ca*?, K*, (NH4*), NOs, SO42-rich) . In this section, measured
salt compositions at two ISFSI sites (Maine Yankee and Hope Creek) are evaluated to determine
representative salt compositions for those sites. Of particular interest is the presence of NO;~, and how
brines containing it change with RH, because nitrate has been shown to inhibit corrosion (Cook et al.,
2017). The compositions determined here will be taken into consideration when planning experiments to
evaluate the effect of other anions on the corrosivity of canister surface brines.

2231 Maine Yankee
Determining a representative composition for the soluble salts

The storage systems at the Maine Yankee ISFSI have been sampled three times. In 2017, a robot was
used to enter one overpack, and samples were collected from the top of the shield plug and from shelves
near the bottom of the overpack using a damp sponge. The 2017 shelf samples were quite coarse,
contained large amounts of concrete efflorescence that fell from the walls of the overpack, and, having
been collected robotically, were probably not a quantitative sample of what was on the surface where the
sampling occurred. In 2018, samples were collected by hand from the top of one canister (the lid was
sufficiently thick to provide shielding), using sponges and a template to quantitatively sample a large
area—these are considered to be the best, most representative samples, and they show strong
compositional similarities and trends. In 2019, dust collection coupons that had been placed about 2 years
earlier were collected from the inlet and outlet vents of 4 different canisters. The coupons were very
close to the vents and had high salt and dust loads and abundant organic particles, including pollen,
stellate trichomes, and even cobwebs and insect parts. In many cases, they also showed evidence of
having been wetted by rain blowing into the vents. These samples differed chemically from the samples
from the canister surface, and are not considered representative of deposition on the canister. In the
following discussion, we concentrate on samples from the 2018 sampling of the actual canister surface.
The results of the other two samplings are shown for comparison, but are not used in calculating possible
salt compositions.

The 2018 Maine Yankee soluble salt analyses are given in Table 16, with the blank values subtracted.
Because the 2018 samples from Maine Yankee were collected from a large area (6 x 6 cm), soluble salt
concentrations were relatively high, and compositions were easy to measure and more accurate than
previous attempts from other sites, which used small (3 cm?) SaltSmart™ pads for sample collection. The
measurement accuracy was affected slightly by inadvertent use of much larger sponge pieces than
intended, which raised the blank values, but the measured data were sufficiently high that the blanks were
still a relatively minor component (Bryan and Schindelholz, 2018a). As is always the case with canister
dust analyses, the charge balances are poor, indicating a deficiency of anions. This is largely because
carbonate was not included in the analyses, and carbonate phases are frequently seen by SEM. Concrete
efflorescence, consisting mostly of calcium carbonate and calcium silicates (which can leach CaOH), was
a common phase in the Maine Yankee samples, indicating that the anion deficiency was largely due to the
unquantified carbonate and perhaps hydroxide.

The soluble ion concentrations are plotted against Na* in Figure 35. With the exception of calcium, the
ions form linear trends, intersecting the X and Y axes at or near zero. This suggests that the soluble salt
compositions vary little from sample to sample, and that only the amount of salt deposited changes. For
calcium, the trend is much more scattered, probably because of the contribution from concrete
efflorescence, which falls from the overpack, and is not related to salts in dust aerosols. The analyses
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from the 2017 and 2019 sampling episodes are compared to the 2018 data in Figure 36. For some
elements, the trends match; in other cases, a different trend appears to be present, or the points are
scattered and no trend at all is apparent. Part of the scatter may be because concentrations are low in the
2017 and 2019 samples, and analytical uncertainty is higher, much of the differences in trends may be
related to differences in the particle sizes deposited in the different areas sampled; salt aerosol
compositional variations with particle size are commonly observed. For this reason, the 2018 data from
dusts collected directly from the canister surface will be used to determine the relevant salt compositions.

Table 16. Soluble lon Concentrations in 2018 Maine Yankee Samples, umol/sample

SamPle | Nat | NHe | ke | Mgz | car | F c- | No& | PO | SO
MY-1 75 | nd | 23 | 22 | 349 | o8 | 37 | 42 | 03 | a2
MY-2 73 | o1 | 24 | 17 | 403 | 16 | 290 | 48 | o2 3.9
MY-3 12 | nd | 01 | 07 | 81 | 07 | 06 | 01 | nd | o6
MY-4 18 | nd | 04 | nd | 53 | 06 | 06 | 10 | nd | os
MY-5 51 | nd | 14 | 18 | 200 | 15 | 32 | 17 | nd | 40
MY-6 154 | nd. | 58 | 40 | 373 | 18 | 76 | 78 | 05 | o4

Note: Blank-subtracted values
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Figure 35. Soluble ion concentrations in Maine Yankee 2018 samples, plotted against Na
concentration.



SNF Interim Storage Canister Corrosion and Surface Environment Investigations

November 11, 2020 69
7 45 10
6 k3 40 ) . el
=03516x - 35 | “ 8 r = &
5 ) 6 y=4.8576x 7 | ¥=0.5223x
2 2 I 3 L gt
o 4 o 25 t ; [} + 3
§. E » Lo E °T %
s 2 " [ x 2017-shield plug - 7 ~ 4| »
t e 9 15t £ "o :
x 2 + 2017-overpack shelf © o 3 F F
o —_—
i o,'+4 * # 2018-canister surface 40 o/ 2 2t Q,"/ ’
@&f 0 2019-inlet/outlet vents 5 r-* " 1>
o . : - | 0 st . . 0 X .
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Na*, pmole Na*, pmole Na*, pmole
5.0 9 12
45 8
40 | 4 y=0.4838x .~ 10 =
] . 7 - >
0 35 | ¥=02655x - : . y=05985x -
© 30 | & o &
g 3.0 2 o
325 F £ £ 6
- ° 4 =5 7
20 } e < ) 7 ~
S s L 5 ° Pl lg & i
p > X - o -
1.0 | 7 a o, e
05 2y 1o #31 e
0.0 g ! ! 0 ﬂf # | 0 18O
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Na*, umole Na*, pmole Na*, pmole

Figure 36. Soluble ion concentrations in Maine Yankee 2017, 2018, and 2019 samples, compared.

In Figure 35, best-fit lines have been fitted to the data, assuming an intercept of (0,0), and the slopes have
been used to estimate the bulk composition of the soluble salts that were deposited. Normalized to a Na*

concentration of 1 umol, the predicted values are given in Table 17. Bicarbonate was used to charge
balance, and that value is also provided in Table 17. The normalized soluble ion composition of the
Maine Yankee salts is shown graphically in Figure 37.

Table 17. Composition of soluble salts, based 14
on best-fits to 2018 Main Yankee data
j 12 =
Species Norme:,‘llozr?g motar ) 205
P i 10 - Mg NO;
Nat 1.0000
K* 0.3516 2
Ca*? 4.8576 3l
Mg*2 0.2655 ca™* et
ml
Cl- 0.4838
NO3z~ 0.5223 21
S04 0.5985 ik fol
HCOa— *93947 Maine Yankee

* Based on charge balance

Figure 37. Normalized soluble ion composition

of Maine Yankee salts, shown in peq.



SNF Interim Storage Canister Corrosion and Surface Environment Investigations
70 November 11, 2020

Determining a brine composition to use for salt deposition

The values in Table 17 represent normalized ion concentrations, but cannot be used directly as a solution
for depositing salt on test specimens. Such a solution must be relatively concentrated—based on previous
work, 0.3-0.5 molal works well for effective salt deposition. If mixed to produce a concentration of 0.5
molal, the composition in Table 2 would be heavily supersaturated with carbonates, and would precipitate
out a large mass of material, making deposition impossible.

To determine the composition of an evaporating solution of these salts—and hence, what brines would
result from deliquescence of salt phases corresponding to this composition—EQ?3/6 was used. To avoid
precipitation, the starting solution was taken to be very dilute—the normalized values in Table 17 were
input at concentrations of 10~ molal. The results of the calculations are shown in Figure 38. As the
solution evaporates, the divalent cations are removed from solution as carbonates and sulfates, and the
resulting solution becomes progressively enriched in monovalent ions. Because of the high solubilities of
Na and K chlorides and nitrates, these species increase nearly monotonically in the brines as they
evaporate, in the same relative abundances as are shown in Table 2. At 66% RH, both halite (NaCl) and
niter (KNQOs) begin to precipitate; as the RH drops further, the brine becomes progressively more nitrate-
rich, until soda niter (NaNOs) precipitates and the brine dries out. The mineral assemblage that governs
the deliquescence properties of the brine is NaCl-KNO3-NaNQs.

The combination of salts in Table 17 is soluble in water at micromolar levels that correspond to very high
RH, but as can be seen in Figure 38b, carbonate saturates and precipitates if these waters are concentrated
even slightly. As noted earlier, this is a problem—the salt deposition process requires that the deposited
materials be completely dissolved, and a relatively high concentration. A solution concentration around
0.3-0.5 molal would be effective. Here, brine representing an RH of 99%, corresponding to a
concentration of about 0.3 molal, was selected as a target.
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Figure 38. Predicted evaporative evolution of a solution of Maine Yankee salts. a) Brine
compositions on a linear scale; b) precipitated minerals.

EQ3/6 modeling was undertaken to determine how brine concentrations could be modified to achieve a
similar overall brine evolution, while delaying salt precipitation as long as possible. This proved
extremely difficult, because as predicted by chemical divide theory, small changes in the initial brine
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compositions resulted in huge changes in the trajectory of the evaporated waters. A few examples of this
are given below to illustrate the importance of considering all brine components in developing a brine
composition for testing.

Case 1. Remove the salts that precipitate as the brine evaporates to 99% RH. In the base case water
(Figure 38), Ca and Mg remain very low as the water evaporates, because they precipitate as carbonates
and sulfates. The water evaporates to form a Na-K-NO3-Cl brine, with relatively minor sulfate. Is it
possible to simply remove the salts that precipitate out early and use the remaining brine composition?
No. Removing 90% of the calcite and gypsum that precipitates out by an RH of 99% has absolutely no
effect on the evolving brine chemistry. But removing 100% of those precipitates has an enormous effect
on brine chemistry, because a small amount of those minerals back-react with the brine as evaporation

continues. This is illustrated in Figure 39, were the brine behavior varies considerably between the base
case and the modified composition.

14 85

Solid lines -- base case
Dotted lines -- alternate case

12

10

pH

Concentration, molal
ey

100% 95% 90% 85% 80% 75% 70% 65% 60% 55% 50% 100%  95% 90% 85% 80% 75% 70% 65% 60% 55% 50%
RH RH

Figure 39. Predicted evaporative evolution of Maine Yankee salts, after subtracting off the calcite
and gypsum that precipitates when evaporated to 99%RH. a) composition; b) pH

Case 2. Remove all Ca, Mg, and SO4, while maintaining charge balance with carbonate. Since the base
case water evaporates to form a Na-K-NOs-Cl brine, with relatively minor sulfate, is it possible to just
remove Ca, Mg, and SO4? Taking out Ca, Mg, and SO, rebalancing the charge with carbonate, and
evaporating yields a water that follows a very similar compositional evolution, although there is
significantly more carbonate in the adjusted brine (Figure 40). However, the pH evolves very differently.
In the base case, it stays between pH 7 and 8, while in the Ca-Mg-SO.-free case, it rapidly increases to pH
10. Because of the potential importance of pH on corrosion reactions, this is deemed unacceptable.
Moreover, in current experiments, we have seen that minor components (possibly sulfate) appear to affect
the mode and extent of corrosion, so eliminating individual species may have unintended consequences.

pH
o

Concentration, molal

55% 50% 100% 95% 90% 85% 80% 75% 70% 65% 60% 55% 50%
RH

Figure 40. Predicted evaporative evolution of Maine Yankee salts, after eliminating all Ca, Mg, and
SOs, and rebalancing the charge with carbonate. a) composition; b) pH.
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Case #3. Subtract off all Ca, Mg, and CQOs, and sufficient SO, to achieve charge balance. Note that
carbonate is removed from the initial brine, but re-equilibration with the atmosphere results in re-
carbonation during the evaporation step. These results are not shown here to save space, but this case
results in a similar fit to Case #2 in terms of chemistry, except that the pH decreases to a value of about
5.6, two pH units below the base case. This was also considered unacceptable.

After several other attempts, a brine composition was chosen that corresponded to the base case brine
evaporated to 99% RH, with the precipitated solids subtracted out, with Ca and Mg further reduced
proportionally by a small amount, and with some SO, additional removed as well. The resulting solution
is not saturated with any minerals at 99% RH. Evolution of the chosen brine is shown in Figure 41. As
can be seen, the major element compositions are captured reasonably well, although the sulfate
concentration increases too much with evaporation. The pH remains at near-neutral values, within a half
a pH unit of the base case. Ca and COs are initially similar to the base case values, but as the RH drops,
become depleted relative to the base case. Mg increases significantly above the base case values as the
RH drops, but still only reaches a maximum of about 0.1 molal. The deliquescence-controlling mineral
assemblage does not change. The proposed brine composition to deposit is shown in Table 18. A mixing
formula is also provided.

Na e
Solid lines -- base case

14 ——NO3

—Cl

Dotted lines --alternate case 8

pH

Concentration, molal

Concentration, molal

Solid lines -- base case
Dotted lines -- alternate case

100% 95% 90% 85% 80% 75% 70% 65% 60% 55% 50%
RH

Figure 41. Predicted evaporative evolution of Maine Yankee salts, reducing some components to
achieve an unsaturated 99% RH starting solution. a) composition; b) pH; ¢) composition on log
scale to emphasize minor species.
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Table 18. Composition of the proposed brine simulant for depositing
Main Yankee salts.

To mix:

Species Conc., molal Salt Wt, grams
Na* 2.417E-01 NacCl 5.3590
K* 8.499E-02 NaNO3 3.5070

Ca*? 9.416E-03 KNOs 8.5929
Mg*? 3.209E-03 CaClz 1.0450

Cl- 1.169E-01 MgCl2:6H20 0.6524
NO3~ 1.263E-01 Na2S04 7.6789
SO472 5.406E-02 NaHCOs 0.0543
HCOs~ 6.467E-04 SUM 26.8896

Deliquescence behavior of the Maine Yankee salt assemblage

It is important to know the deliquescence properties of the chosen salt assemblage as a function of
temperature, in order to determine the range of possible testing conditions. As stated previously, the
deliguescence-controlling minerals for this composition are halite (NaCl), niter (KNO3), and soda niter
(NaNOs3). Predicted deliquescence RH values as a function of temperature calculated for both individual
salts and for the three-salt assemblage using EQ3/6 and the data0.ypf.R2 database are given in Figure 42a.
However, the simulation using data0.ypf.R2, fails for temperatures above 41 °C, and RH values at higher
temperatures cannot be calculated. Moreover, shape of the deliquescence curve at lower temperatures is
suspect; the data0.ypf.R2 database used here does not predict the composition of concentrated mixed
nitrate-chloride brines well, and these values must be viewed with caution. The previous version of the
database, data0.ypf, more accurately predicted nitrate mineral solubilities, and may be more accurate for
this calculation. Values calculated using data0.ypf have also been included in Figure 42a and are
preferred here. At 25 °C, the single salts NaCl and NaNOs each deliquesce at about 75% RH, and KNO3
at about 94% RH. The deliguescence of a multi-salt assemblage is always lower than that of any single
component in the assemblage, and when several relatively deliquescent salts are mixed together, the
deliguescence point of the mixture can be much lower than that of the single salts. The three-salt
assemblage NaCl-KNO3;-NaNQs is predicted to deliquesce at about 67% RH at 25 °C. The solubilities of
the two nitrate phases increase rapidly with temperature, so their deliquescence RH drops; the
deliguescence RH of the three-salt assemblage also drops as the temperature increases.

The predicted brine chemistry as a function of RH at 25 °C, 40 °C, and 60 °C, using the data0.ypf
database, is shown in Figure 42b. As the temperature increases from 25 °C to 60 °C, the predicted
deliguescence RH drops markedly, and the initial deliquescent brine concentration increases greatly,
reaching an ionic strength of over 20 molal at 60 °C.

It is apparent that if nitrate is inhibitive, there is sufficient nitrate present even at Maine Yankee, which is
a relatively near-marine site, to be beneficial. However, nitrate-chloride mixtures will deliquesce at
significantly lower RH values (and hence, higher temperatures) than just chloride mixtures. This is
illustrated here for Na and K salts, but is even more true for Ca- and Mg-bearing brines, because
individual Ca and Mg nitrates and chlorides are even more deliquescent. Lower deliquescent RH values
means that a brine can exist at higher temperatures than for the chloride-only systems. Also, brine
volumes will be larger at any given RH, for instance, sea-salt brines show a drastic decrease in volume
below 74% RH, when halite is predicted to precipitate. However, for the Maine Yankee brines, the first
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nitrate or chloride salt does not precipitate until the RH drops to 66% RH (Figure 38); for the same salt
load, a much larger volume of brine would be present between 74 and 66% RH for the Maine Yankee
salts than for pure sea-salts. Hence, if nitrate does not prove to be inhibitive, then its presence may be
detrimental, as brines could form at higher temperatures, and under many circumstances, a thicker brine
layer would be present.
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Figure 42. Deliquescence properties of Maine Yankee salt assemblage. a) Predicted deliquescence
RH values for NaCl, NaNOs, KNOs3, and the three-salt mixture as a function of temperature. b)
Predicted evaporative evolution of Maine Yankee salts at 25 °C, 40 °C and 60 °C.

2232 Hope Creek Salts
Determining a representative composition for the soluble salts

At the Hope Creek ISFSI, two canisters were sampled in November 2013. The canisters were vertical
canisters, that had been in storage for approximately 10 years. Sampling was done with Scotch-brite™
pads for dust collection and SaltSmart™ pads to measure soluble salts. Dust and salt loads on the sides of
the canisters were extremely light, but dust loads on the top of the canisters were much heavier. Table 19
shows the measured soluble ion concentrations as collected from the Salts-marts. Samples were also
collected from an unused canister at the site in November 2014, and the results are discussed here as well.
Note that these were collected from a cold canister and may not be relevant to heated canisters.
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Table 19. Soluble ion concentrations in Hope Creek samples, pmol/sample

Sample # Na* NHa* K* Mg?* Ca* F- ClI- NOs~ PO4*- SO~
144-008 n.d. 1.5E-02 5.1E-02 n.d. 9.3E-03 2.4E-02 n.d. 3.4E-02
144-009 n.d. 4.3E-02 7.1E-03 7.9E-02 n.d. 8.6E-03 8.3E-02 5.9E-02
144-010 n.d. 3.7E-02 4.0E-03 7.3E-02 n.d. 1.7E-02 6.1E-02 n.d. 3.7E-02
145-006 n.d. 5.6E-02 1.5E-02 7.8E-02 n.d. 4.6E-02 1.1E-01 n.d. 4.1E-02
145-007 6.9E-03 2.7E-02 1.3E-02 2.6E-02 n.d. 4.4E-02 1.5E-02 n.d. 4.7E-02
145-014 2.3E-02 1.9E-02 4.8E-02 n.d. 1.9E-02 2.0E-02 n.d. 8.6E-02
144-013 1.8E+00 n.d. 4.6E-01 1.4E+00 2.5E+00 1.6E-02 2.9E-01 4.0E-02
144-014 5.8E-01 n.d. 1.6E-01 3.2E-01 6.9E-01 1.7E-02
145-013 1.4E+00 7.5E-04 3.8E-01 1.2E+00 2.2E+00 n.d. 2.1E-01 2.6E-02 8.4E-01
145-011 1.5E-02 6.1E-03 2.4E-03 2.4E-02 n.d. 4.6E-03 9.4E-04 n.d. 8.7E-03
144-003 n.d. 1.6E-02 3.8E-03 2.1E-02 n.d. n.d. 3.4E-02 2.0E-03 1.3E-02
144-004 8.8E-03 8.1E-03 1.3E-02 4.6E-02 n.d. 5.1E-03 9.0E-03 n.d. 9.3E-03
145-002 n.d. 9.9E-03 8.8E-02 n.d. 7.5E-02 n.d. 1.2E-02
SS-BI-8 min-1 n.d. n.d. n.d. n.d. n.d. n.d. 6.4E-03 n.d. n.d.
SS-BI-8 min-2 n.d. n.d. n.d. n.d. n.d. 3.3E-03 -4.6E-03 n.d. n.d.
SS-BI-15 min 1.6E-01 n.d. 8.2E-03 4.4E-03 8.3E-03 -1.8E-03 8.8E-03

Note: Blank-subtracted values

Greyed-out numbers indicate that the values were above blank values, but below the limit of quantitation.

Composition of Hope Creek Brines using all the collected data

The soluble ion concentrations are plotted against Ca2*, the most abundant cation in the salts, in Figure
43. As with Maine Yankee, there is generally a linear relationship between the Ca?* concentration and the
other soluble ions, passing through (0,0), suggesting that the composition of the soluble salts varies little
from sample to sample. However, it should be noted that the trend is dominated by the three samples

from the top of the canister; other values are barely above the detection limit for the analysis and are

clustered near zero. Note that this plot includes the samples (yellow triangles) collected from the unused

canister at Hope Creek in November, 2014, for comparison.

Like the Maine Yankee samples, the data have been fit with best-fit lines assuming an intercept of (0,0),
and the slopes have been used to estimate the bulk composition of the soluble salts that were deposited.
Using these slopes, the composition was normalized to a Ca?* concentration of 1 umol, and the
normalized salt composition is given in Table 20. Bicarbonate was used to charge balance, and that value
is also provided in Table 20. The normalized soluble ion composition of the Hope Creek salts is shown

graphically in Figure 44.
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Figure 43. Soluble ion concentrations in all the Hope Creek samples, plotted against Ca?*
concentration. (Green lines—fits to all the data; blue lines—fits to the low-concentration subset of

Table 20. Composition of soluble salts,
based on best-fits to the Hope Creek data.

Normalized molar
Species conc.

Na* 0.7170
K* 0.1830
Ca*? 1.0000
Mg*? 0.5319
CI- 0.2625
NOs~ 0.1191
S04 0.3962

HCOs~ *2.7898

*Based on charge balance
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Figure 44. Normalized soluble ion composition of
Hope Creek salts, shown in peq.
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Composition of Hope Creek brines excluding the highest concentration samples

For some elements, the trend formed by the whole sample set, dominated by the high concentration
samples from the top of the canister, appears to differ from the trend defined by the majority of the
samples, which are lower concentration. Excluding the samples from the top of the canister results in a
significantly different fit (Figure 45), suggesting much higher Na concentrations relative to the data in
Figure 43. However, these fits are highly scattered, and rely heavily on the data collected from the
unused canister at the site, which may not be relevant to a heated canister. Moreover, the concentrations
are so low that analytical uncertainties are high. Given these limitations, the fits calculated including the
higher-concentration samples will be used for the rest of this analysis.
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Figure 45. Soluble ion concentrations in the Hope Creek samples when the high concentration
canister top samples are excluded, plotted against Ca concentration.

Determining a Hope Creek-based brine composition to use for salt deposition

As with the Maine Yankee salts, the values in Table 20 represent normalized ion concentrations, and
cannot be used for depositing salt on test specimens because they are oversaturated. For corrosion testing,
solutions must be 0.3-0.5 molal for effective salt deposition. If mixed to those brine compositions, these
solutions would precipitate out, and would precipitate out a large mass of material, making deposition
impossible. The methodology to create a representative brine composition for Hope Creek was the same
as for Maine Yankee, where EQ3/6 was used to generate a dilute starting solution with a composition
reflecting the normalized values in Table 20. The concentration of the initial solution was 10~ molal.

The results of the calculations using the normalized concentrations of the Hope Creek samples from Table
20 are shown in Figure 46. As the solution evaporates, the divalent cations are removed from solution as
carbonates and sulfates, and the resulting solution becomes progressively enriched in monovalent ions.
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Because of the high solubilities of Na* and K* chlorides and nitrates, these species increase nearly
monotonically in the brines as they evaporate. Due to a slightly higher ClI- content in the Hope Creek salts
compared to the samples from Maine Yankee, halite (NaCl) precipitates at around 70%, and niter (KNO3)
at about 66% (these minerals simultaneously precipitate at 66% RH for the Maine Yankee composition).
Following the precipitation of NaCl, and as the RH continues to decrease, the brine becomes
progressively more nitrate- and sulfate-rich until it precipitates thernadite (Na>SQOs), and finally, at 67%
RH, niter (KNO3). The mineral assemblage that governs the deliquescence properties of the Hope Creek
brine (including all the samples) is NaCl-Na,SO4-KNOs.
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Figure 46. Predicted evaporative evolution of all Hope Creek salts. a) Brine compositions on a
linear scale; b) brine composition on a log scale; c) precipitated minerals; d) solution pH.

Calculation of a Hope Creek representative brine for corrosion testing

To use the composition of the normalized Hope Creek brine for testing, adjustments are needed to allow
mixing of a stable, more concentrated brine for deposition onto corrosion samples. Saturation of divalent
carbonate and sulfate salts at low degrees of evaporation (corresponding to high RH), as seen in Figure
46c¢, prevents using this solution without modification. As noted earlier, the salt deposition process
requires that the deposited materials be completely dissolved and relatively high concentration. A solution
concentration around 0.3-0.5 molal would be effective. Here, brine representing an RH of 99%,
corresponding to a concentration of about 0.3 molal, was selected as a target.

As discussed for the Maine Yankee soluble salts, the composition of the brine was modified to delay the
precipitation of salts as long as possible and produce a brine of ~0.3-0.5 molal, that shared the same
evolution behavior as the initial system. As Figure 46 shows, calcite (CaCOs), huntite (MgszCa(COs3)a),
and various sulfate containing salts are the first salts to precipitate, therefore modifications to Ca?*, Mg?*,
HCOs?, and SO.> were made to try to achieve a more concentrated representative brine. Many attempts
were made to achieve a more concentrated brine without any precipitation, and as for the Maine Yankee
samples, the predicted evolution of the initial brine, especially the pH, proved difficult to match. The
final, successful attempt resulted in a concentrated brine (~0.3 molal) without precipitation and was
achieved by reducing Ca by 100x relative to the initial solution, reducing both Mg?* and HCOs by 500,
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and charge balancing with SO,%. The composition of this brine as a function of RH during evaporation is
shown in Figure 47. Reducing the Ca?*, Mg?*, and HCOs™ allowed for the brine to reach an RH ~ 99%
before calcite precipitated — corresponding to a brine of ~0.3 molal. The composition of the major ions
(Na*, CI, NOg, K*, and SO+*) matched very well in the adjusted brine versus the original Hope Creek
composition. Additionally, the minor ions (Mg?*, Ca?*, HCOgz) trace the composition of the original brine
well. Mg?* is a bit reduced in high RH (early stages of evaporation), however it converges at lower RH
values. Also, the contribution of these ions to the overall composition is minimal, and therefore their
changes in concentration are not likely to impact the overall chemical behavior of the brine very much.
The pH of the alternative system matches the original system very well, and never deviates by more than
0.3 pH units during the evaporation process (Figure 47). The deliquescence-controlling mineral
assemblage does not change between the adjusted and original composition. The proposed brine
composition for deposition onto corrosion samples is shown in Table 21, along with the mixing formula.

Molality
Molality

RH

pH

Mass precipitated, mols

1 0.9 0.8 0.7 0.6
RH

Figure 47. Predicted evaporative evolution of Hope Creek salts adjusted to prepare a solution of
~0.3 molal. a) Brine compositions on a linear scale; b) brine composition on a log scale; ¢)
precipitated minerals; d) solution pH.
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Table 21. Composition of Proposed brine simulant for depositing Hope Creek salts.

To mix:

Species Conc., molal Salt Wt, grams
Na* 1.815E-01 NaCl 0.1171
K 4.633E-02 NaNOs 1.2131
Ca? 2.532E-03 KNOs 1.0608
Mg*2 2.693E-04 KCl 2.2686
CIr 6.646E-02 cacCl 0.2810
NOs 3.018E-02 MgCl2:6H20 0.0548
SO472 1.393E-03 Na>SO4 9.6193
HCOs 1.393E-04 NaHCOs 0.1171
SUM 16.9402

Deliquescence behavior of the Hope Creek salt assemblage

In contrast to Maine Yankee, where the deliquescence-controlling minerals were halite (NaCl), niter
(KNO3), and soda niter (NaNO3), for the Hope Creek composition, the brine dries out before soda niter
can form, and therefore the mineral assemblage is controlled by NaCl, KNOs, and thernadite (Na2SOa).
The predicted deliquescence RH values as a function of temperature calculated for both individual salts
and for the three-salt assemblage using EQ3/6 and the data0.ypf.R2 database are given in Figure 48. Once
again, the resulting deliquescence of a multi-salt assemblage is lower than that of any single component in
the assemblage. At 25 °C, the deliquesce of the NaCI-KNO3-Na,SO,4 assemblage is predicted at about
66% RH, while the single salts deliquescence for NaCl takes place at about 75% RH, KNO; at about 95%
RH, and Na,SO4 at about 90% RH. As a reminder, because the solubilities of nitrates increase
considerably with temperature, the deliquescence RH for KNOs is strongly temperature dependent. Like
the Maine Yankee 3-salt assemblage, the deliquescence RH of the three-salt assemblage drops as the
temperature increases; and once again the simulation fails prior to achieving temperatures above 51 °C.
This calculation was done in both Geochemist’s Workbench and Eq3/6. In contrast to Maine Yankee,
where the shape of the deliquescence curve at lower temperatures was suspect, the deliquescence
behavior of the 3-salt assemblage for Hope Creek appears to behave more realistically. This could be due
to less of a dependence to predict chloride-nitrate brines, as the nitrate composition is much lower.
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Figure 48. Predicted deliquescence RH values for NaCl, NaSO., KNOs3, and the three-salt mixture,
as a function of temperature. Predicted values for the three-salt mixture were calculated using
data0.ypf.R2.

The predicted Hope Creek brine chemistry using data0.ypf.R2 at 25 °C, 40 °C, and 60 °C is shown in
Figure 49. The predicted deliquescence RH dropped only slightly from 25 °C to 40 °C. The 60 °C
simulation did not go to completion and began to display unusual behavior prior to stopping; it is unlikely
that it is accurate. This calculation was performed with the data0.ypf.R2 database, and as discussed
previously, that database does not describe highly concentrated nitrate-rich solutions well.

60C ;
40cC ai Na %

Molality

6
1 0.95 0.9 0.85 0.8 0.75 0.7 0.65 0.6
RH

Figure 49. Predicted evaporative evolution of Hope Creek salts at 25 °C, 40 °C, and 60 °C a) Brine
compositions on a linear scale; b) brine composition on a log scale; c) solution pH.

Compared to Maine Yankee, the Hope Creek soluble salts may be enriched in sea salts, as indicated by
higher relative concentrations of Na* and CI~. However, overall brine evolution trends (Figure 50) do not



SNF Interim Storage Canister Corrosion and Surface Environment Investigations
82 November 11, 2020

differ greatly between the two brines, with the exception of nitrate, which is significantly higher in the
Maine Yankee samples. Due to the higher concentrations of Na* and CI-, halite precipitates at a higher
RH during evaporation of the Hope Creek brine versus the Maine Yankee brine, and the brine dries out
entirely at about ~66% RH compared to ~58% RH for the Maine Yankee brine. The pH of the two brines
also evolves relatively similarly, maintaining a near-neutral value; this is likely due to the relatively high
sulfate concentration or the brines. The Maine Yankee brine is slightly more acidic (pH 7.5-8) than the
Hope Creek brine (pH ~8).

S

RH

Figure 50. Predicted evaporative evolution of Hope Creek salts compared with Maine Yankee
Salts. (Hope Creek- solid lines; Maine Yankee — dotted lines). a) brine compositions on a linear
scale; b) brine composition on a log scale; c) pH.

2.2.3.3 Summary

The impact of the compositional differences between the Maine Yankee and Hope Creek salts may be
explored experimentally. However, at least initially, the Maine Yankee data will be used. The Maine
Yankee data set is considered the better of the two data sets, because of the very low concentrations of the
Hope Creek soluble salt samples and the correspondingly high analytical uncertainties.

If nitrate is inhibitive, there is sufficient nitrate present at Maine Yankee, which is a relatively near-
marine site, to be beneficial. However, nitrate-chloride mixtures will deliquesce at significantly lower
RH values (and hence, higher temperatures) than just chloride mixtures. Lower deliquescent RH values
means that a brine can exist at higher temperatures than for the chloride-only systems. Also, brine
volumes will be larger at any given RH, for instance, sea-salt brines show a drastic decrease in volume
below 74% RH, when halite is predicted to precipitate. However, for the Maine Yankee and Hope Creek
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brines, the first nitrate or chloride salt does not precipitate until the RH drops to 66% RH at Maine
Yankee (Figure 38); and 70% at Hope Creek (Figure 46); between 74 and 70% or 66% RH, a much larger
volume of brine would be present in the case with nitrate. Hence, if nitrate does not prove to be
inhibitive, then its presence may be detrimental, as brines could form at higher temperatures, and under
most circumstances, a thicker brine layer would be present.

2.2.4  Characterization of Inert Dust particles on Dry Storage Canister Surface
Deposits

Information on the composition and range of inert dust particle sizes generally present on the surface of
SNF dry storage canisters is available from the various sampling campaigns that have been undertaken
over the past several years. These have demonstrated that deliquescent salts are present on dry storage
canister surfaces, but also that they are only a small fraction of the dusts present. The large majority of
the dust particles are detrital mineral grains, mostly quartz and aluminosilicate minerals such as feldspars
and clays. These are likely to be relatively inert in brines formed by deliquescent salts. However, they
may still serve to influence corrosion processes, by physical effects (Figure 51). Small grains may spread
the brine via capillary processes, creating a continuous brine film that promotes corrosion by allowing
development of separate anodic and cathodic regions. Or, it may increase localized corrosion (pitting)
rates by creating a larger cathode. One assumption of the current SNL probabilistic storage canister SCC
model is that deliquesced brines form a uniform layer on the canister surface, allowing the application of
a maximum pit size model based on cathode currents; the presence of inert dust particles may increase the
validity of that assumption. Large dust grains may have an additional effect; they may create occluded
regions that result in crevice corrosion. The potential effects of inert dust particles on canister corrosion
have never been explored. The analysis here provides dust particle size distributions that are being used
to plan corrosion experiments with mixed salt and inert dust particles.

No dust—discrete deliquesced brine droplets

Small dust grains — continuous brine film

—

Large dust grains — crevicing?

Figure 51. Possible effects of inert mineral grains on corrosion processes. Small grain may act to
spread the brine into a continuous layer, while larger grains may act as crevice formers.

Information on the size and distribution of salts and inert mineral grains is based on those previous
sampling campaigns. However, there are several limitations with respect to the data. Sampling methods
varied, and they varied in terms of their efficiency at collecting a representative sample of the dust on the
surface. Second, access to different locations on the canister surfaces was limited and varied with
overpack design.
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Two types of locations are of importance with respect to canister penetration due to SCC. The first is on
the vertical sides of upright canisters, such as those sold by HOLTEC and NAC; the second is on the
horizontal sides of canisters stored on their sides, such as Orano (formerly Transnuclear). Some direct
sampling from the sides of vertical canisters has been accomplished, using coarse abrasive pads. While it
is possible that coarser dust falls off these pads, these samples are the most representative available for the
vertical canister sides. For horizontal canisters, only a single ISFSI site has been sampled, and that is
Calvert Cliffs. It was sampled twice; however, only few samples were available from the first sampling
and those analyzed by Sandia were stored in a desk for 6 months prior to being shipped to Sandia; coarser
particles may have fallen off during storage. Moreover, the most heavily coated parts of the canister (the
top) were inaccessible and were not sampled. The second sampling at Calvert took place on a rainy day,
and the samples got wet—Dby the time they had been delivered to Sandia, they were covered with mold
and were unusable.

In all sampling campaigns, it has been observed that horizontal surfaces of canisters collect heavier dust
loads than the vertical surfaces. This is true for both vertical and horizontal storage systems. This makes
sense, as particles can accumulate via gravitational settling on horizontal surfaces. Can the tops of
vertical canisters act as analogs for the tops of horizontal canisters? Probably not. The tops of vertical
canisters are relatively heavily coated with dust and that dust can be relatively coarse, as discussed below.
However, it is likely that it blows in through the outlet vents, rather than entering at the inlets and rising
up the annulus. The Orano horizontal storage systems have a heat shield plate in place between the top of
the canister and the overpack to protect the concrete; this prevents material from blowing in the outlet
vent and settling directly onto the canister surface. Hence, it is likely that the particles that settle onto the
surface of horizontal canisters may be smaller than those observed on the tops of vertical canisters.

Particle Size Analysis

The goal of this work is to gain an understanding of the particle size distribution of dust on the surface of
the SNF canisters that occurs at ISFSI sites. This will not only help better characterize what is being
deposited on the surface of SNF canister but also provide the framework for corrosion studies in which
inert dust is co-deposited with salt.

Methodology

SEM images were obtained from previous reports of field sampling activities at four ISFSI sites; Calvert
Cliffs, Hope Creek, Diablo Canyon, and Maine Yankee. The sampling methods varied slightly from site
to site and many biases, but the goal of this analysis is to gain a representative understanding of the
distribution of dust sizes that adhere to the SNF canisters, so all available data were used.

The particle sizes were evaluated using ImageJ software. For each image, the scale bar was traced with
the line tool to convert pixels to um using the “Set Scale” function. Then the line tool was used to
estimate the length of each particle and the measurement was recorded using the “Measurement”
function. Attempts were made to analyze as many particles as possible for each image. While these
analyses are likely a sufficient representation of the particle distribution, there are inherent biases and
uncertainties in this process. There is a both a systematic bias to this process to favor larger particles (i.e.
most or all of the large particles were counted, but not all of the smaller particles were counted) and a
sampling bias; only 8-12 SEM images were analyzed from each ISFSI site. Finally, there is added
uncertainty in the measurements due to estimating the size of the particles visually.

2.24.1 Calvert Cliffs

Dust on a Calvert Cliffs canister was sampled in 2013. The canister was a Transnuclear (now ORANO)
horizontal canister, stored in a concrete crypt. To collect the sample, the door was taken off the overpack,
and a water-filled polyethylene plug was inserted. Around the annulus of the plug, a hollow rod was
inserted, with a sampling head. The sampling head held a coarse Scotch-brite™ abrasive pad, backed
with a paper filter. The sampling head was scrubbed over the canister surface, and a vacuum, transmitted
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through the rod, pulled dislodged dust through the abrasive pad and onto the filter. Examples of these are
shown in Figure 52. Both the Scotch-brite™ pad and filter were analyzed. Two samples were analyzed,
one very lightly coated with dust from below the canister midline, and one from the canister upper surface
(about 10 o’clock position) with a much higher dust load (the heavier one is shown in Figure 52).

-

»

#1 -

Figure 52. Scotch-brite™ pad (left) and polyester fiber filter (right) used in sampling canister dust
at Calvert Cliffs (note that the Scotch-brite™ pad is brown in color).

The dust load was observed to vary on the canister surface, with a light load on the bottom and sides of
the canister and a heavy load on the top (Figure 53). Because there is a head shield to protect the concrete
over the top of the canister, it is inferred that this dust did not blow into the outlet vents and settle onto the
top of the canister, but rather was carried up from the inlet vents. Samples were taken from a few
different locations on the canister surface; however, the most dorsal location sampled was about the 10
o’clock position, because the annulus between the heat shield and the canister was too narrow to sample
the exact top of the canister.

Calvert Cliffs dust characteristics

SEM photos from the abrasive pads and filters show the general morphology and size range of the dust
that was collected from the Calvert Cliffs canister. Images from the Scotch-brite™ pads were used to
guantify the dust particle size distributions.
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Figure 53. Dust on the top of the canister at Calvert Cliffs.

Abrasive Pads

Dust adhering to the fibers of the abrasive pads (Figure 54 and Figure 55) was primarily detrital minerals.
The mineral particles were dominantly 2-5 um in size, but particles in the 10-20 um range were not
uncommon. Larger particles, like the pollen and possible coarser mineral grains, had not adhered to the
abrasive pad; they may have passed through or have been dislodged during handling. These images were
used for particle size analysis.

Filters

The brown discoloration on the filters (Figure 52) was mainly due to pollen and other plant particles,
which apparently comprise the majority of the dust. The pollen ranged in size from roughly 20 um to 80
um; stellate trichomes were also present and were more than 100 um across. Other than pollen, only a
few small particles of mineral dust adhered to the filters. A few larger mineral particles, in the range of
20 um in diameter, were present. Most of the mineral dust was apparently retained by the abrasive pads
or may have been fine enough to pass through the filters. SEM images of the filters are shown in Figure
56. Note that despite the brown stain on the filters, particles were rare as imaged by the SEM—the
particles readily dislodged from the filters, and most particles were probably lost during sample
preparation, either falling off or working their way deeper into the fibrous filter. Because of the paucity
of particles, the filter SEM images were not used in the particle size analysis; however, they do indicate
that the abrasive pad data are probably biased towards smaller particle sizes relative to what was on the
canister.

Dust Particle Size Distributions

The dust particle size distribution was determined using SEM photos of dust from the Calvert Cliffs
canister and is shown in Figure 57. The mineral particles were dominantly <5 um in size, but particles in
the 10-20 um range were not uncommon. Larger particles, like the pollen and possible coarser mineral
grains, had not adhered to the abrasive pad. The range of particle diameters detected was from 0.27 pm
to 32.8 um, with a median particle diameter of 3.9 um and the average particle diameter of 4.8 pm (N=
250).
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Figure 54. SEM images of Calvert Cliffs dust adhering to the fibers of a Scotch-brite™ abrasive
pad. Left—low magnification; right—high magnification.

Figure 55. High magnification SEM images of dust adhered to Scotch-brite™ abrasive pad at
Calvert Cliffs.
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Figure 56. SEM image of dust adhered to filters at Calvert Cliffs
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Figure 57. Particle size distributions determined for Calvert Cliffs dust samples. Both particle
diameter distributions (upper) and particle volume distributions (lower) are provided.
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2242 Hope Creek

At the Hope Creek ISFSI, two canisters were sampled. The canisters were vertical canisters, that had
been in storage for approximately 10 years. Sampling was done with Scotch-brite™ pads (white this
time) and SaltSmart™ pads to measure soluble salts. Dust loads on the sides of the canisters were
extremely light—few particles were found on the Scotch-brite™ pads; however, there was sufficient dust
to discolor the Scotch-brite™ pads very slightly in most cases. The SaltSmart™ pads showed little or no
discoloration. The dust load on the top of the canister was much heavier; both SaltSmart™ and Scotch-
brite™ pads from the top of the canister were heavily discolored; see Figure 58 and Figure 59).

L] L]
L] IR

144014

Figure 58. SaltSmart™ pads from Hope Creek canisters 144 and 145. Discolored samples are from
the canister tops.

Figure 59. Scotch-brite™ pads from canisters 144 and 145. Samples 144-011, 144-012, and 145-012
are from the canister tops. Note that these Scotch-brite™ pads are white and contain no alumina.
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Dust on Scotch-brite™ pads from the sides of Hope Creek canisters

Note these Scotch-brite™ pads did not contain abrasive grains, but did contain talc (Magnesium silicate),
which shed small particles when abraded. SEM images of dust on the Scotch-brite™ pads are shown in
Figure 60.

Dust on Scotch-brite™ pads from the tops of Hope Creek canisters

As noted previously, the dust on the tops of the canisters may have blown in through outlet vents. Since
there are no through-thickness welds on the tops of vertical canisters, this area is of little interest with
respect to corrosion. Nevertheless, the data from the tops of Hope Creek canisters are presented here,
because they represent the majority of the data from Hope Creek. Overall, the particles from the canister
tops cover a wider range than on the sides of the canisters, extending towards larger particles. Particles
less than 5 um are still abundant, but many particles are in the 5-20 um range, with a few extending up to
30-40 um (Figure 61 and Figure 62).

Hope Creek Dust Particle Size Distributions

The particle size distribution was determined using SEM photos of dust from the Hope Creek canisters
and is shown in Figure 57. The mineral particles were dominantly <5 um in size (~50 %), but about 25%
of the particles were in the 10-20 um range. The range of particle diameters detected was from 0.12 um
to 45.3 um, with a median particle diameter of 5.8 um and an average particle diameter of 8.4 um (N=
328).
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Figure 60. SEM images of Scotch-brite™ dust samples from the sides of the Hope Creek canisters.
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Figure 61. Low magnification images of the dust on the Scotch-brite™ samples from the top of the
Hope Creek canisters.
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Figure 62. Close-up images of dust particles from the top of the Hope Creek canister.
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Figure 63. Particle size distributions determined from SEM images of dust from in-service Hope
Creek canisters. Both particle diameter distributions (upper) and particle volume distributions
(lower) are provided.
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2243 Diablo Canyon

At the Diablo Canyon ISFSI, two canisters were sampled. The canisters were vertical canisters, that had
been in storage for approximately 2 and 4 years. Sampling was done with Scotch-brite™ pads (white this
time) and SaltSmart™ pads to measure soluble salts. Scotch-brite™ samples were collected everywhere,
but, the surface temperatures on these young canisters were so hot that some areas could not be sampled
using the SaltSmart™ devices—they melted at temperatures of over 70 °C - 80 °C. The dust load on the
top of the canister was much heavier than the sides (Figure 64), and possible water stains were present.
Dust loads on the sides of the canisters were extremely light, and the SaltSmart™ pads showed little or no
discoloration (Figure 65), but there was sufficient dust to discolor the Scotch-brite™ pads slightly in most
cases (Figure 66).

Figure 64. Photographs of the tops of the two canisters sampled at Diablo Canyon. These canisters
were 2-4 years in storage at the time of sampling.

L0

123.002 123003 123.004 170-002 170007

123.00% 23010 170008

Figure 65. SaltSmart™ pads from Diablo Canyon canisters 123 and 170. No samples were collected
from the canister tops.
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Figure 66. Scotch-brite™ pads from Diablo Canyon canisters 123 and 170. Note that 123-001 and
170-001 are from the gamma shields at the outlet vents, and samples 123-011, 123-012, and 170-003
are from the tops of the canisters.

Dust on Scotch-brite™ pads from the sides of Diablo Canyon canisters

Note the Scotch-brite™ pads used in this sampling episode did not contain abrasive grains, but did
contain talc (Magnesium silicate), which shed small particles during abrasion. Dust loads on the sides of
the Diablo Canyon canisters were very light, and pads reflect that (Figure 67). The other SEM images of
the dust focused on areas where particles were concentrated and are not representative of what was
present over the Scotch-brite™ pad as a whole (Figure 68).

Dust on Scotch-brite™ pads from the tops of Diablo Canyon canisters

Given the visible dust on the canister tops, it is not surprising that there is much more dust on the Scotch-
brite™ samples from this area; this is illustrated by the low magnification SEM image in Figure 69. High
magnification SEM images used to evaluate the particle size distribution are shown in Figure 70. The
mineral grains are dominantly inorganic mineral grains or clusters of fine-grained mineral grains.

Diablo Canyon Dust Particle Size Distributions

The particle size distribution determined from the SEM photos is shown in Figure 71. The mineral
particles were dominantly <5 um in size (~50 %), but about 20% of the particles were in the 10-100 um
range. The range of particle diameters detected was from 0.30 pm to 73.3 pm, with a median particle
diameter of 4.1 um and an average particle diameter of 6.3 pum (N=311).
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Figure 67. Low magnification view of a Scotch-brite™ pad used to sample the side of a Diablo
Canyon canister. Note the abrasion damage to the high points.
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Figure 68. Close-up images of dust on the Surfaces of Scotch-brite™ pads used to sample the sides
of Diablo Canyon canisters. Note that most of the finest particles (on abraded edges) are talc,
abraded from the pad itself.
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Figure 69. Low magnification image of dust on Scotch-brite™ pads used to sample the tops of
Diablo Canyon Canisters
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Figure 70. High magnification images of dust on Scotch-brite™ pads used to sample the tops of
Diablo Canyon Canisters.
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Figure 71. Particle size distributions for the Diablo Canyon dust samples. Both particle diameter
distributions (upper) and particle volume distributions (lower) are provided.
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2244 Maine Yankee

Three samplings have been done at Maine Yankee. In 2016, a robot was used to sample dust within an
overpack containing a canister with Greater than Class C (non-heat generating) waste. Samples were
collected from the shield plug over the canister, and from shelves within the overpack, but not from the
canister itself. In 2018, the lid of an overpack was removed, and samples were collected by hand from the
top of a SNF canister; both dry (Scotch-brite™) and wet sponge samples were collected. Samples from
the vertical canister walls were not collected in either the 2016 or 2018 sampling episodes. Finally, in
2019, dust collection coupons were retrieved from the inlet and outlet vents of four different canisters.

This discussion will focus on the data from 2018, as these were collected from the canister surface. As
noted previously, the tops of vertical canisters are not of concern in terms of SCC and may not be relevant
to NUHOMS-type horizontal canisters as the horizontal canisters have a heat shield that prevents direct
deposition of coarse materials that might have blown in the outlet vents. Nevertheless, the data from the
top of the Maine Yankee canisters does at least provide some information on what can enter an overpack.
Moreover, because the samples were collected by hand and immediately packaged, coarser dust that fell
off the Scotch-brite™ pads was retained. As described below, this dust is quite coarse, and suggests that
in inspections at other sites—where the Scotch-brite™ was robotically applied—a significant fraction of
coarser material may have been lost and is not represented by what was observed on the pads.

While The sponge samples had adhering coarse dust, that is not described here. Instead, the loose dust
that fell from the Scotch-brite™ pads, and the finer material that adhered to the pads, is examined. These
Maine Yankee samples are from the top of a storage canister. Pictured below are photos of coarse dust
that fell off the Scotch-brite™ during transport. Following that are photos of the dust that remained
adhering to the Scotch-brite™.

Dust from Scotch-brite™ pads used to sample the top of Maine Yankee Canister
Loose dust that fell off the Scotch-brite™ pads during transport

This dust consists primarily of organic matter—stellate trichomes and pollen (Figure 72). The stellate
trichomes and other plant fibers can be up to several hundred microns in longest dimension; the pollen
grains vary in size with species, but the larger ones are in the 50-80 um range. Coarse mineral grains
(quartz, feldspar, and micas) are also present; the largest of these are generally in the 50-100 um range,
but some mica particles are up to a few hundred microns in size. This is because mica occurs as thin, flat
sheets with a large area relative to their aerodynamic diameter—they are readily wafted to into the air
relative to other blockier minerals. Because they are flat, they may tend to form crevices more readily
than other minerals. In addition to those detrital minerals, large (several hundred micron) plates of
calcite/calcium silicate efflorescence from the concrete were also present. It is assumed these are not
relevant, especially to horizontal canisters, where the heat shield prevents direct deposition onto the
canister of particles generated from the overpack.

Particles on the Scotch-brite™ themselves:

SEM images of the dust on the Scotch-brite™ pads themselves are shown in Figure 73. This dust is much
finer than the articles that fell from the Scotch-brite™ pads, illustrating that the coarse fraction is
frequently lost from this medium. The mineral grains are dominantly inorganic mineral grains or clusters
of fine-grained mineral grains.

Maine Yankee Dust Particle Size Distributions

The particle size distribution determined from the SEM photos is shown in Figure 74. The dust particles
were larger than the other ISFSI sites; only about 30% of the dust grains were <5 um in size. About 40%
of the particles were > 10 um. The range of particle diameters detected was from 1.07 um to 180.3 um,
with a median particle diameter of 7.4 um and an average particle diameter of 16.2 um (N= 391).
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Figure 72. Images of dust that fell off of Scotch-brite™ pads used to sample the tops of Maine
Yankee Canisters.
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Figure 73. Images of dust on Scotch-brite™ pads used to sample the tops of Maine Yankee
Canisters.
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Figure 74. Particle size distributions for the Maine Yankee dust samples. Both particle diameter
distributions (upper) and particle volume distributions (lower) are provided.



SNF Interim Storage Canister Corrosion and Surface Environment Investigations
106 November 11, 2020

2.245 Summary and Conclusions of Inert Dust Sizes

The following are general observations from the SEM images of the dust collected from the four ISFSIs.
It should be remembered that the measured dust distributions are biased towards finer grains; larger grains
were preferentially lost during the sampling process.

Calvert Cliffs
e 10 o’clock position on a horizontal canister
o Pollen in the 20-80 micron range is very abundant.
o  Mineral particles on Scotch-brite™ pads were mostly in the 1-5 um range, but a few particles
were as large as 20 pm.

Hope Creek

o Side of vertical canister
o  Dust and salt loads were very light
o  Mineral particles were sparse, mostly in the 5-10 um range, but some finer and in some the 20-

30 pum range

o Top of vertical canister
o Dust and salt loads much heavier than the canister sides
o Mineral particles in the 2-10 um range common, frequently up to 20-30 um.

Diablo Canyon
e Side of vertical canister

o  Dust and salt loads very light
o  Mineral particles observed: Some smaller particles, but many (most?) in the 10-40 um range
e Top of vertical canister
o Dust and salt loads were much heavier than on the canister sides
o  Mineral particles sizes varied: grains in the 10-30 um range abundant, but in some samples,
mostly 2-10 pum grains.

Maine Yankee
o Top of vertical canister
o Large grains fell off the Scotch-brite™ during transport, but were retained and analyzed
(suggesting that Scotch-brite™ samples from other sites may have also lost large grains)
o Large loose grains:
—  Dominated by organic matter (plant fibers, stellate trichomes) up to several hundred um
in the long dimension
—  Mineral grains in the range of 50-100 um, with mica flakes up to 150-200 microns
o Material retained on Scotch-brite™ pads: Mostly in the 2-10 um range. Some coarser particles
to 20 pum.

Measured particle size distributions are summarized in Figure 75. Given the caveat that the distributions
are largely based on Scotch-brite™ samples and are likely biased towards smaller dust particles, the
distributions for the four sites do not differ greatly. In all cases, the measured particles are mostly in the
1-10 um range, with a tail extending to larger particle sizes. Maximum mineral particle sizes were in the
100-200 um range, although it is clear that at Maine Yankee, much larger particles of organic matter—
plant fibers up to several hundred microns in length—were common on the top of the canister.

Using these distributions, it is evident that small dust particles, <5 um in size, dominate in terms of the
particle numbers on canister surfaces. For experimental evaluation of the effects of small mineral grains,
SNL has chosen to use 5 um Min-U-Sil®, a well-sorted, high-purity crushed quartz, as an analog for the
small size fraction of detrital grains on canister surfaces. For testing to evaluate potential dust crevicing,
200 mesh (74 pm) Sil-Co-Sil® quartz will be used. The effects of each size fraction will be evaluated



SNF Interim Storage Canister Corrosion and Surface Environment Investigations
November 11, 2020

107

individually, and a mix of both sizes with be used to examine coupled effects. The planned test matrix is
given in Table 22. Exposures will be carried out at 75% RH and 50 for up to 2 years.
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Figure 75. Summary of the particle sizes of the dust on the SNF canisters at Maine Yankee, Calvert
Cliffs, Hope Creek and Diablo Canyon.

Table 22. Testing matrix for inert dust exposure experiments

C_ouppn Total 5 74 5-_74 No 1 6 12 24 Notes
Size, in. pm pm Mix Dust mo. mo mo. mo.
* Pull no dust and
8x8 6 2 2 1 1 0 0 1 1 mix at 24 months
*Pull no dust at
4x4 18 5 5 5 3 0 2 2 2 final three
sampling intervals
*Pull one no dust
2x2 67 21 21 21 4 5 5 6 6 per time interval
*Pull one no dust
per time interval
2x1 38 11 11 11 5 3 3 3 8 el
months
*Pull one no dust
2x1(304L) | 31 9 9 9 4 2 2 3 3 per tims interval
Total 160 48 48 47 17 10 11 12 15
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2.3 MgCl. Brine Stability

The stability of MgCl, brines plays a significant role in the risk of CISCC to occur on SNF canisters.

This is true for several reasons, 1) MgCl; salts are among the first salts to deliquesce on the surface of
SNF canisters as the temperature of the canister decreases and the RH increases, 2) the presence of MgCl»
brines on SS has been demonstrated to have anomalous effects on the electrochemistry and corrosion (See
Section 3), and 3) MgCl; brines have been shown to be unstable at elevated temperatures leading to the
formation of less deliquescent phases and subsequent brine dry out. These three factors are important to
develop a predictive understanding when a corrosive brine exists on an SNF canister surface as a function
of temperature and relative humidity, and the resulting impact on corrosion, pitting, and cracking.

In FY20, work continued to evaluate the stability of MgCl, brines as a function of environment. This was
performed through a series of experimental and modeling approaches. First, investigation of the stability
of MgCl; droplets on an inert substrate aged in an environmental chamber with continuous airflow to
monitor the conversion to Mg-carbonate and Mg-hydroxychloride phases was carried out (see Section
2.3.1). Efforts were also continued to improve thermodynamic geochemical modeling of the Mg-OH-ClI-
H,O system as a function of temperature (see Section 2.3.2). Lastly, synthesis and in-depth
characterization was performed on various phases predicted from the geochemical modeling, including
the 3-1-8 magnesium hydroxychloride phase, in order to inform potential effects on corrosion and risk of
CISCC (see Section 2.3.3).

2.3.1 MgClz2 degassing experiments (40°C, 48% RH, 9.0 L airflow)

Similar to investigations performed in FY17 - FY19, SNL continued evaluating the stability of
magnesium chloride brines in FY20. As demonstrated previously, it is essential to understand the
stability of MgCl; brines in order to predict when a corrosive environment can exist on the SNF canister
surface (with respect to time as it cools) and its impact on corrosion, pitting, and cracking. Bischofite
(MgCl,+6H0) is the first sea-salt aerosol to deliquesce as the canister surface temperature decreases (and
a subsequent increase in RH is observed). In these experiments, MgCl, was inkjet printed (Schindelholz
and Kelly, 2010b) onto an inert substrate (25 mm diameter silicon wafer) (Figure 76), and placed in an
environmentally controlled chamber (T and RH) with continuous airflow, generated with a Zero Air
Generating system that removes all contaminants (acid gases, organics) from the air stream, and
periodically sampled. Importantly, CO; is not removed from the air by the Zero Air Generating system.
Previous analyses of MgCl, degassing experiments were performed at two conditions, first at 48 °C, 40 %
RH (Bryan and Schindelholz, 2018b; Schaller et al., 2019; Schindelholz et al., 2017b), representing
conditions close to the highest temperatures where bischofite could deliquesce in a real canister
environment, and second, at 80 °C, 35 % RH, representing accelerated conditions at which significant CI-
degassing is likely to occur (Schaller et al., 2019). Each of these experiments were performed with 2
L/min continuous airflow. In the canister relevant conditions (48 °C, 40 % RH), minimal conversion was
observed over the 10-week experimental duration, where the calculated chloride loss was ~4% in roughly
4 weeks and ~6% in 10 weeks. SEM/EDS analyses demonstrated the formation of Mg-CQO;3 bearing
species, which was preferential to smaller droplets (where the surface area to volume ratio is largest) —
however X-ray diffraction (XRD) analyses only showed the presence of bischofite (XRD is not sensitive
to minor phase contributions). In efforts to observe a greater degree of conversion, the testing conditions
in FY18 were accelerated (80 °C, 35 %, 2 L/min). Under these conditions, significantly more CI- was lost
over the 8-week experiment. Where 10-20% CI- was lost within 4 weeks and upwards of 40% was lost
during the entire 8 weeks. XRD experiments demonstrated the formation of a high temperature
magnesium hydroxychloride phase (2-1-4 phase) under these conditions, confirming predictive stabilities
in the geochemical modeling and agreeing with other environmental studies in which this 2-1-4 phase was
observed under similar conditions (Bryan and Schindelholz, 2018b; Schaller et al., 2019).
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Figure 76. Image of silicon wafer with MgCl. deposition after 4 weeks of exposure (sample 3), 8
weeks (samples 6), and 16 weeks (sample 9).

2311 Bulk chemistry and evolution

In FY20, a follow-on experiment for degassing analysis was performed in which the stability of MgCl.
brines at canister relevant MgCl, deliquescent conditions (48 °C, 40 % RH) were investigated. However,
in these exposures, the air flow rate was increased from 2 L/min to 9 L/min and exposed for a longer time
period (16 weeks). In order to increase the airflow, the sample chamber was modified, as shown in
Figure 77. Under these conditions a greater degree of conversion is anticipated as compared to that
observed in the FY17/18 studies (Bryan and Schindelholz, 2018b; Schindelholz et al., 2017b). In the
FY20 exposures a greater consistency with maintaining canister relevant exposures was also employed, in
contrast to the accelerated conditions in the FY18/19 analysis (Bryan and Schindelholz, 2018b; Schaller
et al., 2019). In addition, the instrumental capability to measure dissolved inorganic carbon (DIC)
directly was recently added at SNL and therefore the amount of carbonate adsorbed by the sample was
quantifiable in the FY20 exposures.
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L/min.

The measured bulk compositions of each sample following environmental exposure are shown in Figure
78. As seen previously, there appears to be variation in the deposition of MgCl, via ink jet printing, as
MgCl. notoriously clogs the printer heads (Bryan and Schindelholz, 2018b; Schindelholz et al., 2017b).
For this analysis, the variation in the amount of MgCl, deposited does not affect the study, as we are
investigating (i) the change in the Cl:Mg ratio, (ii) changes in the mineral assemblages, and (iii) the
degree of carbonation. Under these conditions, according to geochemical modeling and previous
experimental evidence (Altmaier et al., 2003; Bryan and Schindelholz, 2018b; Pannach et al., 2017,
Schaller et al., 2019; Schindelholz et al., 2017b), the expected magnesium hydroxychloride phase would
be the 3-1-8 phase (2Mg.(OH):Cl1+4H0), as defined by the following reaction in which HCI degasses
from a deliquesced MgCl; brine:

AMgliy + 8Cliq + 6H,0 > 2Mg,(OH)3CL : 4H,0(5) + 6HCl g,

While a greater degree of conversion was expected as compared to the analyses in FY17, due to the
higher air exchange rate and an increased duration of exposure (16 weeks), the amount of CI- degassed
appeared roughly the same (Figure 79). Potential reasoning for why this occurred will be discussed in
Section 2.3.1.3. Under these conditions, the maximum %CI" loss increased over time, suggesting
continuous degassing of HCI over the course of the experiment. After 16 weeks, about 12% of the CI~
was lost. While Cl-was lost, the Cl:Mg ratio did not suggest that conversion to the 3-1-8 phase was as
wide spread as shown in Figure 80, where the Cl:Mg ratios of the samples are compared with expected
ratios in bischofite and the 3-1-8 phase, the trend indicates that Cl:Mg ratio steadily decreased.
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Figure 79. Estimated percent chloride lost under various conditions. Where blue represent work
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Figure 80. CIl:Mg ratio as a function of time shown with the expected ratios of bischofite along with
the 3-1-8 magnesium hydroxychloride phase

As mentioned previously, in FY20 SNL added the capability to directly measure DIC from solution. This
allows quantification of the amount of carbonation that occurs over time in the MgCl. droplets. Shown in
Figure 81, a steady increase in the amount of carbonate over time was observed and is shown normalized
to the amount of Mg present. While variation was observed, generally, the carbonation increased with
more environmental exposure, where the 16-week samples resulted in ~0.1 umol carbonate/umol Mg.
Large variation in the degree of conversion to carbonate has been observed in every experiment, not just
chemically, but also by SEM/EDS and other methods (see Section 2.3.1.2). Possibly, conversion depends
on where in the exposure chamber the sample is located, or the sample orientation, both of which may
affect the amount of airflow past the sample. Although evidence supported the change in the bulk
chemistry of the droplet over time to more carbonate-rich, the change was not observed by XRD (Figure
82); the carbonate any/or hydroxychloride phase that formed may be poorly crystalline. The XRD
patterns as a function of time only show bischofite presence. Due to the differences in the deliquescence
RH between bischofite and the predicted deliquescence RH for the 3-1-8 phase or for a carbonate phase,
allowing the sample to deliquesce allowed for suppression of the signal from crystalline bischofite in the
XRD pattern, however when this was performed the XRD pattern displayed no distinct features —
suggesting no crystalline phases could be identified. This is consistent with findings from (2017b), where
the chemical analysis suggested ClI- degassing; however, only in one sample was the evolved 3-1-8 phase
identified.
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Figure 81. Carbonate gained over time normalized to the amount of Mg deposited.
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Figure 82. XRD analysis of dry 0-week, 4-week, 8-week, and 16-week samples compared with the
primary peaks of bischofite.
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2.3.1.2 Observed Droplet Evolution

While IC and XRD can provide bulk information quantifying the degree of CI~ loss and carbonate
adsorbed, samples were also analyzed with SEM, EDS, Raman, Fourier transfer infrared spectroscopy
(FTIR), and time of flight secondary ionization mass spectrometry (ToF-SIMS) to evaluate the
relationship between the particle morphology and size to the resulting degree of conversion.

SEM images and EDS elemental mapping of the wafers demonstrate both carbonation and CI~ degassing.
Figure 83 shows the intensity of elemental contributions of Mg, C, O, and CI on samples that were aged
for 4, 8 and 16 weeks. As evidence, most notably in the 8-weeks sample, smaller droplets displayed a
higher signal for C and were associated with a decreased Cl signal. Additionally, smaller droplets, or the
outer rings of droplets, appear to have a stronger O-contribution and a weaker Cl-contribution, this likely
corresponds to the transition from MgCl,:6H-0 to carbonate, and possibly Mg2(OH);Cl:4H,0. These
images illustrate how inconsistent the degree of conversion was—the 8-week sample showed a much
greater degree of conversion than the 16-week sample.

To explore the relationship between drop size and degree of conversion, X-ray spot analyses was
performed to qualitatively assess the Mg:Cl ratio as a function of droplet size, as previously done in
(Bryan and Schindelholz, 2018b; Schaller et al., 2019). Consistent with previous observations, smaller
droplets appeared to undergo more Cl-degassing and increased conversion to carbonate or
hydroxychloride phases. Shown in Figure 84, are the Mg:Cl ratio as a function of droplet size and time
compared to measurements made on bischofite and 3-1-8 phase. Though this is only a qualitative
measurement, this plot demonstrates that the Mg:Cl ratio increases as droplet size decreases, and that the
16 weeks samples showed the greatest degree of Cl- degassing in the smallest particles. Overall, the
largest particles measured showed relatively no change in the Mg:Cl ratio. Note that the change in Mg/Cl
ratio was much greater in the previous experiment—probably because the brine droplets were much
smaller, allowing for greater conversion.



SNF Interim Storage Canister Corrosion and Surface Environment Investigations
November 11, 2020 115

8 Week Sample 4 Week Sample

16 Week Sample

Figure 83. SEM and EDS maps of the MgCl; as a function of time (4, 8, and 16 weeks), showing the
intensities of Mg, C, O, and Cl.
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Figure 84. Qualitative assessment of the Mg:Cl ratio versus droplet size as a function of time (0
weeks, 4 weeks, 8 weeks, and 16 weeks) at 20 KV X-ray energy. These ratios were compared with
measurements of bischofite (MgCl.*6H-0O) and the 3-1-8 magnesium hydroxychloride phase.

To further verify the conversion to Mg-hydroxychloride or Mg-carbonate phases, ToF-SIMS was
performed. For ToF-SIMS analysis, as described previously (Schaller et al., 2019), the samples are
bombarded with bismuth ions, which cause polyatomic fragments to spall off the surface for mass
spectroscopic analysis (mass/charge). Like EDS mapping, quantitative information is very challenging to
obtain using ToF-SIMS, however, qualitative differences in the intensities of specific polyatomic
fragments can elucidate the presence of specific phases of interest. The relationships between i) MgOH*
(red), and MgClI* (green), ii) MgOH* (red), MgCI* (green), MgHCOs (blue), and iii) MgOH* signal
normalized to MgCI* signal as a function of time (4 weeks, 8 weeks, and 16 weeks) are provided in
Figure 85. ToF-SIMS supports the understanding that smaller particles and particle edges convert more
readily from MgClzto Mg-hydroxychloride and Mg-carbonate species. This occurred more readily in
samples that have been aged longer in the environmental chamber.
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Figure 85. Time of flight secondary ionization mass spectroscopic analysis (TOF-SIMS) of 4 week,
8 week, and 16 week samples. The first column shows a color overlay of the signal achieved from
the mass that corresponds to MgOH~ (red) fragments and MgCI* (green) fragments. The second
column is a color overlay of the signal achieved from the mass that corresponds to MgOH™* (red)

fragments, MgCI* (green) fragments, and MgHCOs"* (blue) fragments. The final column is the
signal associated with MgOH* fragments normalized to the MgClI* intensity, where brighter pixels
are associated with a greater MgOH* intensity.

FTIR and Raman analyses were also applied to identify evidence of conversion. The silicon wafer was
moved to a special cell, designed and manufactured by SNL (Schaller et al., 2019), allowing the infrared
beam to pass through a KBr window to the sample, sealed within a desiccated chamber. Movement of the
sample from the plastic sample container to the IR cell was performed in a dry N, glove box. FTIR data
were collected in reflectance mode, using silicon or stainless steel reflectance as the background.
Experimental settings are described in Table 23.

Table 23. Summary of FTIR and Raman sampling details

Parameter FTIR Raman

Sampling Reflection, reduced aperture, Laser: 532 nm @ 10 mW, 50x
referenced to Si. objective lens

Resolution Resolution: 6 cm™? Integration Time: 2 sec

Co-added Scans Co-added Scans: 16 Co-added Scans: 32
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Data collected from the Si surfaces indicates primary features that suggest various states of hydration of
MgCl.. Other bands within the IR data do suggest the presence of Mg-O-Cl salts, in addition to carbonate
species that are possibly identified as well. Specifically, literature suggests MgCl, with varying degrees
of hydration have an O-Hwmgciz:xHzo Stretch that is red shifted compared to O-Huzo (3600 — 3000 cm't), and
that shift increases with increased hydration number, in contrast the O-H bending mode remains unshifted
(1630 cm™) (Shi et al., 2019). FTIR of magnesium oxide, Mg-O bands were noted to be at 945 cm™ and
845 cm* (considered to be overtones), with the main band at 473 cm™ (Hanna, 1965), while MgOH,
(brucite) analysis showed bands at 1419 cm™ and 1481 cm, which were assigned to Mg-OH (Hofmeister
and Bowey, 2006). In a study of magnesium hydroxide chloride hydrate, bands at 1157 cm™ and 1439
cm* were tentatively assigned to the association of water with chloride ion (Chen et al., 2011).

The FTIR reflectance data is shown in Figure 86, for samples from 0 weeks to 16 weeks. Similarities and
differences are evident, where consistent bands are 3650 cm™ and 3000 cm™ (consistent with hydrated
salts), the feature between 2500-2000 cm™, and a band near 1630 cm™ (which suggest a 4 or 6 hydrated
Mg-salt (Shi et al., 2019). The observed peak around 1606 cm* in wafer 8 (16-weeks) could be
associated with a carbonate species.
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Figure 86. FTIR reflectance of MgCl, droplets on silicon from 0 to 16 weeks.

Raman analyses of MgCl; hydrates identifies doublet peaks for the six and eight H,O hydrates between
~3500 cm™ and 3200cm?, with stronger singlet peaks with smaller shoulder for the single, two, four and
twelve H,O hydrates (Shi et al., 2019). Raman O-H bending modes are variable in location, with bands
between 1588 cm™ and 1632 cm™. Raman analyses of brucite (MgOH>) indicated four primary bands:
3652 cm (O-H symmetric vibration), 728 cm™, 279 cm™, and 443 cm™ (Duffy et al., 1995; Katona et al.,
2020b). Raman spectroscopic studies of magnesium hydroxychloride phases identified bands in both
Mg2(OH);Cl+4H,0 (3-1-8 phase) and Mgs(OH)sCls 4H,0 (5-1-8 phase) forms (Dorrepaal and Gowen,
2018b). Bands at 3639 cm™ and 3657 cm™ were due to the symmetric O-H stretch, with a broader doublet
water band was observed between 3511 cm™ and 3324 cm™, for the 3-1-8 phase, while 3608 cm™ and
3691 cm™ were assigned to 5-1-8 phase (Kanesaka and Aoyama, 2001). Water bands associated with 5-
1-8 phase were noted to be more of a single peak between 3500 cm-*and 3300 cm™. Distinct bands for 3-
1-8 phase are also noted at 593 cm™ (assignment not known), 451 cm* (Mg-O) and 150 cm™ (Mg-O).

Raman data collected from the MgCl, salts on Si wafers are shown in Figure 87. The large narrow band
at 532 cm? is due to the Si-Si stretch of the Silicon wafer background. The spectra for 0-weeks and 4-
weeks are qualitatively the same, suggesting minimal conversion had occurred in the first 4 weeks. Two
spectra were collected from the 8-week and 16-week samples. In both the 8-week and 16-week samples,
the O-H stretch peak (~ 3500 cm™) has a distinct shoulder around 3600 cm™. This could be indicative of
the presence of a magnesium hydroxychloride phase or of brucite. However, in this context it would be
unlikely for MgCl. to degas CI" entirely to form brucite, therefore the presence of this is likely either the
phase 3 or phase 5 magnesium hydroxychloride. A few new bands were noted as well, at ~970cm™ and
~310cm™. While the band at ~970 cm™ is consistent with the fundamental perchlorate stretch (Crocella et
al., 2017), this is highly unlikely. Additionally, the band at 310 cm™* could not be correlated with any
species. Therefore, the bands at 970 cm™ and 310 cm™ could not be assigned.
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Figure 87. Raman spectra of MgCl, droplets on silicon from 0 to 16 weeks.

2.3.1.3 Conclusions and FY21 work

The bulk chemical data along droplet analyses demonstrate that some conversion had occurred over the
course of the 16-week experiment. More conversion than previous studies had been expected due to the
increased airflow, the salt loading and average particles sizes may have played a significant role in
slowing down the CI- degassing and phase conversion. In addition, the equilibrium vapor pressure of
HCl(g) above a chloride solution varies directly with pH, so if it is high above an acidic brine (like MgCl;
pH = 4.1), it is higher than it would be in the surrounding air. To add, the vapor pressure of HCl )
increases with increasing temperature, due to the fact that HCl ) formation, via

+ _ yields
Hq) + Cliaqy — HClag)

becomes more favorable as temperature increases—and HClq) is the species that degasses. However,
when HClg) degasses, the solution pH increases, causing the partial pressure of HCl) generated by the
brine to decrease, and slowing degassing. Hence, it is self-limiting—unless a buffering reaction occurs to
limit the rise in pH from HCl g degassing. The precipitation of carbonate or hydroxychloride is one such
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reaction, and could act as a buffer to limit the change in the solution pH as demonstrated in Figure 88
(Katona et al., 2020a).
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Figure 88. Stability diagram for dissolved H.O-0,—C0O,-MgCl; at 25 °C from Katona et. al 2020a

When comparing our results from FY 20 to the previous experiments in FY17/18 and FY18/19, this
phenomenon is consistent across these. In FY17/18, when MgCl,was coated on an inert substrate
(silicon) and aged at 48 °C, 40% RH, 2 L/min airflow over 10 weeks resulted in partial conversion to
carbonate and hydroxychloride. At that temperature, the degassing rate, assuming pH buffering by
carbonate precipitation, would be less than 3 pg/m? of air passing through the chamber. With the low
airflow in this experiment, it would take a very long time for complete conversion to carbonate phases via
degassing of HCI. In the FY18/19 experiment, 80 °C and 35% RH, 2 L/min airflow over 8 weeks,
degassing occurred rapidly and was fast enough to overshoot the carbonate equilibrium, which resulted in
a raise in pH that was sufficiently high to precipitate hydroxychloride phase. In the experiment in FY20,
we adjusted our FY17/18 conditions, in effort to observe more conversion; the temperature and RH
remained the same (48 °C, 40% RH), but the airflow was increased 9 L/min airflow over 16 weeks.
However, an increase in the percent of conversion was not observed—the overall amount of chloride lost
was larger, however because the salt load in the FY 20 experiment was much higher (~200 ug/cm?
MgCl,:6H,0 in the FY20 experiment, vs ~13 ug/cm? MgCl,:6H.0 in the FY17 experiment) this
potentially impeded conversion. Also, the drop sizes were larger (~25 um or larger) compared to the
FY17 experiment (~10 um), and smaller droplets, with a higher surface area to volume ratio, appear to
convert more readily than larger droplets.

Tying these results back to the improving understanding of the risks of CISCC on SNF canisters, these
experiments represent degassing at near-neutral conditions, where the brine present is buffered by the
formation of carbonate or hydroxychloride precipitates which occur at the cathode. Therefore, this result
suggests that the degree of HCl g is controlled, in part, by temperature as well as the precipitation of Mg-
carbonate or Mg-hydroxychloride species.
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In FY21, the experimental matrix for the MgCl, aged on inert substrate experiments will be expanded.
The conversion of MgCl, droplets aged at 48 °C, 40% RH, 9 L/min airflow will be evaluated again,
however, this time a lighter salt loading will be used, and the ink jet printing process adjusted to deposit
smaller droplets. In this experiment, the hypothesis that the salt loading and droplet size play a role in the
degassing of HCl will be tested. In addition to carbonation and hydroxychloride precipitation via
adsorption of CO, and degassing of HClg), other possible reactions can occur in field conditions. These
include reactions with acid gases (i.e. H.S and NO,), which can also lead to the degassing of HCl and
conversion to additional Mg-phases. We will begin exploring the effects of these reactions via
thermodynamic modeling as well as experimentally.

2.3.2 Geochemical modeling of the Mg-OH-CI-H20 system as a function of
temperature

In order to better understand the stability of MgCl, brines on heated surfaces, continued modeling efforts
from FY19 were further explored in FY20 to develop a detailed thermodynamic database for the Mg-OH-
Cl-H,0 system from 25 °C to 150 °C (Schaller et al., 2019). In FY19, known literature values to estimate
heat capacities (Mostafa et al., 1996) and thermodynamic values (4G° S°, and 4H;°)(Chermak and
Rimstidt, 1989) to derive LogK grids [0 °C — 25 °C — 60 °C — 100 °C — 150 °C] (Dick, 2019) for several
Mg-chloride, Mg-hydroxide, and Mg-hydroxychloride phases for which little or no data is currently
available were compiled. Using these derived values, thermodynamic modelling of the Mg-OH-CI-H,0O
system was carried out and calculated LogK values using experimental data from recent literature were
refined (Pannach et al., 2017).

In order to improve the thermodynamic model to fit experimental data, in FY20 the Geochemist’s
Workbench (Bethke, 2008) and a thermodynamic database modified from the Yucca Mountain Project
(YMP) were applied to:

o Adjust LogKoprcite and LogKyischofite 8s @ function of temperature using modeled and experimental
literature values

e Adjust Pitzer interaction parameters to amend the shapes of the modeled solubility diagram

e Adjust temperature dependent Pitzer interaction parameters to account for any temperature
dependent interactions.

2321 Refinement of brucite and bischofite LogK values as a function of temperature

While there is limited data available on the Mg-hydroxychloride phases, there exists experimental data
characterizing the solubility and equilibrium values of brucite and bischofite (Christov, 2009; Krumgalz,
2017; Lambert and Clever, 1992; Li et al., 2019; Linke, 1965; Travers and Nouvel, 1929). Therefore, the
first step in FY20 was to further refine values for bischofite and brucite, to develop and further build the
thermodynamic model for the Mg-hydroxychloride phases. A recent manuscript, within the last year, has
been published on modeling of the thermodynamics of the Mg(OH)2-MgSO4-H-0 system using a similar
approach to that applied at SNL in FY19 (Li et al., 2019; Schaller et al., 2019). In addition to modeling
the Mg-sulfate system and its various phases, Li et al. also refined the LogK values of brucite using
compiled literature data. From this data, and their model, the calculated LogKpr.ite Values were refined to
accurately fit experimental data from Lambert and Clever (1992), shown in Figure 89. For bischofite,
Christov (2009) modeled the MgCl»-H,O system as a function of temperature and demonstrated an
improved fit of experimental data from Linke (1965), Pannach et al. (2017), and Krumgalz (2017).
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Figure 89. Brucite and bischofite solubility diagrams as a function of temperature shown with
available experimental data (Christov, 2009; Krumgalz, 2017; Lambert and Clever, 1992; Li et al.,
2019; Linke, 1965; Pannach et al., 2017; Travers and Nouvel, 1929).

The adjustments made to the LogKprucite and LogKyischofite are summarized in Figure 90 and Table 24.
Overall the adjustments to brucite were minor (especially over the temperature range of interest), and
converged at 60 °C. Likewise, for bischofite, the adjustment resulted in a small change to the LogK grid,
however, one advantage of the adjusted LogK values is the improved phase prediction of the phase

boundary between bischofite and MgCl2:4H,0 (Figure 89).
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Table 24. Adjusted LogKprucite and LogKpischotite @S @ function of temperature [0, 25, 40, 60, 100 °C].

Phase 0°C 25°C 40 °C 60 °C 100 °C
Brucite 19.30 17.10 14.78 12.45 10.30
Bischofite 4.70 4.39 4.13 3.77 3.33

2.3.2.2 Modification of Pitzer interaction parameters at 25 °C

From thermodynamic modeling of the Mg-CI-OH-H.0O system in FY19, it was concluded that the
modeling fit the experimental data relatively well at low temperatures. However, at higher temperatures
the fit to the data was unattainable without significant changes to the calculated LogK values (Schaller et
al., 2019). While it is expected to need adjustments of calculated LogK values at higher T, making
significant modifications would result in significant changes to the calculated thermodynamic values (i.e.
4GP S°, and 4H°) — which had fit closely to values found in the literature. Another adjustment that can
be made to improve the fit is to modify the Pitzer interaction parameters. These Pitzer parameters are a
semi-empirical model where linear combinations of a virial expansion of the excess Gibbs free energy are
used to characterize interactions among ions and solvent, which become increasingly important in high
ionic strength environments (Pitzer, 1973; Simoes et al., 2016). These parameters are typically used to
describe doublet interactions (cation-anion, cation-cation, ion-neutral species), and triplet interactions
(Bethke, 2008; Simoes et al., 2016). Briefly, these parameters can be summarized as:

e A*: Debye-Huckel coefficient for the osmotic coefficient.

e B Second virial coefficient for the osmotic coefficient

e BO RO, B@ and c®: Second virial coefficients representing short range binary interactions
e ¥ : Third virial coefficient representing short range tertiary interaction

As the FY19 model was unable to fit the shape of the experimental solubility plot in the Mg-OH-CI-H,0
system as a function of temperature, it is believed that the MgOH* — CI- cation-anion Pitzer interaction
parameters needed adjustment. It is anticipated that the strength of the MgOH* — CI- interaction, will
impact the overall solubility of the system as the [CI7] and pH increase.

The impact of MgOH* -- CI- (B?) parameter

While the B and B Pitzer interaction parameters for the MgOH* — CI- are well-vetted values (SNL,
2007), the B® has remained unchanged, and therefore small adjustments to this value may improve the
ability to model the Mg-OH-CI-H,O system. Figure 91 shows the impact of adjustment made to the p®
parameter at 25 °C.
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Figure 91. The impact of adjustments made to the @ Pitzer interaction parameter for
MgOH*—ClI~at 25 °C.

The impact of the MgOH* — CI- B@ parameter at 25 °C is inversely proportional to the total solubility of
the system, where the steepness of the assemblage/aqueous interface becomes increasingly steep with a
more negative value of the B®. The solubility of the system increases over the entirety of the MgCl.
domain; however, the impact is increasingly sensitive as the [MgCl.] or ionic strength increases. While
the solubility of the system is very sensitive to the B?, the phase boundaries remain unchanged. This
suggests that the phase boundaries are largely defined by the LogK values.

The impact of MgOH* - CI- (c?) parameter

In addition to the MgOH*— CI- B, the c® can also be adjusted to modified the solubility of the Mg-OH-
CI-H20 system. The impact of c? is shown in Figure 92. The c* parameter is inversely proportional to the
overall solubility of the system and has a larger effect as the [MgCl;] increases — or increase in ionic
strength. In addition, c® differs from B® because c® has a smaller impact at low ionic strength, and
increases with increasing ionic strength. Due to these slight differences, a combined effect of small
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changes to both ¢ and B® will allow for a better match to the shape of the solubility curve seen in the
data from Pannach et al. (2017).
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Figure 92. The impact of the MgOH~- CI- ¢? interaction parameter at 25 °C

The impact of combined effect of MgOH* — CI- (B) and MgOH*— CI~ (c?) adjustments

Due to the slight differences in the way that f® and c* affect the solubility of the precipitating phases as a
function of [MgClI;] or ionic strength, the combined effects of adjusting these parameters will allow for an
improved fit to the experimental data. Since there are many combinations of B and c® that could
improve the fit, the goal was to minimize the magnitude of the changes to these parameters to minimize

any potential impact that changes may have on the brucite and bischofite solubility (which was verified
with each adjustment).

To do so, a matrix was constructed, shown in Figure 93, where the B changes in the x-direction and c®
changes in the y-direction. At this point, there is not a way to statistically defend the choice of an
individual combination of p®and c® to match the data, however some combinations are clearly better
representations than others. For example, when p® = -35 and ¢ = 0.008, as the [MgCl,] or ionic strength
increases, the model begins to overestimate the solubility of the system (where the green data points are
experimental data points achieved from oversaturated solutions). In contrast, when @ = -35 and c® =
0.010, the model appears to slightly suppress the solubility as [MgCI.] or ionic strength increases. This
combination appears to fit the experimental data at 25 °C reasonably well — especially when considering
the spread in the experimental data. Therefore, the values of [p® = -35; ¢® = 0.010] will be applied to
update the SNL thermodynamic database (Table 25).
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2.3.2.3 Modification of temperature Dependent Pitzer interaction parameters

Now that the temperature dependent LogK values have been determined for brucite and bischofite and the
Pitzer interaction parameters for the MgOH* — ClI~interaction at 25 °C were selected to improve the fit
of the available experimental data, the temperature dependent Pitzer parameters must be considered.
These temperature dependent Pitzer parameters are related to the room temperature Pitzer parameters
through the following polynomial equation from Bethke (2008):

_ T T 1 1 1 Tk 72 _ T2 1 1

Br = Bas + c1(Tk R)+C2(TK TR)+C3 n(TR)+ ¢, (Tg —Tg) + cs TZ T2
Where B is the B parameter at temperature = T (in K), Bzsis the  parameter at 25 °C (298.15 K), Tk is
the absolute temperature, Tr is the reference temperature (298.15 K), and c; — s are polynomial
coefficients that describe the relationship between the § parameter and T. For simplicity sake, focus was
placed on one parameter at a time, and again, attempted to minimize adjustments made to limit any
unintended consequences from these changes. To start, the ¢; parameter was adjusted for both the B and
c? Pitzer interaction parameters for the MgOH*™ — CI-. Similar to the approach of examining the
combined effects of p@ and c?at 25 °C (Section 2.3.2.2), a matrix was created to explore the combined
effects of modifications made to the ¢, coefficient of both the f® and ¢ Pitzer interaction parameters for
the MgOH* — CI~. The resulting solubility diagrams at 40 °C, 60 °C, and 100 °C, where MgOH* — CI-
B®@ ¢, parameter changes from -1.65 to -1.75 in the x-direction and the MgOH* — CI- ¢ ¢; from O to -
0.00004 in the y-direction, are shown in Figure 94. Unlike the adjustments made at 25 °C, where it could
be independently evaluated, the solubility diagrams at 40 °C, 60 °C, and 100 °C are all dependent upon
the changes in the polynomial coefficients c;-cs and cannot be individually evaluated. Therefore, Figure
94 presents the solubility diagrams of the Mg-OH-CI-H,0 at 40 °C, 60 °C, and 100 °C together with each
c1 adjustment.

Again, without a statistical metric for evaluating the goodness of fit and the need to evaluate all three
temperatures together, it is relatively qualitative — however there is a small window where the fit is
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obviously improved. Overall, the impact of the adjustments to ¢, are most notable at 100 °C. For
example, when B®c; = -1.65 and cc; = 0, then the solubility of the system underestimates the solubility
of phases at high ionic strength — this is most obvious for the 9-1-4 phase (orange diamonds) and 2-1-4
phase (blue triangles) at 100 °C — but overestimates the solubility to brucite (light blue squares) at low
ionic strength. Using just the c1 parameter, the best fit of the experimental data is when B®c;=-1.75 and
c’cy = 0.00002, while this model slightly overestimates the solubility of brucite at 100 °C and slightly
under estimates the solubility of the 9-1-4 phase, it fits the 2-1-4 reasonably well (considering uncertainty
in the experimental data) and predicts the invariant point of brucite and the 9-1-4 phase accurately.

The thermodynamic database was updated with respect to the MgOH* — CI- Pitzer interaction
parameters that improve the thermodynamic model to accurately fit the data. The changes to the
thermodynamic database are summarized in Table 25, where the italicized numbers were updated from 0.

Table 25. Updated Pitzer parameters for the MgOH* — Cl-interaction, where the numbers in
italics were updated and adjusted from the initial values of 0.

Parameter B@ [MgOH*—CI] | B9 [MgOH*—CI] | B© [MgOH*—CI] | ¢® [MgOH* —CI]
25°C -0.1 1.658 -35 0.01

C1 0 0 -1.75 -0.00002

C2 0 0 0 0

C3 0 0 0 0

Cs 0 0 0 0

Cs 0 0 0 0
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2324 Final LogK adjustments to Mg-hydroxychloride phases

With the updated LogK values for bischofite and brucite along with updated B and c® Pitzer interaction
parameters for the MgOH* — CI- as a function of temperature, the initial LogK was adjusted and applied
to calculate values that better match the phase boundaries in the experimental data (Pannach et al., 2017).
The initial calculated LogK (red) plotted with the adjusted LogK (black) as a function of temperature are
shown in Figure 95. From this figure, it is clear that only minor changes were made to the 3-1-8 phase.
This is reasonable as some thermodynamic data in the literature exists to help bound these calculations.
For the 2-1-4 phase, which begins to form when T >40 °C, the adjustments made to LogK increase with
temperature and were consistently less than originally calculated. This could be related to the need to
further refine the temperature dependent Pitzer parameters (i.e. c>-Cs). With respect to the 9-1-4 phase,
which forms when T > 80 °C, there are only two data points that can be modified to match the
experimental data. One of the adjustments led to a smaller LogKs.1-s, the other to a larger LogKog.1.s. This
could either be due to the temperature dependent Pitzer parameters or the minimal number of data points
to evaluate and determine a potential trend. Lastly, no changes were made to LogK>.1.,, as it only forms
when T > 100°C, and only one data point is available. In addition, the model at 120 °C poorly represents
the experimental data, and therefore more work is needed to refine the thermodynamic model when T >
100 °C.

2.3.25 Conclusions and future work on magnesium hydroxychlorides

The solubility diagrams for the Mg-OH-CI-H,0 system at [25, 40, 60, 80, 100, and 120 °C] compared to
the experimental data from Pannach et al. (2017) are shown in Figure 96. Overall, the thermodynamic
modeling fits the experimental data more accurately than in FY19; however, there are still several
discrepancies. These are primarily seen at 80 °C and 120 °C, where limitations in the Geochemists
Workbench do not allow for direct adjustments to the LogK values to temperatures apart form 0, 25, 40,
60, 100, and 150 °C. Another systematic discrepancy is accurately fitting the invariant point between the
2-1-4 phase and the 3-1-8 phase (at 60 °C and 80 °C) or with the 9-1-8 phase (at 100 °C and 120 °C).

Creating an accurate thermodynamic database is very important in order to predict MgCl; brine stability
on the SNF canisters as function of temperature and RH. As was demonstrated previously, the
deliquescence RH for a magnesium chloride brine is highly dependent upon which phase is stable on the
SNF canister surface (Bryan and Schindelholz, 2018b; Katona et al., 2020a; Katona et al., 2020b; Schaller
etal., 2019). If bischofite (MgCl.:6H,0) from deposited sea-salt aerosol deliquesces and degasses CI- to
form a magnesium hydroxychloride phase (phase is dependent upon the temperature), then, for a brine to
persist on the SNF canister surface, the RH will need to be much higher—hence a much lower
temperature on the canister surface—before deliquescence will occur. This would delay the timing of
corrosion and SCC initiation. Moving forward in FY21, continued refinement of the thermodynamic
parameters will help improve the accuracy of the modeled system. To do so, this may also require
additional experimental data such as synthesis and characterization of magnesium hydroxychloride phases
to further evaluate their properties and conditions of stability. Some of this work was initiated in FY20
(see Section 2.3.3). The primary goal is to develop and experimentally verify a set of LogK values for
use in predicting magnesium-containing brine stabilities on heated SNF storage canisters as a function of
temperature and other environmental factors, such as atmospheric acid gas reaction and the presence of
CO..



SNF Interim Storage Canister Corrosion and Surface Environment Investigations

130 November 11, 2020
., -
3'1‘8 PhESE . 2-1_4 Phase
8 -I_ (]
n .
40
24 o
[ ]
Ec : Er 35 -]
22~ T, -
: L ”/}.
e
30 . O/(O
ot
7 4, b 7%, e
/(/J‘ e /O/ “qg(.’ ., L]
o, o e,
L 25 [~
% 2,
18 - e . Q‘f. .
T T T T T T T T T T T T T T
] 20 40 & 100 120 140 1] 20 &0 B0 -] 20 (L]
Tesmp () Temp (C)
- ']
md 9-1-4 Phase - 2-1-2 Phase
160 - )
| }
45 —
150 -]
= T =
g 10 . g a- -
'7/('-.
130 P >
i ‘o
Py O
o, 35| [
120~ - e 9*-
N
Q"O’ [
110 (OQ -
. ] = ]
S S A o @ & @ w W
Terg (G Tomg (Ch

Figure 95. Initial LogK (red) and Adjusted LogK values (black) as a function of temperature for Mg-
hydroxychloride phases, including the 3-1-8 phase, 2-1-4 phase, 9-1-8 phase, and the 2-1-2 phase.
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Figure 96. The solubility diagrams for the Mg-OH-CI-H,0 system at [25, 40, 60, 80, 100, and 120 °C] compared to the experimental data

from Pannach et al. (2017).
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2.3.3  Precipitation and characterization of Mg-bearing phases

In FY20, initial synthesis and characterization of Mg-bearing mineral phases was carried out to both
improve thermodynamic modeling (see Section 2.3.2) and better understand the influence of brine
behavior on electrochemistry and corrosion (See Section 3). The work performed in FY20 was motivated
by the challenges associated with analyzing Mg-bearing films that form during rotating disc electrode
(RDE) polarization experiments (Schaller et al., 2019). Instead, the electrochemistry was mimicked by
rapidly raising the solution pH of a MgCl. brine with the addition of 3 M NaOH. This is meant to
simulate the increase in pH of the cathode as a result of OH formation—which is believed to be a
significant driving factor for the formation of Mg-bearing films that form during RDE experiments.

2331 Mg-hydroxychloride synthesis

XRD and SEM characterization was applied to the Mg-film that forms due to the rapid increase in pH of
MgCl; solution. Four solutions of MgCl, were analyzed (0.18, 1.25, 3.3 M, and saturated). For each
solution roughly 15 mL was added to a scintillation vial, the pH was increased using 3 M NaOH (~200
pL). A gel formed immediately and was analyzed by SEM and XRD through a few different preparation
and isolation techniques. First, the gel was immediately removed and transferred to a large Whatman
filter to dry out and wick away the brine. Once dry, the samples were mounted and analyzed via XRD
and SEM. XRD analysis showed the presence of halite in all the analyzed gels at each initial MgCl,
concentration (Figure 97). As the concentration of the MgCl. solution decreased, brucite peaks began to
emerge and became the dominant phase in the lowest concentration solution examined, 0.18 M MgCl..
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Figure 97. XRD of the gels that formed from exposure in 0.18 M to saturated MgCl, solutions

The SEM images of the gel formed from saturated MgCl; and 1.25 M MgCl, show the presence of halite

crystals, as evidenced by the large peak at ~31 2-theta. In saturated MgCl, the gel appears to be primarily
composed of halite; as the solution contained nearly 12 moles of ClI~ when the gel formed and encases the
NaOH droplet, the local Na concentration is very high, and halite readily precipitates. This also occurred
in the 1.25 M MgCI; solution, but to a lesser degree as the concentration of Cl- is much lower.
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Figure 98. SEM images of MgCl; gels when analyzed immediately after exposure showing the
presence of large halite crystals.

As halite is not expected to be the primary phase to form in RDE experiments, subsequent gels were
thoroughly mixed and allowed to age for 1 hour, 24 hours, and 72 hours. In this case, a new method was
applied to separate the phases. Instead of using a Whatman filter to wick away the brine, the gels were
vacuum filtered to dryness and carefully rinsed to remove any NaCl that formed. XRD analysis of the gel
formed from saturated MgCl. aged at different times shows the evolution of the precipitate that formed
(Figure 99). When analyzed immediately and again, after 1 hour of aging, halite is the most dominant
peak. Although there is likely to be a significant amount of Mg in the precipitate however, it is probably
present as an amorphous phase. After 24 and 72 hours of aging, the XRD pattern strongly matches the 3-
1-8 magnesium hydroxychloride phase predicted to form from thermodynamic modeling (See Section
2.3.2).
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Figure 99. XRD analysis showing the evolution of the MgCl, gel showing that as the MgCl; solution
ages, the NaCl peak disappears and the 3-1-8 magnesium hydroxychloride phase becomes the
dominant phase.
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SEM analysis of the gels that formed from saturated MgCl, aged for 24 hours and 72 hours displays long
needle-like crystals, consistent with previously reported SEM images of the 3-1-8 phase (Figure 100).
The crystals formed are significantly larger after 72 hours of aging as compared to the 24 h aged sample.

72 hours
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Figure 100. SEM images of the gel that forms in saturated MgCl. after 24 and 72 hours.

The 3-1-8 phase was dominant in a gel formed from a 3.3 M MgCl; solution aged for 72 hours (shown at
two different magnifications), again consistent with the phase that is predicted by thermodynamic
modeling (Figure 101).
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Figure 101. SEM image of the gel that forms from 3.3 M MgCl, exposure after 72 hours aging.

The XRD analysis of each of the solutions [0.18, 1.25, 3.3 M, and saturated MgCl;] aged for 72 hours
shows the evolution of the gel as a function of the initial MgCl, concentration (Figure 102). In dilute
systems, 0.18 M and 1.25 M MgCly, brucite is the primary Mg bearing phase that forms (with some
halite). When the concentration of MgCl; is higher, 3.3 M and saturated, the 3-1-8 magnesium
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hydroxychloride phase forms. A Raman spectrum was collected for the 3-1-8 phase synthesized from a
solution of saturated MgCl. aged for 72 hours. The primary identifying feature in the Raman spectrum is
the O-H stretch at ~3650 cm, which is a doublet peak and is consistent with literature reported spectra
(Dorrepaal and Gowen, 2018a).
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Figure 102. XRD analysis of the gel that forms as a function of the concentration of MgCl; after 72
hours aging.
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Figure 103. Raman spectrum of the 3-1-8 magnesium hydroxychloride
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These identified phases, when plotted along with a calculated phase diagram, correspond with the
expected phase formation as shown in Figure 104. The phase diagram was calculated using the
Geochemist’s Workbench (Phase2 module) (Bethke, 2008) and the Yucca Mountain Project
thermodynamic Pitzer database (SNL, 2007).
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Figure 104. Experimental conditions of Mg-phase precipitation on the phase diagram at 25°C. The
SEM images highlight the phases present, where at low [Mg] < 1.5 M, brucite forms irregular block
crystals, while when 5.48 M < [Mg] > 1.5 M, the 3-1-8 forms long needle-like crystals. The phase
diagram was created using the Geochemist’s Workbench (Bethke, 2008).

2.3.3.2 Deliguescence RH and conclusions

Once the 3-1-8 phase was identified, isolated, and characterized, a test was developed to measure the
deliguescence RH via thermogravimetric water adsorption measurements. These measurements were
performed using a QuantaChrome AutoSorb-iQ2 water sorption analyzer, where the sample was
equilibrated at low RH for 24 hours at 60°C. The RH was controlled by mixing water saturated and dry
air, and was increased by introducing more saturated air into the sample chamber (while maintaining a
constant temperature) and measuring the weight gain of the sample from adsorbed water. The rate of RH
increase was 1% RH/min. The resulting thermogravimetric analyses (solid lines) and differential
scanning calorimetry (dotted lines) as a function of water adsorbed by the sample are shown in Figure
105, where the green line is bischofite and the blue line is the 3-1-8 phase. The shaded regions show the
initiation of a large gain in mass associated with an exothermic response. These regions likely indicate
initiation of deliquescence as the experimental value (~28% RH) compares well to the calculated
deliguescence of bischofite (~30 % RH at 60 °C). The resulting deliquescence RH of the 3-1-8 phase is
~78 %RH. There also appears to be some bischofite present in the sample, as demonstrated by the weight
gain at about ~30 %RH.
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Figure 105. Water adsorption thermogravimetric experiment of bischofite (green lines) and the 3-
1-8 phase (blue lines) demonstrating through mass gain and calorimetric response the approximate
deliquesce RH.

The significance of this result is that the 3-1-8 magnesium hydroxychloride phase has a much higher
deliguescence RH than bischofite — and even higher than halite. This means that the conversion of MgCl;
rich brines to magnesium hydroxychloride phases will increase the RH at which a brine will persist on the
surface of the SNF canisters. This result also helps illuminate the observation of brine dryout (observed
on the big plate studies and 4-point bend tests discussed in Section 3.5 that were seen previously (at 80 °C
35% RH). For a reactant limited case, or singular deposition of MgCl, on the surface prior to exposure,
as the MgCl. degasses CI" and converts to Mg-hydroxychlorides, Mg-carbonates, or reacts with corrosion
products, the experimental conditions are no longer below the deliquescence RH of the mineral phases,
and the assemblages precipitate out.

Work in FY21 will analyze additional Mg-hydroxychloride phases, including 2-1-4, which has been

observed in many prior experiments, to determine their deliquescence RHs. This information will be
useful to validate the ongoing work to determine thermodynamic parameters for the Mg-OH-CI-H,0O
system, as discussed in detail in Section 2.3.2 and the FY19 report (Schaller et al., 2019).
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3. Canister Corrosion Experimental Studies

3.1 Effect of Brine Composition on pitting/cracking

In FY 18-19, Weirich et al. (2019) explored 304 SS pitting under seawater droplets for one year in
controlled atmospheric exposures, and found that pit morphology was highly dependent on exposure RH.
Pits grown at 40% RH displayed an irregular, cross-hatched morphology with fissures resembling
microcracks. However, pits that formed at 76% RH displayed crystallographically faceted ellipsoids with
no associated microcrack-like fissures or irregular morphology. These results suggested that RH, and
therefore brine composition, played an influential role in determining susceptibility to pitting,
microcracking, and possible eventual SCC. In FY20, a manuscript was submitted on continuation of this
work, and explored further the effects of RH and brine composition, on pit morphology at longer
exposure times. Additionally, further research into the driving force for variations in pit morphology was
conducted, including exposures of SS304 coupons in full-immersion brines to isolate certain variables.
As exposure RH changes, not only does the brine composition change, but the surface water layer
thickness, brine morphology, formation of solid precipitates, conductivity, and brine concentration are all
altered. The current research has elucidated some of the contributing factors, such as brine composition
and will be discussed herein, but further determination of the specific variables influencing pit
morphology will be carried out in FY21.

3.1.1 Differences in pitting morphology as a function of brine composition

In FY20, observations of pit morphologies of SS coupons exposed in the same RH environments (40%
and 76% RH at 35°C) as the Weirich study were consistent for exposures carried out to 2 years (Figure
106) (Srinivasan et al., 2020). Exposure at 40% RH, corresponding to a MgCl,-dominated brine, resulted
in pits with again, an irregular, cross-hatched morphology, while crystallographically faceted, ellipsoidal
pits developed at 76% RH in the NaCl-dominated brine. The cross-hatched morphology of the pits that
formed at the lower RH implied that attack followed selective dissolution of a fixed active area due to
growth at critical chemistry conditions (Hebert and Alkire, 1988). Pit growth at 76% RH likely occurred
at conditions between stability and saturation (Sato, 1982), resulting in preferential dissolution along
specific crystallographic planes, which caused faceting. Micro-cracks were observed to be present after
40% RH exposure, even at times as short as 1 week, and without the presence of any externally applied
load. The development of pit morphology is schematically described in Figure 106-c. For the low RH
exposure, growth of the pit occurs close to repassivation, thus limiting the area for dissolution and a fixed
active area is established. As limited current supply is available, selective dissolution occurs, resulting in
the cross-hatched morphology. However, in the case of the high RH exposure, growth of the pit occurs
between the critical chemistry for pit stability and FeCl; saturation, and growth occurs with an increasing
active area over time.

In addition to pit morphology observations, post-exposure measurements of the aspect ratio of the pit
populations on the coupons were collected. A quantitative measurement for comparing pit morphologies
is the aspect ratio (AR) calculated from the ratio of the pit diameter to pit depth. However, the ability to
discern pit shape, hemispherical versus non-hemispherical, is limited as several pit shapes may have the
same AR value. Additionally, analysis of the appropriate depth and diameter measurements, whether it be
maximum, average, Feret, etc., can affect the resultant ratio. Nonetheless, as complimentary analysis, AR
provides a useful quantitative tool to evaluate pit shape development. Optical profilometry (OP)
measurements were collected for pit populations across the exposed coupons and compared to X-ray
computed tomography (XCT) measurements collected for a select set of pits to gain a better
understanding of not only pit morphology, but also of potential changes to pit aspect ratio due to the
differing RH/brine environment exposure. As indicated by the AR data in Figure 107, the majority of pits
detected were wider than they were deep, i.e. AR > 1. It was noted AR decreased slightly with exposure
time for long-term exposures. This decrease may be due to limited available cathodic current from a
finite cathode and the lower likelihood of meeting the anodic demand as growth progresses (Chen et al.,
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2008; Chen and Kelly, 2010). One possible manner in which pit growth could respond to this limiting
cathode current would be to grow in a more restricted geometry which requires a lower critical anodic
stability parameter (Woldemedhin et al., 2014). This would result in pits that are more likely to grow in
depth rather than width as the exposure duration increased.
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Figure 106. Secondary electron images from SEM indicating pit morphology differences

following exposure for 78 weeks at (a) 40% RH and (b) 76% RH. Note the faceting observed in

the pits. (c) Schematic outline of the electrochemical rationale for observed difference in pit

morphology between RH conditions.(Srinivasan et al., 2020)
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at each timepoint for the (a) 40% RH and (b) 76% RH exposures. AR was calculated by dividing
the measured pit diameter by the measured pit depth (Srinivasan et al., 2020).

In Figure 108, measurements obtained from OP and XCT are compared, and the OP data were, on
average, greater than the corresponding XCT measurements. The trends did not clearly support the idea
that XCT provides deeper and more accurate depth measurements due to the potential to resolve features
more clearly than pure line-of-sight techniques such as OP (Figure 108-b). However, as these plots are
only a summary of a single sample studied and the low number of pits identified (8 for XCT, 14 for OP),
these data are not sufficient to conclusively rule out this supposed advantage either. It was found that
XCT does have the advantage of providing subsurface pit morphology, such as undercuts and fissures
(Figure 108-a). It is therefore advantageous to use both techniques, as OP can provide better lateral
resolution while XCT can identify and spatially locate critical subsurface features. Continued efforts in
FY21 will explore further these techniques and others for high resolution observation of pit morphology
with 3-dimensional detail, including ion mill sectioning combined with SEM imaging. This will not only
help elucidate potential differences in pit morphology across exposure environments, but also to identify
points of higher stress concentration and/or crack initiation sites not specifically observable or identifiable
through OP or SEM imagining alone.

Pitting morphology in atmospheric exposures continues to be dependent on RH/brine composition even at
longer exposure times. SEM imaging, OP, and XCT provide useful methods for analysis and comparison
of pits across exposures; however, further development of analysis techniques to better measure the true
pit morphology may aid in an understanding of pit growth over time in different environments. An
enhanced understanding of pit development over time will help the identification of the controlling factors
for pit growth and morphology and will better aid in prediction of susceptibility to SCC. The following
section explores further the relationship between exposure environment and resultant pit morphology,
specifically focusing on brine composition.
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Figure 108. (a) Cross-sectional slices of XCT scans. Possible fissures/microcracks emanating
from the pit base and undercutting are indicated in the images. Comparison of geometric data
collected by OP and XCT in terms of distributions of (b) pit depth and (c) pit volume.(Srinivasan

et al., 2020)

3.1.2

From work carried out in FY19 & 20, it was hypothesized that specimens exposed at a lower relative
humidity exhibit more irregular pits, crosshatching, and increased microcracking due to the presence of
Mg?*ions. In FY20, full immersion experiments were explored to isolate the effects of brine
composition, by essentially removing the cathodic limitations observed in atmospheric exposures
(potential cathode limitations in bulk solution are due to changes of the brine composition/conductivity
rather than water layer thickness or droplet size, distribution, etc.). Isolating some of the exposure
variables by implementation of full immersion exposures helped to better understand the controlling
factors for pit morphology development, especially in the MgCl rich brines of interest. SS304L coupons
were exposed for 2-7 weeks at 35°C in surrogate brines of NaCl and MgCl; as well as equivalent seawater
brines (Table 26, same compositions as the atmospheric exposures discussed in 3.1.1) to further explore
the potential roles of the cations.

Evaluation of brine composition effects through pitting in full immersion
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Table 26. Summary of exposure brines and pitting observations for SS340L

exposed in full immersion environments.

Salt Type Salt Conc. Equiv. RH  Equiv Salt Time Pitting?
Seawater - 76% - 2 Weeks Yes
Seawater - 40% - 1 Week Yes
Seawater - 40% - 2 Weeks Yes
Seawater - 40% - 4 Weeks Yes
NaCl 522 M 76% NaCl 1 Week Yes
NaCl 522 M 76% NaCl 2 Weeks Yes
NaCl 522 M 76% NaCl 7 Weeks Yes
MgCl, 0.566 M 76% MgCl, 1 Week No
MgCl; 0.566 M 76% MgCl, 2 Weeks No
MgCl, 0.566 M 76% MgCl, 4 Weeks No
MgCl: 0.566 M 76% MgCl> 7 Weeks Yes
MgCl: 261M 76% NaCl 1 Week No
MgCl, 261 M 76% NaCl 2 Weeks Yes
MgCl, 261 M 76% NaCl 7 Weeks Yes
MgCl: 447 M 40% MgCl, 2 Weeks Yes
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Full immersion exposures indicated that brine chemistry was the primary factor governing differences in
pit morphology. Immersion tests of SS304L coupons exposed under similar conditions and with similar
brine chemistries, i.e. NaCl-dominant or MgCl,-dominant, again exhibited similar pit morphologies to the
atmospheric experiments. Hemispherical pits, with faceted, crystallographic attack were observed in
NaCl or NaCl-dominated brines, whereas irregular-shaped pits with cross-hatching or microstructural
etching were seen in the MgCl, and MgCl.-dominated brines. Images from the two-week exposure
samples are shown in Figure 109 as an example. In short-term exposures, MgCl. brine, in equal
concentration to that in seawater brine at 40% RH, influenced the pit morphology, with irregular shapes
and cross-hatching (Figure 109-d); however, it did not result in the microcracking as seen in 40% RH
simulated seawater solutions (Figure 109-b).

c)

Figure 109. Typical pit morphologies observed for SS304L exposed for two weeks at 35°C in full
immersion in brines of (a) 76% RH simulated seawater, (b) 40% RH simulated seawater, (c) 5.22
M NaCl, and (d) 4.47 M MgCl..

Through the study of these full immersion exposures, the pit morphology and microcracking observed in
the 40% RH atmospheric exposures has been related to the chemical species or chemical concentrations
present in 40% RH artificial seawater. Additionally, potential influences due to pH differences between
40% RH seawater and 76% RH seawater could also play a role. FY21 will focus on efforts to further
understand the impacts of brine composition on pit morphology, including determination of why and
when the microcracking occurs at the irregular shaped pits in some MgCl,-dominated brines. Plans for
exposure of annealed samples, to alleviate near-surface stresses imparted by polishing, will help to answer
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what microstructural features are governing the localized cross-hatching or selective dissolution in MgCl,
dominated brines.

Overall, MgCl; brines, as previously discussed in Section 2, are of greater interest as they are expected to
dominate the potential brines present on the canister surface for greater than 300 years. Understanding
the pit morphology development versus both time and brine composition will help inform predictions for
susceptibility to SCC. Moreover, MgCl.-rich brines are of great interest because the irregular-shaped pits
with associated microcracking are only observed to develop in these brines; these geometries lend
themselves to points of greater stress concentration and thus may be more likely to initiate SCC. In
addition to gaining an improved ability to predict pit growth, efforts in FY21 will focus on finite element
modeling of real pit geometries formed in these MgCl; rich brines (obtained from XCT) to determine true
stress concentrations and potential features for enhanced SCC initiation.

3.2 Importance of Cathodic Kinetics and Dependence on Brine
Composition

In addition to determination of potential pit morphology influences on SCC initiation, the pit size also
plays a governing role. The current model for understanding SCC under ISFSI relevant conditions relies
heavily on the accurate prediction of the maximum pit size possible for a given environment. Pit size
governs where and how stress is concentrated around a pit and the potential for crack initiation.(Turnbull
et al., 2006) As such, parameterization and understanding of the potential limitations of current
deterministic models for predicting pit sizes (Chen and Kelly, 2010; Macdonald and Urquidi-Macdonald,
1991; Newman, 2002) is necessary. In several SCC and pitting models, it is assumed that the surface
external to the crack (or pit) acts as the cathode, supplying the electrochemical driving force for growth
(Figure 110). Thus, under the atmospheric conditions pertinent to canisters, the surface environment,
which is a function of the relative humidity, temperature, and deposited aerosol load, would be expected
to control cathode properties and hence, corrosion damage rates. However, there is a lack of
understanding of exactly how the local canister environment affects the cathode properties, and in turn,
the corrosion damage rates. This research will address this by quantitatively linking expected canister
surface conditions to the electrochemical processes driving pitting (cathodic kinetics), using existing
models as an initial basis for understanding.

In FY18 and 19, electrochemical experiments were performed to measure the oxygen reduction reaction
(ORR) and the anodic kinetics on 304L and 316L in analog brines representative of chemistries and
conditions expected on canisters. This enabled the determination of the pit stability product, (i - x)sr, and
the repassivation potential (Er), for input into the maximum pit size model (Chen and Kelly, 2010) and
prediction of maximum pit depths for the SNL probabilistic SCC model. Additionally, kinetic parameters
were explored in surrogate alkaline brines, devoid of chlorides, to determine the effect of surface
chemistry on subsequent cathodic Kinetics.

As determination of the brine development on the canister surface has been enhanced over the past few
years with increased canister thermal modeling and brine thermodynamic modeling, as well as ISFSI site
sampling, interest in MgCl,-dominated brines has increased. These brines have the potential to form
within the first 10-20 years as the canister surface cools and are expected to persist for greater than 300
years, before RH conditions are such that NaCl-dominant brines can form. In FY19 and 20,
potentiodynamic measurements were expanded to include sea-salt and simulated brines expected to form
in these canister relevant conditions (MgCl, and artificial seawater) as well as alkaline solutions
(representative of cathodic regions). The focus was to both generate data as input for SNL’s SCC model,
specifically with respect to the maximum pit size, and determine potential limitations of the model. The
emphasis on MgCl; brines follows the developments made both in the understanding of persistence of
MgCl,-dominated environments for longer time frames and the irregular corrosion morphologies
observed in MgCl; brines, which may lead to stress concentrators and potentially enhance SCC initiation
(discussed further in 3.1.1). The MgCl. brine research performed in FY20 resulted in the development of
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three manuscripts, two which have been published (Appendices A and B) and a third that is currently
under review. These will be briefly summarized here.

Prior to summarizing the published works, a brief review of the Chen and Kelly (Chen and Kelly, 2010)
maximum pit size model is presented here for context. This model relates the maximum predicted pit size
to the available cathodic current under a specific water layer thickness and brine composition (schematic
in Figure 110).
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Figure 110. Conceptual schematic of electrochemical SCC model proposed by Chen and Kelly,
a) view of pit, and b) current across the anode and cathode.(Katona et al., 2019)

The maximum cathode current, Ic max, can be determined by:

Erp /. .
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n
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Where « is brine conductivity, WL is the brine thickness, and AEmax is the difference between the E,
repassivation potential, and the Ecor, CcOrrosion potential, e, is the number of electrons transferred, ra, is
the radius of the anode, and ic (cathodic current density) and i, (passive current density of the cathode),
represent the cathodic kinetics.

The maximum pit size, rmax, can be determined from the intersection of the anodic current demand with
the maximum cathode current:
1.
lic = <p_lt> Ta
Tpit crit

where ipil/rpit is the pit stability (related to i'x by geometry) and I, ¢ is the current required to produce a pit
of radius r,, with the maximum cathode capacity (calculated from the acquired cathodic polarizations).
Results of calculations for saturated MgCl, are shown below as an example in Figure 111, where the
intersection of the I (solid line) and the corresponding I/r (dotted line) represents the maximum pit size
(373.5 um) predicted under the brine (4.98 M MgCl.) and exposure conditions used in testing. Using the
maximum pit size framework, it was found in previous work, that an increase in pit size and cathode
radius occurred with increasing chloride concentration and temperature (Katona et al., 2019).
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Figure 111. Cathode current and anode current for saturated MgCl; (4.98 M, RH = 38 %) at
25°C. ILC is that needed to maintain concentration of 50%o of saturation.(Katona et al., 2020a)

The current maximum pit size predictions are produced using a model that makes several overarching
assumptions including treating the pits as hemispherical in shape, the brine layer as a uniform thin film
with static properties, and exposure in a homogeneous material and mechanical environment (e.g.,
stress/strain). Work in FY 20 focused on addressing and adjusting assumptions made, primarily with
regards to the static brine conditions in MgClI; brines and is summarized below.

3.2.1 Use of in situ Raman spectroelectrochemical technique to explore
atmospheric corrosion in marine-relevant environments

The first manuscript (Appendix A) addresses the assumption that the brine layer is static and unchanging
over time. During cathodic polarization in MgCl; brines, formation of a thin film, or coating on the
surface, was observed for SS materials, however, was uncharacterized during experimentation in FY19.
In FY20, through development of in situ Raman techniques, a method for chemical identification
measurement in flow cell environments was developed and validated. It was then applied to the relevant
SNF exposure conditions. As seen in Figure 112, a magnesium hydroxide film was identified to form
during in situ cathodic polarization of the SS304L in MgCl; brine. This not only provided the first
characterization of this film formation in situ, but also confirmed details of brine development over time,
including pH evolution. This work helps inform model inputs for the enhanced prediction of maximum
pit sizes. The detailed description of the development of this Raman technique, including experimental
methods, equipment testing and calibration procedures, and identification of film formation is described
in the published manuscript in Appendix A. Additionally, the identification of this film helped further
establish the scientific understanding of the cathodic kinetics in MgCl. brines that govern pit growth, as
discussed in sections 3.2.2 and 3.2.3.
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Figure 112. Experimental setup for in situ Raman analysis: (a) overall set-up and (b) inside
configuration of flow cell. (c) Polarization scan of SS304L in 0.189 M MgCl. with in situ Raman
characterization as a function of potential indicative of Mg(OH). formation (Katona et al.,
2020b).

3.2.2 Importance of the hydrogen evolution reaction in MgCl2 solutions on
stainless steel

Experiments performed in FY19 in MgCl, solutions highlighted possible limitations of assumptions
applied in the current maximum pit size model. This was further explored and evaluated in a manuscript
developed and published in FY20 in Appendix B (Katona et al., 2020a) in which the controlling cathodic
kinetics were evaluated. Experimental methods, equipment testing and calibration procedures, and data
collection is described in the published manuscript in Appendix B. While Pt electrodes continue to
display a 2-electron transfer for ORR in MgCl; solutions (Figure 113-a), the SS304L electrodes displayed
non-Levich behavior for ORR (Figure 113-b). This was determined not to be governed by precipitation
of Mg-carbonates through CO»-scrubbed cathodic polarizations in Figure 113 (further validated by the
Raman measurements described previously). Rather, this was indicative of ORR suppression and
buffering of near surface pH by Mg-hydroxide or hydroxychloride species precipitation. The primary
cathodic reaction is shifted to the hydrogen evolution reaction (HER) in saturated MgCl,. Implications of
the dominance of HER in the cathodic kinetics are discussed throughout the manuscript with regards to
atmospheric corrosion and stress corrosion cracking. In summary, as ORR is suppressed as the dominant
cathodic reaction, the available cathodic current density is also suppressed, thus reducing potential pitting
damage across the surface. Additionally, as precipitates form, brine volume decreases; this can lead to
brine dry-out on the surface (Schindelholz and Bryan, 2018). Third, the cathodic sites can become
physically blocked by precipitates, thus reducing available cathodic area and again reducing the cathodic
current density. And finally, insoluble precipitates can alter the conductivity of the brine layer. While the
dominance of HER as the cathodic reaction may lead to a reduced cathodic current availability, it has also
been suggested that the influence of the HER may lead to the near surface micro-cracking observed in
long term pitting exposures in MgCl,-dominant brines (section 3.1.1). Therefor further study into pitting
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and SCC initiation in MgCl,-dominant brines is necessary to fully understand the SCC susceptibility
under canister relevant conditions. The influence of the non-static brine conditions on the maximum pit
size is further explored in the third manuscript produced on this topic in FY20, and is summarized below
in Section 3.2.3.
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Figure 113. Polarization scans on (a) Pt and (b) SS304L in the presence of atmospheric CO and
with the sparged CO; concentration <1 ppm in 0.189 M MgCl; at a rotation rate of 500 rpm
(Katona et al., 2020b).

3.2.3 Quantitative assessment of environmental phenomena on maximum pit
size predictions in marine environments

The current Chen and Kelly model (Figure 114-a) does not account for the significant effects of brine
evolution and corrosion on the environmental conditions, as it applies the assumption of a static brine
without changing composition, conductivity, or morphology over time. Solution conductivity is one of
the important factors in the current pitting model. When there are solid products, such as insoluble
hydroxides or carbonates, the conductivity decreases in solution (Figure 114-b). In addition, as
mentioned, cathodic sites can be physically blocked by solid precipitates (Figure 114-c). A decrease in
conductivity will decrease the overall cathodic current available for dissolution; thus, the maximum
achievable pit size will decrease, all else being held constant. Another phenomenon that can occur in
these MgCl; solutions is dry-out of the cathode. As pointed out by Bryan and Schindelholz (2018a),
highly deliguescent MgCl. can be replaced with a non-deliquescent solid and the brine will dry out as
reactions on the surface (corrosion) progress to completion. This means one of two things can happen:
(1) the equivalent cathode size can decrease or (2) the water layer will decrease (Figure 114-d). In both
cases, the current the cathode can supply will decrease, and decrease the maximum attainable pit on the
surface.
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Figure 114. Qualitative representation of governing reactions for atmospheric corrosion and
relative severity for solutions containing precipitates. (a) A small pit that has not reached the
bounding cathodic current nor the critical pH for precipitation. (b) A medium sized pit that has
not reached the bounding cathodic current however has reached a pH in which precipitation is
thermodynamically possible. (c) Maximum pit size when only precipitation is considered in the
cathode. (d) Maximum pit size when precipitation and dehydration are considered in the
cathode.(Katona et al., 2020c)

Again, in the current maximum pit model, dynamic brine conditions, such as changing conductivity,
precipitation, and dry-out, are unaccounted for. The maximum pit size model studies in FY20 addressed
these concerns, accounting for each in the maximum pit model in high and low concentration NaCl and
MgCl; brines as well as seawater. Figure 115 displays the influence of each of these phenomena on the
calculated maximum pit size; (a) shows the influence of the change in conductivity in 4.98 M MgCl,,
with a reduction in pit radius by almost 75 um. Figure 115(b) displays the influence of dehydration of the
brine due to precipitation, where the radius for the maximum pit size dropped roughly 150 um. Finally,
Figure 115 (c) displays the influence of a precipitate film present on the surface in 0.189 M MgCl;, which
results in a drop of the predicted maximum pit size radius by almost half.
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Figure 115. Maximum pit predictions shown (a) both with and without the consideration of
precipitation in the cathode for 4.98 M MgCl,. LD =3 g/m? and I.c is for 50% of salt film
saturation on the surface of the pit. (b) Effect of dehydration reactions on maximum pit sizes
predictions for 4.98 M MgCl.. A pit saturation level of 50% was used with LD = 3 g/m?. (c)
Influence of Mg(OH): film on the surface of SS304L on maximum pit size predictions for 0.189 M
MgCl,.(Katona et al., 2020c)
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Figure 116. Influence of all cathode evolution scenarios explored for MgCl; electrolytes on pit
size. LD =3g/m?in all scenarios. The labels correspond to the following scenarios: Orig —
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These effects were not only evaluated as singular influences, but their combined consequences were
considered across 0.6 and 5 M NacCl, 0.189 and 4.98 M MgCl,, and the equivalent seawater brines at 40
and 76% RH. Example results of the implications on the predicted maximum pit size for the MgCl.
brines are shown in Figure 116. In all cases, inclusion of the influences of a non-static brine in the
maximum pit size model reduces the maximum pit size predicted. This is of particular significance to
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potential predictions for risk of SCC, because SCC initiation is dependent on pit size. Thus, a reduction
in pit size in MgCl.-dominated brines could lead to a potential reduction in severity for SCC.

3.3 Significance of MgCl. Brines for Corrosion and SCC Initiation

Continued modeling efforts in FY20 combined with increased ISFSI site sampling has aided the further
determination of canister-relevant environments. Specifically, analysis of brines at the Maine Yankee
ISFSI has helped elucidate composition of the potential brine formation in near-marine sites. Applying
the information gained about these brines to develop enhanced corrosion testing in FY21; including both
potential corrosion accelerants (cycling and dust) and inhibitors (nitrates) will help further parameterize
the maximum pit model for canister-relevant conditions and determine significant factors for corrosion
and SCC initiation. Additionally, as results have shown that MgCl,-dominant brines will be present for
long time periods (>300 years) on the canister surface, emphasis on testing in FY20 has focused on these
environments. FY21 will continue to explore these MgClI; rich brines because two significant factors for
pitting and potentially, SCC initiation have been established: 1) MgCl. brines influence the pit
morphology towards the formation of more irregular shapes with near surface microcracks and 2) MgCl,
brines influence the controlling cathodic kinetics through dominance of the HER cathodic reaction and
formation of precipitates that lower the predicted maximum pit size. Understanding how these potentially
competing effects enhance or reduce the potential for SCC initiation will be one focus of studies in FY21.
Efforts focused on FEA modeling of stress concentrations around real geometries of irregular-shaped pits
formed in MgCl; brines will provide insight into their significance for SCC initiation. Additionally,
tensile testing in MgCl. brines and atmospheric environments will help determine SCC initiation rates
under such conditions.

3.4 Weld Characterization

SNF canisters consist of 304 SS with multi-pass welds, predominantly utilizing the submerged arc
welding process with a double-V edge preparation (Figure 117-a). During the gas tungsten arc welding
(GTAW) process, the weld material experiences high temperatures, ranging from 400 — 800 °C, and
varied cooling rates both of which can greatly modify the microstructure of the weld and near weld
regions. The high temperatures and cooling rates are governed by the welding parameters such as heat
input ([current x potential]/travel speed), inter-pass temperature, material thickness, and thermal
properties of the material (Paulraj and Garg, 2016). When high heat inputs occur, there are significantly
higher temperatures and slower cooling rates observed within the SS material. The resultant
microstructure and residual stresses developed in the weld and heat affected zone (HAZ) are determined
by these input parameters (Murugan et al., 2001). With the presence of high tensile residual stresses and
subsequent installation of the canister at an ISFSI site, where aerosol deposition and cooling of the
canister surface over time can lead to brine formation; chloride-induced stress corrosion cracking
(CISCC) may cause early or unexpected failure of the canister leading to potential risk of exposure (Enos
and Bryan, 2016b). In FY20, a better understanding of specific microstructural development and weld
characterization was carried out in order to support determination of canister-relevant material
susceptibility to CISCC. Investigations focused on development of the microstructure in and around the
weld, including the HAZ, and the factors that contribute to the changes in residual stress and local
microstructure. These factors include potential sensitization due to elemental microsegregation in the
weld and HAZ and/or new microstructural formation (grain size, delta ferrite, etc.) (de Lima-Neto et al.,
2008), the degree of work hardening due to weld shrinkage (hardness o work hardening) (Milad et al.,
2008), and residual stresses (Murugan et al., 2001). The focus on these factors is due to their likely
detrimental impact with respect to corrosion and CISCC resistance of the material (Angeliu et al., 2000;
de Lima-Neto et al., 2008; Enos and Bryan, 2016b; Milad et al., 2008; Mirshekari et al., 2014; Murugan
et al., 2001; Nikitin and Besel, 2008; Phillips, 2016; Prevey et al., 1996; Singh and Shahi, 2018;
Unnikrishnan et al., 2014).
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Figure 117. (a) Cross-sectional weld schematic representing a re-welded defect region using the
gas tungsten arc welding technique. (b) The full-scale mock storage container manufactured at
Ranor.(Enos and Bryan, 2016b)

3.4.1  Factors Influencing the Weld Microstructure

Sensitization of SS occurs during heating of material through a specific temperature range, typically 400-
800°C (de Lima-Neto et al., 2008). Within this temperature range, the diffusion of chromium initiates
and allows for the precipitation of chromium carbides, M23Cs (Where M is Cr), to take place at the grain
boundaries (gh) (Willis, 1990). Precipitation of these carbides along the gbs depletes the nearby
surrounding matrix of Cr, thus lowering the corrosion resistance of the passive layer in the near-gb
regions (Mirshekari et al., 2014). This high temperature range is commonly achieved in welding
processes such as arc welding, applied on the SS canisters. The SS material is susceptible to sensitization
in the weld and heat affected zone (HAZ) and the degree of this sensitization depends on the specific
input parameters. However, lower C content materials, such as SS304L, of which the canisters are made,
can alleviate concerns of carbide precipitation, thus reducing susceptibility to sensitization. In addition to
sensitization, Mishekari et. al (2014), showed that different cooling rates dictated the formation of ferrite
and austenite (y) in the weld and HAZ. During the cooling process, it was observed that the primary 6-
ferrite solidifies first in the fusion zone, followed by the § — y transformation. Withthe § — y
transformation being a diffusion-controlled process, there is insufficient time to complete the phase
transition under the fast-cooling rates of the GTAW process (Mirshekari et al., 2014). It has been
observed that a skeletal 5-ferrite morphology is formed during slow cooling rates, where austenite
consumes ferrite until ferrite is sufficiently enriched in ferrite-promoting elements (Cr) and depleted in
austenite-promoting elements (Ni) that are stable at lower temperatures where diffusion is limited.
However, when the cooling rates were sufficiently high, a lathy 3-ferrite morphology was formed. This
lathy morphology phase forms due to restricted diffusion during the ferrite—austenite transformation. It
was shown that the enhanced chloride sensitivity of the HAZ in stainless steel specimens after repeated
welding is due to the transformation of the original ferrite phases in the austenite matrix into a fine
distribution of short ferrite precipitates (Garcia et al., 2008; Kokawa et al., 2000; Lin et al., 1995; Martins
et al., 2004; Palumbo and Aust, 1990; Srinivasana and Kumar, 2009; Stoenescu et al., 2007). Since these
short ferrite precipitates are susceptible to corrosion, Cl~ ions will preferentially attack these small ferrite
phases and lower the overall corrosion resistance of the material (Lin et al., 2012).

During the welding process, the base and weld material undergo work hardening due to weld shrinkage.
When the SS material begins to cool, weld shrinkage occurs during the solidification of the metal in the
weld fusion zone (FZ) (Enos and Bryan, 2016b). In order to ensure that there is minimal deformation that
occurs, the SS material is cold worked prior to welding. When cold working, plastic deformation occurs
which in turn can increase the stress resistance of the SS material (Milad et al., 2008). However, this
property can also exacerbate the effects of sensitization when exposed at higher temperatures. Shah et al.
(1990), found that the degree of cold work prior to annealing impacted the SS material. Samples that
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were cold worked at 5% and annealed at 400 °C demonstrated no sensitization. However, for 304 SS
samples cold worked at 10%, 20%, and 30%, sensitization occurred as low as 400 °C. This implies that
the degree of cold work greatly impacts the sensitization temperature. Shah found that cold work can
induce low temperature sensitization susceptibility even if carbide nuclei are absent. With cold working,
it is kinetically feasible for precipitation and growth of chromium carbides at the grain boundaries to
occur without the introduction of high temperatures due to an increase in dislocation density which, in
turn, causes an increase in diffusion rates for Cr. This may play a significant role for multi-pass welds
(relevant to canister construction), because even though the high temperatures necessary for Cr diffusion
may not be achieved, the cold work due to work hardening from weld shrinkage could lead to lower
temperature sensitization.

During the welding process, as mentioned, the SS material undergoes thermal expansion, followed by
rapid cooling, which can lead not only to work hardening, but to residual stresses within the weld and
HAZ. Residual stresses not only affect the fatigue life of the material but can also decrease the overall
corrosion resistance (Unnikrishnan et al., 2014). As described above, the weld process and parameters
greatly impact the properties of the SS material. Murugan et al (Murugan et al., 2001) showed that the
first weld pass on SS material resulted in residual stresses, with the peak tensile stress on the root side
(base) of the weld. However, the peak tensile stress on the root side will be reduced with increasing the
number of passes in stainless steel. With the additional weld passes, the temperatures seen by the top
surface increased, leading to progressively higher residual stresses at the top surface and redistribution of
residual stresses in the weld pad (Murugan et al., 2001). Another example from Unnikrishnan et al.
(Unnikrishnan et al., 2014) discussed the impact of residual stresses after welding 304L SS at different
heat inputs. It was shown that residual stresses were tensile near the weld region that saw the highest heat
input (0.85 kJ/mm) and were compressive in regions of the lowest heat input (0.58 kJ/mm). Overall, it
was observed if tensile residual stresses remain in the SS material, the material displayed increased
susceptibility to CISCC (Murugan et al., 2001).

Sensitization, the degree of work hardening due to weld shrinkage, and residual stresses are the main
factors that contribute to the potential lowering of corrosion and SCC resistance in welded SS material.
Understanding the specific microstructural behavior of a weld can lead to developing strategies and
solutions to counter these detrimental impacts to the weld microstructure, which will in turn, lead to
improvement of DCSS’s lifetime and decrease the risk of exposure due to SCC.

3.4.2 Canister Mockup Welds

The welds investigated herein are from the SNL Canister mockup detailed in “Final Report:
Characterization of Canister Mockup Weld Residual Stresses”; a summary of the welding procedures is
provided in that document (Enos and Bryan, 2016b). The design schematic of the canister mockup can be
seen in Figure 117-b. Three plates are cold formed into a cylinder and then is welded using a single
longitudinal weld to form a closed cylinder. The dimensions of an individual cylindrical shell are 48
inches in length, 67.2 inches in diameter, and 5/8 inches thick. All three cylinders were then welded
together using two circumferential welds to form a single large cylinder, 12 feet in length. Each
cylindrical shell is made of dual-certified 304/304L SS. The weld filler metal used was 308L SS. The
compositions of the 304/304L SS plates and the 308L SS filler material are given in Table 27.

Table 28 shows the parameters for the multi-pass submerged-arc welding (SAW) process. Before each
weld, a 30-degree bevel with a quarter inch land was used. The inner diameter was welded first, followed
by the outer diameter. Each inner-diameter weld consisted of three passes, and each outer-diameter weld
was made with four, with one exception (the exception had 5 passes on the outer diameter).
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Table 27. Composition of 304L Plate and 308L Filler Metal Used to Construct Mockup.
C Co Cr Cu Mn Mo N Ni P S Si
Plate
Material 0.0223 0.1865 181 0.4225 1.7125 0.318 0.0787 8.027 0.0305 0.0023 0.255
(304/304L)
ggé?_) (Iiit')'er 0014 - 1966 016 17 011 0058 956 0025 001  0.39
Weld Filler
(308L) (lot2) ~ 0.012 -- 19.71  0.192 1.73 0071 0053 975 0.024 0.012 0.368
Table 28. Example of Weld Parameters for One Longitudinal and Horizontal Weld.
Interpass Travel Speed Heat Input
temperature Amperage Voltage (IPM) (J/in)
Longitudinal Weld Joint
1(WJ-1)
ID-Pass 1 74 400 30 15.4 46753
ID - Pass 2 199 400 30 15.42 46755
ID - Pass 3 214 400 30 15.4 46753
OD-Pass 1 69 400 30 15.16 474493
OD -Pass 2 104 400 30 15.16 474493
OD - Pass 3 110 400 30 15.16 474493
OD-Pass 4 177 400 30 15.16 474493
Horizontal Weld Joint 4
(Wi-4)
ID - Pass 1 70 400 30 164 43902
ID - Pass 2 199 400 30 16.4 43902
ID - Pass 3 214 400 30 164 43902
OD-Pass1 74 400 30 15.8 45454
OD - Pass 2 85 400 30 15.8 45454
OD-Pass 3 110 400 30 15.8 45454
OD -Pass 4 88 400 30 15.8 45454
OD-Pass5 97 400 30 15.8 45454

It has been indicated that repairs are necessary at regions along the welds where the nondestructive testing
indicated that the weld did not conform to the criteria of the ASME code which addresses the rules for
construction of nuclear facility components and supports (ASME B&PVC Section 111, Division 1, Subsection
NB). Repair regions have been identified by numerous researchers as having dramatically elevated residual
stresses when compared to unrepaired portions of a weld (Bouchard et al., 2005; Dong et al., 2005; Dong
et al., 2002; Elcoate et al., 2005; George and Smith, 2005; Hossain et al., 2011; Hossain et al., 2006).
During fabrication of the mockup, all the welds were subjected to a full radiographic inspection, and no
indications requiring repair were found. As the primary purpose of the mockup was to measure weld
residual stresses, weld repair regions were of great interest. For that reason, two simulated weld repairs

were added.
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The base material used for all experimental procedures was dual certified 304/304L SS cut from weld
sections of the mockup canister. Samples with dimensions of 76.2 x 12.7 x 15.9 mm, were waterjet cut
from the circumferential and longitudinal weld plates (Figure 118). The chemical composition of the SS
material is shown in Table 27.

a)

~ Horizontal Weld

Figure 118. (a) Weld section 13-A from the horizontal weld. (b) Weld section 31-O from the
longitudinal weld. Both sample insets are labeled 1 and 2; where region 1 is the measured region
from the weld and 2 is the measured region from the HAZ for DLEPR testing.

3.43 Mockup Weld Characterization

In order to understand the weld metal properties, the weld and HAZ regions were evaluated for possible
sensitization, increased hardness, and changes in microstructure, which can all affect corrosion properties.
The applied methods include the double loop electrochemical potentiodynamic reactivation (DLEPR)
tests (ASTM International, 2015c), microstructural etching, SEM combined with electron backscatter
diffraction (EBSD), microhardness mapping, and surface stress measurements (center hole drilling).

3431 Sensitization - Double Loop Electrochemical Potentiodynamic Reactivation
Tests

The DLEPR technique, for evaluation of possible sensitization in and near the weld, was performed in
accordance to ASTM G108-94.(ASTM International, 2015c). All samples were ground to a 1200 grit SiC
finish then cleaned in ethanol and soapy water respectively, followed by a DI water rinse. The samples
were epoxy-mounted with the region of interest exposed in a standard three electrode horizontal flat cell,
with a Pt mesh counter electrode and an Ag/AgCl electrode as the reference. The testing solution used
was reagent grade sulfuric acid (H.SO.) and potassium thiocyanate (KSCN) in reagent-grade water as
follows: 1 L of 0.5 M H,SO4 + 0.01 M KSCN. The potentiostat was set to a 0.1667 mV/s scan rate with
an initial applied voltage of -200 mV versus the open circuit potential (OCP), then scanned up to 0.3
Vagiager, and reversed down to -0.5Vagagel.

To determine sensitization, the following ratio was examined (International Standard 1SO, 2006). The
peak current for the reactivation scan (I,.) and for the activation scan (/) were measured (as noted on
Figure 119-a for the weld polarization) and the ratio taken as:

Q

Degree of Sensitization =
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After obtaining values for the degree of sensitization, ;—r the following table was used to determine the

level of sensitization (Table 29). The threshold for sensitization to occur is a ratio above 0.01, indicating
that the measured region exhibits microstructure that has been sensitized.

Table 29. Correlation of I,/la with the degree of sensitization

Ir value General Interpretation of the degree of sensitization

a

< 0.010 Unsensitized
0.01t0 0.05 Slightly sensitized (might pass Streicher, Strauss and Huey tests)

> 0.05 Sensitized (could pass Streicher, Strauss and Huey tests)

In FY20, two regions from the horizontal and longitudinal welds were examined; one in the weld and one
in the HAZ. In example polarization scans from the longitudinal weld (Figure 119-a) and images below,
the region in the HAZ (Figure 119-b), demonstrated an extremely low Ir/l, ratio of 6.6 x 10-°, which
indicated the region was unsensitized. This may be in part due to the low C content (0.0223 wt%) of the
dual-certified SS304/SS304L. The region in the weld (Figure 119-c) demonstrated a value that is above
the threshold for sensitization ratio (0.102). However, it was determined that the measured value was
enhanced by the dissolution of delta ferrite; based on the morphology of the attack in the weld region
following polarization (and subsequent comparison to microstructural characterization in the following
sections), where the preferential dissolution appears to occur along regions where 3-ferrite had
precipitated. In FY21, continued DLEPR testing will be conducted on all regions of the samples in order
to further evaluate the potential sensitization of both the horizontal and longitudinal welds.

b)
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Figure 119. (a) DLEPR Potentiodynamic polarization for the longitudinal weld and HAZ regions. (b)
optical micrograph of region 2, primarily the HAZ and (c) region 1, primarily weld.

3.4.3.2 Microstructural Characterization - Optical

Microstructural evaluation of the horizontal and longitudinal welds via optical microscopy was performed
on etched samples to observe the weld and HAZ regions (Figure 120). Samples were etched in a 60/40
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ratio of HNO3/H0O solution at an applied voltage of 2 V for 10 seconds to expose the underlying
microstructure. There exists a notable difference between the weld (Figure 120-b, ¢) and the near-weld
edge (Figure 120-d) which begins to display microstructure more similar to that further into the base
material (Figure 120-e). Within the weld, there is an oriented structure, with elongated dendritic grains.
Further into the material, in the HAZ and far from the weld, an equiaxed grain structure is observed.

a)

Figure 120. Optical micrographs of horizontal weld section 13-A (post-etch) with (a) large
overview and (b)-(e) insets of indicated regions.
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3.4.3.3 Microstructural Characterization - Scanning Electron Microscopy Combined
with Electron Backscatter Diffraction

Further characterization of the weld and near weld microstructure was performed through SEM and
EBSD. These micrographs were collected using a Zeiss Supra 55-VP field emission SEM equipped with
a Symmetry EBSD detector with an accelerating voltage was 15 kV. The step size used for EBSD was 50
nm unless stated otherwise.

ra% T A

Figure 121. a) EBSD of horizontal weld section 13-A with insets of EBSD and corresponding
phase contrast map in which blue represented FCC phases and red, BCC phases, of regions b)
within the weld, ¢) at the weld edge, and d) the HAZ.

EBSD revealed similar morphology to the optical micrographs; within the weld interface there were
larger, elongated grains while outside of the weld were smaller equiaxed grains. In Figure 121-b, a
higher-resolution grain orientation map and phase contrast map, display the BCC phases within the weld,
likely o-ferrite, precipitated along the gbs. However, at the weld interface and outside of the weld in the
HAZ (Figure 121-c, d), BCC phases that were present that were more likely martensitic regions. It is
believed these were formed due to polishing procedures and were not fully removed by the
electrochemical etch. However, re-evaluation of the phase contrast maps, including more controlled
electropolishing, will occur in FY21to determine the true BCC phase distribution in the near weld region.
While EBSD indicated the presence of delta ferrite within the weld, further microstructural analysis
combined with DLEPR testing in FY21 will determine potential sensitization affects not apparent in
EBSD.
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3.4.34 Cold Work and Residual Stress Evaluation — Vickers Hardness and Center Hole
Drilling

In addition to microstructural evaluation, the microhardness of the weld samples was measured to obtain a
better understanding of the level of cold work that occurred within the weld and HAZ. Vickers
microhardness measurements were taken using a 0.2 kg load and a 40X objective. Maps were acquired
with the topmost row spaced at 3d, then 60 indents spaced at 10d, where d is the diameter of the indent
(Figure 122-a).

a)

Base Metal
~1728

Figure 122. (a) Map of microhardness indentations used for mapping Vickers hardness across
horizontal weld section and (b) overlay of Vickers hardness measurements with average values
for the weld, HAZ, and base metal.

The Vickers microhardness measurements of the horizontal weld sample displayed an increased hardness
within the weld that dropped with distance away from the centerline into the base metal (Figure 122-b).
A second set of measurements was taken on the base metal far from the weld and average values reported
herein. The average microhardness was the highest in the weld region at 222.81 HV, decreasing to
203.98 HV in the HAZ, and to 172.8 HV in the base metal. Microhardness can be an indication of the
average tensile stress of the material.(Milad et al., 2008; Nikitin and Besel, 2008) A correlative trend
between the average tensile strength in MPa to the average hardness in HV was established for SS304L
by Milad et. al (Milad et al., 2008). If one were to apply a similar trend here, the average tensile strength
values could be estimated across the weld. From comparison to Milad’s correlation; the average tensile
strength in the weld region was the highest at roughly 668 MPa, decreased in the HAZ to roughly 612
MPa, and was lowest in the base metal region at about 518 MPa. While these high tensile strength values
likely do not indicate the true tensile strength of the 304L material measured here, as this relationship was
not derived for this specific lot of material, they do present a method to evaluate potential changes of cold
work across the material. From comparison of the average yield strength values to Milad’s study, the
weld region examined here exhibits roughly 10% higher cold work than the surrounding base material.
This change in cold work could greatly affect subsequent resistance of the material to corrosion and SCC,
as previously described, and can be applied as a parameter for investigation in crack growth rate studies.

Finally, with respect to weld characterization of the mockup canister welds, center hole drilling
measurements were taken to determine the residual stresses in the near surface region and with depth into
the plate around the weld. However, to take accurate measurements of residual stresses due to welding,
rather than small weld sections, a large weld plate (roughly 2’ by 2") was measured to avoid relaxation of
the stresses. As the plate retained curvature from the canister formation, this somewhat complicated the
traditional mounting procedures, and the plate was instead mounted to an optical table as shown in Figure
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123 to assure sufficient rigidity for center hole drilling. Additionally, this allowed for indexing of the
plate by shifting it either in the vertical or horizontal direction around the weld, as shown in the inset in
Figure 123-b. The material parameters applied to calculate the residual stress for the SS304L were a
Young’s Modulus of 198 GPa and a Poisson ratio of 0.3. A hole diameter of 1.575 mm was drilled at
multiple depths, with steps of 0.043 mm to a depth of 0.6 mm (14 steps). This theoretically allows the
stress to be calculated at different depths but may result in large errors. Variation in measurements from
different depths are provided to observe general trends and minimize interpretation of potential errors.

N 5

Figure 123. Center hole drilling mounting configuration for horizontal weld plate at SNL (a)
front view and (b) back view with indexing inset.

Figure 124-a provides the average stress measurement for two drill depths; the blue curve is the average
stress to a depth of 0.6 mm, while the red curve is at the surface down to a depth of 0.042 mm. As can be
seen, the stress at the surface is generally negative (indicative of compressive stresses), while the average
stress down to a depth of 0.6 mm is typically positive (tensile) in value. These values generally agree
with the results of the stress profile over the entire drill depth in Figure 124-b. In Figure 124-b results are
arranged by “near weld”, “HAZ”, and “far from weld” regions. Again, for all holes in the near surface
area, stresses appear to be compressive, but with depth, tend to be more tensile. Continued study, with
potentially enhanced resolution for center hole drilling will be pursued in FY21 to better establish the near
surface residual stresses. Determination of near-surface residual stresses is significant as these can either
minimize, in the case of compressive stresses, or exacerbate, as in the case of tensile stresses, the
corrosion damage and pit growth on the canister. Additionally, the type and magnitude of residual
stresses could also influence the pit to crack transition by governing the depth a pit need to achieve to
initiate SCC. Therefore, continued efforts in FY21 will focus on further evaluation of these stresses
including application of potentially higher resolution systems.
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Figure 124. (a) Center hole drilling # vs. residual stress, Sig XX (MPa), measured at two drill
depths 0.042mm and 0.6m and (b) Residual Stress, Sig XX (MPa) vs drill depth (mm) for drilled
holes grouped by “near weld”, “HAZ” and “far from weld”.

3.5 Big Plate and 4-Point Bend Exposure Tests

In FY20, post-exposure analyses of SCC from the exposure tests involving the large mock-up canister
plates and a large 4-point bent witness specimen were completed. In FY18, and summarized in detail in
FY19, the effects of material characteristics and mechanical environment (microstructure, composition,
residual stress) on the distribution of pitting damage and rates, the conditions for pit-to-crack transition,
and crack growth rates under canister-relevant conditions were evaluated (Bryan and Schindelholz,
2018b; Schaller et al., 2019). The goal of these large-scale exposure tests was to:

o Determine the importance of canister stress levels as a parameter in pitting susceptibility.

e Determine crack initiation and growth rate behavior in canister relevant materials and stress
conditions.

To achieve these, exposures of large canister mock-up plates (containing welded regions) and a large 4-
point bend specimen in an aggressive corrosion environment were carried out. These provided post-
mortem information regarding pitting and potential SCC in canister relevant exposures as well as
information regarding the location and orientation of SCC cracks with respect to welded regions. The
determination of SCC susceptibility spatially with respect to different canister regions will aid in
performing canister surface inspection during ISFSI site aging management programs. The conditions of
the exposure test in FY19 were a 12-month exposure at 80 °C and 35 % RH of canister mock-up plates
and large 4-point bends coated with ~10 g/m? of MgCl, (initially ~2g/m? then an additional ~8 g/m? were
added). The salt was deposited uniformly across the sample surfaces using a custom salt fog chamber.
Samples exposed under these conditions included, i) a weld intersection, ii) a circumferential weld, iii) a
longitudinal weld, and iv) a 4-point bend witness specimen (subject to the same stress levels as the weld
regions of the mock-up plates). There was also one additional circumferential weld mock-up plate sample
that was exposed to a potassium tetrathionate solution for 6 months (3 months at room temperature and 3
months at 40 °C). Potassium tetrathionate is an extremely aggressive environment and therefore this
experiment sought to force the plate to crack in order to determine the location and orientation of SCC
that may form in the canister weld regions. Additional details of the experimental methods are described
in the FY19 report (Schaller et al., 2019).
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3.5.1 Summary of Results from FY19

The longitudinal weld was evaluated in FY 19 after 8-months of exposure. It is significant to note that
post exposure, the surface was heavily corroded, but the brine had completely dried. This brine dryout of
MgCl,, was likely due to degassing and brine conversion to Mg-carbonate or hydroxychloride phases
and/or to reactions with corrosion products. Loose corrosion products were brushed off after 8 months
and analyzed by SEM/EDS and XRD. The remaining samples were removed from the environmental
exposure chamber at 12-months. All samples were heavily corroded and entirely dry. Again, the
corrosion products were brushed off the surface and collected for analysis by SEM/EDS and XRD.

SEM/EDS and XRD analyses of corrosion products from the surface showed the presence of iron-rich
loose whisker-like products as well as salt crystals. There were distinct regions of Mg-rich particles as
well as Fe-rich corrosion products. Spot analyses and EDS maps of the Mg-rich regions demonstrated the
presence of magnesium hydroxychloride phases—which were identified by regions rich in Mg and O, but
depleted in Cl. The Mg-hydroxychloride phase could not be confirmed through XRD, however its
presence is likely the 2-1-4 phase based upon the environmental conditions (See Section 2.3.2) and
previous experimental observations (Bryan and Schindelholz, 2018b; Schaller et al., 2019). This is one
possible explanation for brine dryout as the precipitated magnesium hydroxychloride phases have a
higher deliguescence RH than bischofite and higher than the exposure conditions (35 %RH). Another
potential explanation for brine dryout comes from analysis of the Fe-rich regions. In these Fe-rich
regions the primary phases were Fe-oxides, which XRD analysis showed included akageneite
(Fe®*76Ni0.4064(OH)o 7Cl13). Akageneite can contain up to 6% chloride and lead to potential gettering of
Cl~from the brine, leading to brine dryout.

Following the corrosion product analysis, samples were cleaned using the ASTM G1 standard method
(0.66 M diammonium citrate bath), along with additional cleaning in concentrated nitric acid to remove
strongly adhering corrosion products on the surfaces to prepare for non-destructive evaluation (NDE).
NDE tests, including dye penetrate, eddy current, and phased array tests were performed to identify the
location and orientation of any SCC cracks that formed during exposure.

3.5.2 Post-Exposure Analysis for SCC

NDE tests were performed on each of the samples to evaluate the presence, location, and orientation of
SCC cracks that formed during a 12 month exposure at 80 °C and 35% RH (circumferential weld,
longitudinal weld, 4 point bend specimen) and potassium tetrathionate exposure (circumferential weld).

3.5.21 Fluorescent Dye Penetrant Testing

For fluorescent dye penetrant testing, “Method C” was performed. In this method, a Level 111 fluorescent
penetrant was strategically applied over the entire weld face and heat-affected zone and allowed to dwell
on the parts for 30 minutes. The excess penetrant was wiped away using dry wipes, then a nonaqueous
developer was applied and allowed to dwell for 15 minutes. The parts were inspected in a darkened room
using a black-light to visually inspect for surface breaking defects. While no indications were found on
the mock-up plate samples, the 4-point bend test specimen showed multiple crack indications, all located
along the edges of the specimen (Figure 125) Post inspection, the parts were cleaned once again with the
nonaqueous solvent to prepare for subsequent NDE testing. A summary of the analysis is presented in
Table 30.

One limitation of dye penetrant testing is that it is possible that cracks are present in the mockup weld
samples but remain filled with corrosion products (even post cleaning), and hence did not absorb the dye
during dye penetrant testing. To assess this, the plates were analyzed further by eddy current/ultrasound
testing.
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Table 30. Dye penetrant inspected specimen and the noted indications.

Part Inspected Exposure Crack Notes
indications
Circumferential 3 % potassium No
weld tetrathionate, pH=1
Circumferential 80°C,35%RH No
weld
Longitudinal 80 °C, 35 % RH No High background due to corroded
Weld surface
4-point Bend 80 °C, 35% RH Yes
Specimen

Side A

Side B

Figure 125. Photographs of the 4-point bend specimen under an ultraviolet light. Side A images
show a series of cracks on one edge of the 4-point bend specimen, displaying one large crack and
several smaller cracks. Side B shows the presence of small cracks.

3.5.2.2 Eddy Current and Ultrasonic Phased Array Testing

Ultrasonic phase array (UT) and eddy current array testing were performed to identify SCC cracks on the
surface of the mock-up plates. This was performed in addition to dye penetrant testing as these
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techniques have a greater degree of sensitivity and can detect a crack even in the presence of corrosion
product — unlike the previously described dye penetrant testing.

UT consists of many small ultrasonic transducers that can be pulsed independently. Through the
variability in the timing of the pulse, a pattern of constructive interference is achieved that results in
radiating a quasi-plane ultra-sonic beam at a set angle. By this process, UT can probe the surface and
identify SCC cracks and other surface defects. UT was performed using an Olympus Omniscan MX2
equipped with a 5L 16A10 probe with a SA10-N4SS wedge and an Olympus encoder (Figure 126). The
resolution was 12 steps per mm. UT data was recorded using the Omniscan’s MXU software and
evaluated with OmnilPC. All inspections were performed from left to right on the top and bottom sides
of the plates using four different probe offsets each (Figure 127). The inspection frequency was 5 MHz
with a sectoral beam from 40° to 70° (Figure 128).

Figure 126. Photos of the ultrasonic phase array setup.

For scans from top surface For scans from bottom surface

Weld

|.D.
Number ——

Figure 127. Schematic showing the analysis direction.



SNF Interim Storage Canister Corrosion and Surface Environment Investigations
166 November 11, 2020

i, 2 ~ ; -

Offset 1, 1‘”5” OffsetKZV, 7(-)7.75"

R R

Offset3, -0.75” Offset4, -1.5”

Figure 128. Schematic of each of the scanning offset positions from the center line of the weld for
UT inspections. This process was repeated on the tops and bottom sides of the plate to ensure
adequate coverage of the weld.

Eddy current array testing drives an array of coils, which are arranged in a specific pattern, to generate a
surface profile to target SCC cracks and other surface defects. Eddy current array was performed with an
Olympus Omniscan MX instrument, an Olympus R/D tech SBB-051-150-032 probe with an Olympus
Gilder encoder (Figure 129). Data was collected with the Omniscan MXE software, and scans were
performed from left to right on both the top and bottom side of the plate using four probes at each
position (Figure 127). The inspection frequency was set to 150 kHz.

Figure 129. Photos of the Eddy Current Array Setup.

The results of UT and eddy current array are shown in Figure 130 and Figure 131. Overall, the UT results
showed few surface indications. The indications that were observed with UT are shown in Figure 130; in
the circumferential weld, exposed to 80 °C, 35 % RH for 12 months, an indication wa present that
potentially resembled a crack. However, upon visual inspection, that indication is a result from the
difference in the surface finish of the metal (Figure 130); no additional evidence suggested that a crack
had formed. The second indication found by UT was on the circumferential weld mockup plate that
underwent the potassium tetrathionate exposure. Again, upon visual inspection, the indication was clearly
not a crack, but a weld mark from manufacturing (Figure 130).
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Figure 130. Phased array analysis of a mock-up plate samples. Showing the circumferential
welds exposed to 80 C, 35 % RH and potassium tetrathionate. Images at right correspond to
indications from UT; suggest indications are results from manufacturing processes.

Similar to UT results, the eddy current array results showed the presence a few flaw indications. In both
circumferential weld samples, no indications were seen near the weld nor on the weld (Figure 131). One
flaw indication was observed in the longitudinal weld mock-up plate near the heat-affected zone of the
weld, however upon visual inspection this was most likely caused from a manufacturing process and not
by the formation of an SCC crack (Figure 131).
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Figure 131. Eddy current array analysis of the circumferential and longitudinal weld mock-up
plates after exposure to 80 °C, 35 %RH for 12 months showing no flaw indications in the
circumferential weld and possible indications, likely from manufacturing defects, in the

longitudinal weld.

3.5.3 Conclusions and Follow-on Analyses

The primary goal of the large plate tests was to provide a better understanding of the location and
orientation of SCC cracks that form as a result of exposure to an aggressive environment (either 80 °C
and 35 % RH, or potassium tetrathionate at 40 °C). While an improved understanding of the factors that
lead to brine dry-out — including the formation of Mg-hydroxychloride phases (specifically the 2-1-4
phase) and reactions with corrosion products (to form akageneite) — was gained, no observation of SCC
from NDE analyses was obtained. There are a few hypotheses as to why cracks may not have been
evident; i) the brine dry out may have stifled pit-to-crack transitions from occurring; ii) the stresses in the
material may have been altered (reduced) when the plates were cut from the mock-up canister.
Alternatively, SCC may have been inhibited because the shallow compressive stresses imparted to the
metal by the grinding of the weld, as indicated by the center hole stress measurements discussed in
Section 3.4.3.4. As a follow-on, samples were sectioned into smaller specimens for a detailed analysis by
EBSD to evaluate the microstructure of the base and weld metal regions (results were provided in Section
3.4 of this report).
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4. SCC Crack Growth

One of the primary goals of this research is to determine how SCC susceptibility is affected by the

atmospheric exposure environment. Specifically, how are the crack growth rate (%) and threshold stress

intensity for SCC (K;scc¢) effected by ISFSI-relevant atmospheric conditions? As there is currently very
limited data in the literature on crack growth rates (CGR) for SS304L, let alone atmospheric cracking data
pertinent to ISFSI sites, so there remains much work to pursue in this area. One of the main goals of the
Sandia-led effort in FY 20 and continued in FY21, is to determine the relationship between the
environmental conditions, the cathodic kinetics, and the subsequent control of the crack initiation and
crack growth. Knowledge of this will enable better prediction of the occurrence and rate of SCC cracking
and identification of deleterious factors, potentially leading to new mitigation strategies.

4.1 Introduction

The primary goal of this research effort is to determine crack growth rate (CGR) is influenced by
atmospheric conditions at ISFSIs for SNF interim storage containers. SNF canisters are fabricated from a
very common stainless-steel alloy (304L or UNS S30403), yet an understanding of its performance in
long-term storage conditions is lacking. CISCC is possible in many alloys and occurs when the required
conditions are present, including tensile stresses (such as residual stresses found after welding), a
corrosive environment, and a susceptible material. Several other factors such as cold work or surface
finish can magnify or intensify CISCC. Efforts to characterize residual stresses and corrosion behavior of
areas localized around the welded regions in SNF canisters have yielded a better understanding of the
conditions that may give rise to CISCC in interim storage environments (Bryan and Enos, 2016; Enos and
Bryan, 2016a). The surface conditions in salt-enabled deliquesced environments have also been
studied(Enos and Bryan). While these efforts provide insight into SCC initiation through the dependence
of pitting on environment and material, thus informing pit-to-crack transition, a better understanding of
the dependence of CGR on environmental factors is necessary for more accurate lifetime predictions.
Very little data on high fidelity CGR characterization of SS304L is available in literature (Bryan and
Enos, 2016), especially high fidelity CGR determination in atmospheric conditions such as those to which
SNF canisters are exposed. With this in mind, the focus during FY20 has been developing the capability
to measure crack growth rates in relevant conditions for SS304L at SNL. A detailed description of the
SNL CGR testing setup is provided in the subsequent sections along with a summary of initial testing
completed during FY20.

4.1.1 Testing Capabilities

CISCC research at Sandia has been primarily focused on establishing an adaptable, parallelized testing
facility. Four electromechanical CISCC testing frames and cells were procured from Det Norske Veritas
Group (DNV-GL) in FY20. Three of the cells were setup in a specially outfitted half-size intermodal
transportation container while the fourth was installed in the basement of an SNL building (Q2 FY20).
Currently, efforts are underway to consolidate all CISCC test capabilities near the fourth test cell in the
basement of an SNL building (by Q1 FY21). The cells feature a maximum load of 15,000 Ibs and large
volume (2-3 liter), temperature-controlled gas/liquid sealed immersion cells (Figure 132). Three of the
frames are positioned in the vertical direction (force is applied normal to the floor) and one frame is in the
horizontal direction (force is applied parallel to the floor)shown in Figure 133. The fourth frame
orientation in the horizontal direction will allow for investigation free of potential gravitational effects,
which may be beneficial to testing in various atmospheric scenarios; including salt printing and exposure
to a humid environment, where control of a thin water layer is crucial. High fidelity crack size
measurements are made in-situ via a direct current potential drop (DCPD) system comprising of a
precision nanovolt meter and a precision alternating current source as is common in the literature.

Environmental control is achieved using an inline exposure chamber shown in Figure 132. The DCPD
connections, reference electrode (saturated calomel electrode) and thermocouple, are inserted through
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holes in the top flange while gas connections and fill/drain connections for fluid solutions are plumbed to
the bottom flange. The loading shafts are sealed using %4” plastic compression fittings. The solution is
heated above room temperature using a flexible adhesive-backed heating plate attached to the outside of
the cylindrical exposure chamber. The multiple ports available also allow for solution to flow from an
external reservoir. Components of the frame that are in contact with the test environment (loading clevis’,
cell walls, electrodes, fittings, etc.) are all made from corrosion resistant materials such as Hastelloy C-
276 or perfluoroalkoxy (PFA) alkane plastic. The sample is electrically isolated from the rest of the
frame and the loading clevis’ by ceramic-coated steel loading pins.
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Figure 132. Cross-Sectional view of DNV-GL designed environmental exposure chamber with
example of fully-immersed CT specimen.
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Figure 133. Load Frames in a.) Horizontal and b.) Vertical Orientation
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4.2 DCPD Measurement

A schematic of the DCPD set-up is shown in Figure 134. In general, a current is passed through the
specimen and the voltage across the crack mouth is measured. This voltage is further converted to crack
length. The locations of the current and voltage probes are seen in Figure 134. In addition to these
probes, reference voltage probes are used to compensate for any variations in material resistivity that may
not be due to crack growth (i.e. fluctuations in temperature) and are placed on the posterior side of the
specimen. Finally, one additional wire is welded to the sample in order to measure the open circuit
corrosion potential (OCP) during the experiment with respect to a reference electrode (typically
silver/silver chloride, VAg/AQCI). Reference probes will be placed approximately in the same location, it
will be ensured that the potential value is stable before testing (Tong, 2001). The attachment points and
the wires must be isolated from the testing environment to prevent them from providing stray currents or
corroding, potentially contributing ions and influencing the result of the test. This is achieved by using
polytetrafluoroethylene (PTFE) or PFA polymer-insulated wire and covering any exposed wire at or near
the attachment points with high-strength, yet flexible 2-part epoxy. Efforts to improve the test setup
hinge on the ability to weld the electrodes mentioned previously ex-situ. Currently, low-gauge solid
platinum wires are being used but investigations into the use of stranded and solid copper wires are also in
progress and are nearly complete (Q4 FY20 to Q1 FY21).

As mentioned previously, the DCPD system is comprised of a precision alternating-current power supply
(in current-control mode) and a nanovolt/microohm meter. When wired as shown in Figure 134, the
nanovolt meter allows resolution of tiny changes in crack length (0.01 to 0.1 micrometers). The amount
of current passed through the sample during the test must be large enough to give sufficient voltage drop
(SNL uses 4 amps) across the sample to be resolved using the volt meter (such that the desired minimum
change in crack length is resolved by the voltage measurement), but not so large that sample heating or
electrolysis occur.
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Figure 134. Wiring diagram for compact tension specimens showing location of welded probes.

The Johnson equation (Chen et al.; Johnson, 1965) is used to calculate the crack length in a specimen
based on the real-time voltage drop across the crack mouth during a DCPD measurement. When the
initial crack length a, is known (initially assumed as the notch length), a baseline voltage U, can be

measured and used as reference condition for calculating the crack length based on the potential drop
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measurement, U. A simple analysis using the Johnson equation shows the importance of having a high
resolution on any voltage measurements. In the Johnson equation, a, the crack length, is given by:

2W -1 cosh(?—w)

a=—cCcoS
T U co
cosh[(u—o)cosh‘1 COS(

W)
where U is the potential drop measurement, y is half of the potential gauge span (4.445mm for CT
specimens) W is the specimen width, a is the initial crack length and U, is the initial potential drop
measurement.(Johnson, 1965) The ability to measure with a resolution of 10 nanovolts enables the
measurement of a crack length change of 0.16 micrometers. A resolution of 1 nanovolt enables the
measurement of a crack length change of 0.016 micrometers. The equipment procured by SNL from
DNV-GL has a resolution of 10 £ 0.5 nanovolts (resulting in 0.160 + 0.008 micrometer resolution), but is
also capable of a resolution of 1 nanovolt £+ 0.05 nanovolts (0.016 + 0.0008 micrometer resolution) with
increased averaging times. The manufacturer specifies a combined measurement accuracy within 0.005%
(0.002% of reading + 0.003% of the range) of the reading in the ImV instrument range over a 90-day
period (translates to 30 nanoVolts or 0.477 um for a typical DCPD reading near 800 uV) regardless of the
resolution. This means while it is possible to resolve a 1 nanovolt change in potential drop across the
sample (or a 0.016 um change in crack length) the reading is only accurate to within 0.477 um. Thus,
under constant-K scenarios, the crack length needs to extend past 0.477 um (4.78 x 10* mm).
Measurements during constant-K will be taken at 10 times this value (4.78 x 10 mm) to reduce influence
from noise. This analysis does not account for averaging, noise or other sources of uncertainty in the
measurement system but demonstrates the importance of having high-resolution/high-accuracy voltage
measurements in DCPD systems. During constant-K testing, the current growth rate is acquired roughly
every 30 s, if a value is outside of 10% of the average (taken as a rolling average), the value is ignored.

4.3 Test Plan
4.3.1 Materials & Properties

Basic material properties such as the Young’s modulus, Ultimate Tensile Strength (UTS), and the strain-
hardening coefficient will better characterize each material lot. The UTS, combined with the YS, will
enable calculation of more accurate local crack tip stresses. Pursuant to methods described later, these
properties were measured for each lot of material that is planned to be used for CGR experiments to
maximize the accuracy with which CGR measurements are taken. Using literature values for any of the
parameters would not be advisable as slight compositional changes can greatly affect material properties.
Material like plate #206972 in Table 31 was selected due to extremely low concentrations of sulfur while
plate #208866 was selected to represent a “dirty” SS304L alloy with elevated sulfur content. While the
alloys meet the composition requirements for SS304L according to ASTM A666-15 (ASTM
International, 2015a), the mechanical properties measured by the manufacturer are different than typical
SS304L. For example, on average the yield strength (YS in Table 31) for SNL procured materials is as
much as 55% higher than typical minimum literature values while the UTS is 38% higher.
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Table 31. Material lots for use in CGR studies and their respective mill certified mechanical

properties for SS304L.
Lot # Plate # Heat # Thickness | UTS YS Elong. | HRB
0.2% %
(KD | dcan (%)
n/a ASTM A666- n/a n/a 70 Min | 25 Min | 40 Min <92
15[8
1 213104 04E28V 1.499” 90.4 42.3 62.9 80.5
AA
2 213156 SD41059 1.57 86 35.1 61.3 7.7
3 206972 SD23822 1? 93.8 38.8 57.6 82.2
4 208866 863831 1 81.48 36.36 51.7 75
4.3.2 Composition

Plate chemical compositions (Table 32) of each of the lots of material were measured by the manufacturer
and provided on the specification sheet with tensile properties as shown previously. These composition
values will be confirmed in FY21 through further quantitative analysis.

Table 32. Plate chemical composition (wt%) as measured by manufacturer.

Chemical Composition (%) from Mill Spec, Fe Balance
Lot# Plate # C Mn P S Cr Ni Mo N Co | Cu Ti
ASTM
A666-15 | 0.03 0.8 2 0.045 | 0.03 | 18-20 | 0.05 0.1
[8]
1 213104 | 0.017 | 0.236 | 1.78 | 0.037 | 0.001 | 18.06 | 8.03 | 0.41 | 0.08 | 0.23 | 0.41
2 213156 | 0.020 | 0.38 | 1.64 | 0.031 | 0.007 | 18.18 | 8.06 | 0.1 | 0.071 | 0.21 | 0.33 | 0.003
3 206972 0.02 0.4 1.7 | 0.031 | 0.004 | 18.14 | 8.04 | 0.08 | 0.07 | 0.2 | 0.25 | 0.001
4 208866 0.01 04 14 | 0.025 | 0.023 | 18.28 | 8.16 | 0.27 | 0.07 | 0.14 | 0.34 | 0.003
433 Microstructure

EBSD was performed on samples from two lots from Table 31. Samples were collected in three planes
denoted in Figure 135 as longitudinal transverse (LT), short transverse (ST) and rolling direction (RD).
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Figure 135. Plate directions with respect to rolling direction (RD), short transverse (ST), and
longitudinal transverse (LT) directions.

4.3.4  General Mechanical Properties

Conventional tensile tests pursuant to ASTM E8 (ASTM international, 2016) (see Figure 136) will be
performed on tensile specimens cut from 17-1.25” thick plates of four lots of SS304L (see Table 31) and
one lot of SS316. Five specimens were cut from each plate and will be tested to failure on an MTS servo-
hydraulic load frame while measuring strain using a standard Digital Image Correlation (DIC) technique
and DCPD using similar methods to those discussed earlier. The purpose of these tests is twofold: to
procure precise tensile properties of each material lot, as well as characterizing the effective use of DCPD
to measure the elastic/plastic transition during tension. Previous studies have shown that DCPD can be
used to see the precise elastic/plastic transition more easily than strain measurement techniques like DIC
or extensometry alone (Lambourg et al., 2020). Lot specific material properties would allow for more
precise calculation of K-values during CGR tests through the direct measurement of strain hardening.

32 Twened
&

Figure 136. Conventional tensile test specimen conforming to ASTM E8 standard (ASTM
international, 2016).

4.4 Specimen Geometry
44,1 Compact Tension (CT)

Compact tension (CT) specimens were selected as the test geometry for CISCC tests at Sandia as they are
one of the more common geometries studied in literature for CGR measurements. CT specimens are
rectangular in cross-section and feature a series of notches designed to focus stress and ensure that planar
crack propagation occurs through the ligament of the sample(ASTM International, 2008; 2015b; 2017).
A wire-electrical discharge machining (EDM) tool is used to create a large medial notch with a sharp tip
through the cross-section of the sample. Small, lateral notches are machined on either side of the
ligament to ensure cracking is planar through the middle of the ligament. This design is seen
schematically in Figure 137. Calculations were performed to validate the geometry was favorable to
plane strain and elastic fracture mechanics.
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Figure 137. CT Specimen according to ASTM E1681-03(ASTM International, 2008) and ASTM
E647(ASTM International, 2015b).

The stress intensity factor at the crack tip for CT specimens can be calculated using the equation below
(Andersen, 2005; Chen et al.) .

P;S (2+7%) [0.886 + 4.64 (75) — 13.32 (%)2 +14.72 (%)3 ~5.6(%)"
T @ W (1 - g2

Where P; is the load at the i*" data point, S is the specimen span dimension, B is the specimen thickness,
Bn is the specimen net thickness, a; is the crack length at the i*" data point, and W is the specimen width
(effective from the holes for pins).

4.4.2 SENT (Single Edge Notched Tension)

In addition to CT specimens, single edge notched tension specimens (SENT, Figure 138) will be utilized
to help simulate cracking in atmospheric environments. SENT specimens appear very similar to standard
tensile specimens (ASTM international, 2016) with the exception of a notch that is machined into one
edge of the sample. The notch serves as a stress concentrator and ensures that a crack forms at its
tip(British Standards Institution, 2015). While CT specimens are widely used and their efficacy has been
proven, the electrolyte conditions on the surface of the alloy and thus the cathodic current (which is
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potentially generated on the surface) can be controlled in an easier manner. SENT specimens will allow
control of electrolyte layers on the surface of the alloy (Steiner and Burns, 2018).

Surface finish is in micrometres
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Figure 138. Pin loaded SENT specimen from BSI 8571-2014.

The stress intensity factor for SENT, Kisent, Specimens may be calculated using the following (Andersen,
2005; Chen et al.):

a2 99 (%) 1%y (2 15—3 93( % a2
K _ pis 3(7) " 199 (5h) (1—ph (2.15-3.93(7)+2.7 ()
i,SENT (BBy)Y/2W3/2 2(1+2%)(1_%)3/2

Where P; is the load at the i*" data point, S is the specimen span dimension, B is the specimen thickness,
Bn is the specimen net thickness (if side grooves are machined), ai is the crack length at the i™" data point,
and W is the specimen width (effective from the holes for pins).



SNF Interim Storage Canister Corrosion and Surface Environment Investigations
178 November 11, 2020

4.5 Environments

As mentioned in previous sections, the goal of these experiments is to determine the CGR in
environments relevant to conditions that SNF interim storage canisters might experience during their
lifetime. These environments are complex and are highly dependent on the geographic location of the
ISFSI that is being studied. For example, SNF interim storage canisters stored near coastlines will see
high concentrations of complex salt mixtures deposited on the surface, consisting of CI-NO3-SOs rich
salts. The temperature, RH, loading density, and composition of the surface species dictate the
concentration and thickness of a water layer on the surface. A typical SNF canister can see deliquescence
of bischofite (magnesium chloride hexahydrate or MgCl,:6H,0) in less than 20 years. Furthermore, dusts
and other non-corrosive airborne particulates may settle on the surface of the canister over its storage
lifetime. These particulates can be potential microscopic crevice formers. Detailed descriptions of the
methods used for determination of these environmental parameters and dust deposition are outlined in
section 2, these will be applied to inform decisions for CGR measurement environments.

CGR tests at SNL will focus first on full immersion concentrated brine environments, as there is still data
lacking for CGR in 304L. This will enable comparison of CGR in 304L to known materials in the
literature. Additionally, sample design and geometry will be validated in full immersion environments in
which stable CGRs are more easily attainable and eventually transitioned to tests in atmospheric
environments. Wicking (Figure 139-a), sprayed/atomized (Figure 139-b), printed (Figure 139-c), or
membrane-limited (Figure 139-d) environments will be investigated to simulate atmospheric exposure
environments. These methods have been demonstrated in recent literature as more realistic and
interesting to applications such as SNF storage canisters (Schindelholz and Kelly, 2010a; Steiner and
Burns, 2019; Steiner and Burns, 2018). Depending on the results of corrosion investigations into the
influence of dust on pit formation, further SCC studies may be designed using brine compositions
containing inert airborne particulates and various particulate sizes as a variable.
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Figure 139 Diagrams of solution wicking, atomizing, printing and membrane-controlled methods in
CGR CISCC tests.

4.6 Test Methodology

46.1 Pre-Cracking

Generally, before performing any CISCC test, an atomically sharp crack-tip must be created through the
completion of a pre-cracking procedure. To perform a pre-crack, a sample is loaded into the test cell and
cyclically fatigued for a long period of time (typically 30-60 hours) at low stress intensities until a crack
of sufficient length has formed (until the plastic zone from the EDM has been surpassed). The pre-crack
length is expressed as a ratio of a/W (crack length to sample width) with a desired value of 0.2 to 0.5.
Loads on the sample can be controlled through the calculation of the stress intensity factor (K, expressed

in MPa\/m). Typically, an experimentalist can vary parameters such as stress application frequency and
cyclic stress ratio (AK or R = M) to achieve fatigue conditions which will produce a high

max,precrack

quality, controlled-length pre-crack in a short amount of time. R can be chosen based on the Paris Law
which describes the impact of R on the CGR during fatigue. At low R values, CGR is non-linear, and
above a certain threshold (Kic) CGR is extremely high and can lead to quick failure of the sample.
Careful design of pre-crack conditions must be practiced to avoid applying cyclic stress ratios with
maximum pre-crack K-values (Kp,qx precrack) that exceed the desired minimum test K-values
(Kmintest)- The size of the plastic zone and the amount of dislocations generated at the tip of the crack is
highly dependent on K. The plastic zone size and the amount of dislocations at the crack tip also have a
huge impact on CGR which means that if K;;,qx precrack €XCeAS Kipin test, the CGR could be
dramatically changed. ASTM E647-15 (ASTM International, 2015b) describes a load shedding process
that allows rapid growth of a pre-crack at a high R followed by a transition to a lower R which has
Kmax,precrack at below or equal to Kmin,test-
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The SNL team has been engaging with DNV-GL to establish a collaborative relationship to improve pre-
cracking methods, as well as to improve safety features in the control software. SNL and DNV-GL have
established a more direct process and are currently implementing these improvements on all four test
cells. Implementation will be completed by Q4 FY20.

After pre-cracking, the sample is exposed to the testing environment. Typically, the testing environment
can be a gaseous or liquid solution of inert or corrosive species and can be held at constant or variable
temperature. After introduction of controlled environmental conditions, the sample is subjected to a
defined load profile based on the type of test being conducted and the desired test conditions. K-values
may be increased linearly (rising-K) or held constant (constant-K, also known as rising
displacement){Andersen, 2005 #2} (Andersen, 2005; Dietzel et al., 2011){Andersen, 2005 #2}. The goal
of the experiment is to determine CGR in different mechanical, thermal and environmental/chemical
conditions (by varying chloride concentration for example). In FY21, investigation of potential
differences between the CGR measurement methods will help determine which method results in the most
consistent CGR measurement.

4.6.2 Constant-K

Constant-K tests are common in attempts to simulate the effect of CISCC on CGR. They enable a steady
measurement of CGR that is unaffected by changes in K. These tests can take a long time to complete
depending on stress levels, sample geometry and concentration of aggressive corrosion agents. Selection
of applied stress intensities should be based on the expected application conditions.

The general procedure for conducting a constant-K test is to apply the constant-K-value at the peak of a
trapezoidal-shaped waveform. The rise/fall conditions (frequency) of the trapezoidal waveform are
varied in order to cause the crack to grow until a constant crack growth vs. time response (i.e. a linear
line) is observed. While this cyclic stress profile would not be seen in SNF storage canisters, this method
is recommended to encourage a transition from the transgranular nature of the pre-crack to intergranular
for materials that are susceptible to intergranular SCC in the test environment. An example of this
protocol is shown in Table 33 and in Figure 140.

Table 33. Example of applied load cyclic parameters for conducting constant-K CGR
measurements.

Sequence Step # | Rise Time (s) | Fall Time (s) | Hold Time (s) | Equivalent Frequency (Hz)

1 9 1 0 0.1

2 90 10 0 0.01
3 900 100 0 0.001
4 900 100 9000 0.0001

5 900 100 86400 0.0000114
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Figure 140. Tapered frequency approach to Constant-K CGR measurements.

4.6.3 Rising-K

Rising-K tests are used to understand the threshold stress intensity above which SCC initiates, known as
K;scc, and the stress intensity/crack growth rate plateau that usually corresponds to transport and
electrochemically-limited SCC ({, 2011 #34}Figure 141 (Dietzel et al., 2011)). These can be used to
understand the ability of a material to resist SCC and the danger of failure under certain circumstances
and are advantageous as they are typically much faster tests to perform. In a rising-K test, a specified K-
rate (dK/dt) is applied to the sample (i.e. 1 MPav/m/hr). This is performed by actively measuring the
crack length with DCPD and, based on the equation for K; for a CT specimen (Section 4.4.1), with
increasing crack growth, loads are reduced in order to maintain the K-rate desired. Such testing imposes
a strain rate on the crack tip and can cause an increase in CGR kinetics with respect to constant-K testing
depending on the testing conditions or material properties. Additionally, testing at a constant dK/dt
imposes a resolution limit on DCPD measurements due to the fact that the plasticity around the crack tip
is constantly increasing, changing the material resistivity, and causing a rise in voltage from the DCPD
measurement. This resolution limit varies based on the K-rate used, alloy being used, and is a function of
K (Crane and Gangloff, 2016; Crane et al., 2016; Gangloff et al., 2014). Although this may be the case,
there are several advantages to testing in rising-K environments. First, the total test time is significantly
reduced. In constant-K testing, CGR is measured at one K, one temperature, one solution composition,
one concentration, and takes roughly one month to complete. In contrast, rising-K tests measure the CGR
response as a function of K at one temperature, one solution composition, and one concentration and can
take a significantly less amount of time. For example, CGR can be determined from a K range of 5-60
MPa~/m in just over a day if one is using a dK /dt = 2 MPa~x/m/hr and in just under a week if one is
using a dK /dt = 0.33 MPay/m/hr. Thus, CGR is determined at all K-values between 5-60 MPa+/m in
a much short time period. Second, in constant dK/dt testing, one also obtains K;s- which is useful to
determine the K at which SCC is possible. Having Kiscc and CGR as a function of K is critical for a risk-
based assessment for CGR as K is going to be constantly changing with localized corrosion feature size
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and crack length. In some alloy systems and environments, enhanced CGR kinetics are experienced.
While this may not be the case for every alloy in every environment, constant dK/dt tests will give the
same or larger CGR response in comparison to constant-K testing and could help to accelerate the
proposed work. It is noted that SNF storage canisters may not be exposed to a specific strain rate during
exposure, but the method is important for determining threshold stress intensities and can produce
conservative CGR measurements. This method needs to be evaluated for this alloy, in the conditions of
interest in order to understand the efficacy of rising-K testing.
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Figure 141. Log crack growth rate (da/dt) versus stress intensity factor (K)(Dietzel et al., 2011;
Speidel, 1977).

4.7 CISCC CGR Test Plan

The CISCC CGR test plan includes two main goals: reproducing results obtained from DNV-GL to
validate cross-laboratory measurements (see Table 34) and establishing CGR in 304 stainless steel in
environments ranging from full immersion to gaseous/vapor atmospheric testing. Aside from the two
testing methodologies (rising-K and constant-K), there are three main variables that are of interest to SNF
interim storage canisters: salinity/pH of testing environment, temperature, and exposure method. In
FY21, initial testing will also investigate potential differences between the rising-K and constant-K
method for determining Kis.c and improving overall testing efficiencies. Additionally, the influence of
decreasing the frequency of the trapezoidal waveform on CGR in constant-K tests will be evaluated.

These primary variables will all be investigated in full immersion tests due to the ability to maintain a
“wet” environment at the crack tip. Once trends are established, atmospheric testing will be evaluated
with various methods of “environmental application” such as wicking or misting, to determine the
potential influences of electrolyte coverage (more similar to that of canister relevant environments) on
CGR. Wicking is of particular interest because it has been shown in the literature to be an effective
method to keeping the crack tip hydrated uniformly which allows for stable crack growth (Steiner and
Burns, 2019) .

It is important to denote the bounds of the testing conditions present within the study. The temperature
range of interest is 55 to 35 °C. A temperature of 55 °C represents a relatively conservative estimate to
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the temperature in which a viable brine will first be present in the surface of the canister as it cools. At
temperatures above 55 °C, it is impossible to form an aqueous brine in canister relevant conditions,
therefore SCC cannot occur above this temperature. A temperature of 35 °C is chosen as this corresponds
to a temperature where solutions are viable on the surface of a canister. This temperature also
corresponds with 2-year pitting exposures that were conducted at SNL (Weirich et al., 2019). While
some testing may occur at room temperature, the slightly elevated 35 °C was also selected for acceleration
of potential corrosion processes and thus SCC, as well as ease of temperature control (the slight elevation
of T reduces the influences of diurnal fluctuations from the surrounding laboratory). Additionally,
matching these temperature and solution compositions can help to give insights into SCC processes
occurring on the exposure coupons.

4.7.1 Current Tests

Initial CGR testing was conducted at DNV-GL to investigate the influence of brine composition at
various temperatures as seen in Table 34. The majority of tests were performed using CT specimens.
However, as there is a desire to use SENT specimens for future atmospheric testing, certain tests were
conducted with SENT specimens to compare potential differences/influences of geometry and are denoted
accordingly. Tests were performed in CO- scrubbed air bubbled at less than 1 liter per minute in a large
brine volume (4 L) which was temperature controlled above room temperature using a heating pad and
thermocouple. The brine was not stirred or circulated during testing other than perturbations caused by
bubbling gas. During cycling of the tests, Kmax Was generally 44 MPa+/m with an R-ratio of 0.5.
Frequencies were varied according to Table 33 and crack growth was measured under constant-K
conditions.

Table 34. Summary of preliminary SS304L tests (performed at DNV-GL).

Temperature ( ‘C) | Frequency (Hz) K = 44 MPa+/m unless denoted | Environment Type | Sample
35 10%-1.14 x 10°°, constant-K 5.3M NaCl cT
45 10%-1.14 x 1075, constant-K 5.3M NaCl cT
55 10%-1.14 x 10°°, constant-K 5.3M NaCl cT
35 10-1.14 x 10°5, constant-K = 49 MPavm 4.98 M MgCl, cT
35 101-1.14 x 10°5, constant-K 4.98 M MgCl, SENT
55 10-1.14 x 105, constant-K 4.98 M MgCl, SENT
55 constant-K = 49 MPavm 4.98 M MgCl, cT
77 constant-K = 49 MPavm 4.98 M MgCl, cT
35 10%-1.14 x 10°°, constant-K 40% RH Seawater cT
35 10-1.14 x 10°°, constant-K 75% RH Seawater cT

Table 35. Composition of Simulated Seawater Solutions (weights of the salts in g).
Solution NaCl | KCI | MgCl;:6H,0 | CaCl, | Na,SO4 | NaHCOs | KBr | H3BOs | H,O
40% RH SW | 10.42 | 4.62 | 1030.86 .35 7.85 9.58 25.68 | 5.59 413.58
76% RH SW | 258.55 | 7.00 | 111.74 1.31 29.10 0.54 1.02 | 0.27 940.59

4.7.2 SNL Test Plan
47.2.1 Phase 1: Selection of Best Test Method

A series of tests will be conducted to determine the best testing methodology for measuring CGR in
brines. To determine the best type, a series of identical tests will be run in fully immersed saturated (5M)
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MgCl, at 55°C on Lot 4 SS304L (Table 31). Samples will be pre-cracked using identical conditions in
open air at a Kmax of 20 MPa+/m and an R-ratio of 0.5. During the pre-crack, Kmax will be shed from 20
MPa~/m to roughly 10 MPa+/m. Constant-K and rising K tests will be performed in this study on CT
specimens. These tests will be performed open to air, with solution flowing from a large reservoir (> 5L).
The flow will not be directed at the crack tip to avoid influences from flow on CGR. Tests will be
continuously temperature controlled (+ 1 °C). Constant-K tests will be performed at 44 MPa~/m in
accordance with results from SNL/DNV-GL and rising-K tests will be performed at a dK/dt of

0.33 MPay/m/hr from 10 to 60 MPa+/m.

For constant-K tests, the same sample will be utilized across the same solution composition. For
example, the same CT specimen will be used to determine crack growth in saturated MgCl, at both 35
and 55 °C. Constant-K CGR will be compared with measurements performed at SNL/DNVGL as these
tests will be performed at the same solution concentrations and temperatures and will confirm lab-to-lab
consistency of CGR measurements. The previously tapered frequency procedure will be used to
transition between different temperature exposures. By performing this procedure, clear demarcations
between the controlled temperature CGR measurements will be observed. Additionally, measurements
will be compared with collaborators from Pacific Northwest National Labs (PNNL, Mychailo Toloczko),
although measurements at PNNL will be performed at 40 °C.

At the end of Phase 1, the best testing methodology will be determined by evaluating the CGR response
in how conservative each approach is (variance etc.) and the efficiency with which the measurement can
be conducted.

4.7.2.2 Phase 2: Investigate Key Variables for CISCC

The key variables which will be investigated in phase 2 are temperature, salt type, and the concentration
of salt in the test solution. These tests will be performed using the best method as determined in Phase 1
and will be fully immersed in the brine performed on CT specimens. An example test matrix is shown in
Table 36. Stress intensity ranges and pre-cracking conditions for the tests will be chosen based on the
results of Phase 1.

These tests will be performed open to air, with solution flowing from a large reservoir (> 5L). The flow
will not be directed at the crack tip to avoid influences from flow on CGR. Tests will be continuously
temperature controlled (= 1 °C). This test will be performed on Lot 3. This will serve to evaluate
multiple different phenomena including: (i) the effect of dissolved CO; on CGR, (ii) the effect of material
properties on CGR, and (iii) and the effect of environment (composition and T) on CGR. Additionally,
the result of these tests will allow for a cross laboratory comparison between CGR measurements from
SNL, DNV-GL, and PNNL.

Table 36. Example test matrix for Phase 2 CGR Measurements.

Test Type Temperature (C) | Brine/Salt | Salt Concentration
Temperature | 35 NaCl Saturated
Temperature | 35 MgCl; Saturated
Temperature | 55 NaCl Saturated
Temperature | 35 MgCl, Saturated
Concentration | 35 MgCl, Y, saturation of NaCl
Concentration | 55 MgCl, Y, saturation of NaCl
Concentration | 35 NaCl Y saturation of NaCl
Concentration | 55 NaCl Y saturation of NaCl
Composition | 35 40% SW | N/A

Composition | 35 76 % SW | N/A

*SW = Seawater
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4.7.2.3 Phase 3: Alternative Methods for Sample Exposure

All Phase 3 tests will be performed using the methods and best practices developed during the prior
phases. During this phase, the effects of various atmospheric conditions will be evaluated. First, wicking
experiments will be carried out in order to have solution only in the crack and in the notch. This will
prevent the surface surrounding the crack mouth or the sides of the specimen from acting as a cathode.
Further investigation is necessary to determine relevance to atmospheric environments. Second,
misting/atomized tests will be performed and will be similar to accelerated corrosion testing. Next,
specific WL will be targeted using an anodized aluminum oxide (AAQO) membrane and will give rise to
any water layer effects present in SCC of SS304L. Finally, tests will be carried out utilizing salt printing
procedures(Schindelholz and Kelly, 2010a). These will be performed under the same conditions
established in Phases 1 and 2 (Weirich et al., 2019).

These experiments will be performed at the two temperatures of interest (35 and 55 °C) and for the 2
solutions of interest (MgCl, and 40 % sea salt brine) on CT and SENT specimens. The experimental test
matrix is presented in Table 37.

Table 37. Example test matrix for Phase 3 CGR Measurements.
Test Type | Temperature (C) | Brine/Salt | Actual Salt Concentration
Wicking From Phase 1&2 | MgCl, From Phase 2
Wicking From Phase 1&2 | 40% SW | From Phase 2
Atomized From Phase 1&2 | MgCl, From Phase 2
Atomized From Phase 1&2 | 40% SW | From Phase 2
Salt Printing | From Phase 1&2 | MgCl, From Phase 2
Salt Printing | From Phase 1&2 | 40% SW | From Phase 2
Membrane | From Phase 1&2 | MgCl; From Phase 2
Membrane | From Phase 1&2 | 40% SW | From Phase 2

4.7.2.4 Phase 4: Testing of Different Material Lots and Alloys

Phases 1-3 were focused on gaining a thorough understanding of the behavior of one lot of one SS304L
alloy. SNL procured several lots of SS304L with varied alloying elements (such as reduced sulfur) and
different resultant mechanical properties (though not widely different) as seen in Table 31 and Table 1.
Results from Phase 4 will be directly compared to trends and findings by collaborators at PNNL. PNNL
plans to use cold working to vary material properties and investigate SCC susceptibility(Toloczko et al.,
2020). PNNL results will also be used to inform further tests that may yield interesting information about
the concentration of alloying elements and important material properties and their impact on CISCC.

4.8 Results

It is important to note that all observations and trends present for CGR measurement are from initial
results and thus far consist of only a single trial at each temperature and solution. Additionally, all
experiments were conducted in a solution which was being constantly bubbled with CO. scrubbed air,
therefore maintaining O, saturation. The effects of dissolved CO- as well as performing replicate
experiments will be further explored in FY21.

4.8.1 Stress/Strain

Stress strain behavior for Lot 3, was performed by Westmoreland Mechanical Testing and Research
Incorporated. The average 0.2 % vyield strength (YS) is 243.62 MPa (35.3 ksi) and the average modulus
of elasticity (E) is 207.54 GPa based in Figure 142. Tests were performed in compression and tension
and yielded very similar behavior.
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Figure 142. Stress strain curve for SS304L - Lot 3 Tests were performed at room temperature by
Westmoreland Mechanical Testing and Research Inc.

48.2 Microstructure

Lot 3 and 4, were electrochemically polished for microstructural characterization. The samples were
polished to using 50 vol% phosphoric acid, 20 vol% sulfuric acid, and 30 vol% DI water. A platinized Nb
mesh cage was used as the counter electrode. The electro-polishing took place over 12 min at 5 A (4.9 V),
which correlates to ~500 mA/cm?. The polarity was reversed every 2 min, for 10 s, to reduce the oxide
formed on the samples during polishing. Roughly 10 to 20 um of material was removed after the 12 min
electro-polishing process. After polishing, samples were analyzed in a SEM to determine the grain size,
grain orientation, and phases present in the material. EBSD patterns of ST, LT, and RD (Figure 135) for
304L — Lot 3 can be seen in Figure 143(a, c, €) and 304L — Lot 4 can be seen in Figure 143 (b, d, f)
respectively. The electron micrographs shown here are from the mid-thickness of the plate.

The microstructures present for both lots are typical of austenitic stainless steels taken from a plate. Grain
banding is present, as signified by the alternating FCC (blue) and BCC (red) phases in the LT (Figure
143(c) and (d)) and RD (Figure 143(e) and (f)) planes. The grain shape is relatively equiaxed. It is noted
that there is slight variation in the ST plane of Lot 3 (Figure 143(a)). Twinning occurs with moderate
frequency throughout the microstructure.
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Figure 143. EBSD patterns of ST, LT, and RD for 304L — Lot 3 (a, ¢, €) and 304L — Lot 4 (b, d, f)
respectively. It is noted that the blue represents FCC phases while the red represents BCC phases.
Planes refer to Figure 135.

4.8.3 Pre-Cracking

As seen in Figure 144 the pre-cracking procedure described in section 4.6.1 was performed on two
samples (SN022 and SN026). These samples were pre-cracked at SNL/ABQ. Despite being pre-cracked
with the same parameters, sample SN022 took nearly 60 hours to reach the target crack length of 0.575”

where SN026 reached that length in just 37 hours. Both samples were manufactured using SS304L from
Lot 3.
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Figure 144. SNL pre-crack data from SN022 and SN026 specimens manufactured from Lot 3
material.

4.8.4  FY 20 Preliminary CGR Results
4841  MgCly

The stress intensity examined herein was selected to be significantly above threshold stress intensities for
CISCC growth based on previous research (Bryan and Enos, 2016) to ensure a CISCC response. Cracks
were started from a fatigue pre-crack in air, grown from the machined notch in the specimen. The fatigue
pre-cracks are typically transgranular in nature. If the particular material is susceptible to intergranular
SCC (IGSCC) in the environment, then the transgranular pre-crack needs to be transitioned to an
intergranular crack. This is accomplished through a series of decreasing frequency fatigue cycles shown
in 140 and Figure 145(a) for a CT specimen in 4.98 M MgCl; at 35 °C. At each frequency, the crack
length was actively monitored, allowing for control on K. Additionally, this allows for the calculation of

both the crack growth rate (CGR = %) as shown in Figure 145(a) and (b). Finally, the corrosion fatigue

crack growth rate response (CFCGR, mm/cycle) was evaluated at each frequency and is displayed in
Figure 145(c).

In 4.98 M MgCl; at 35 °C, CGR decreases with decreasing frequency as seen in Figure 145(b) with CT
(Kmax = 49.5 MPa\/m) and SENT (Kmax = 44 MPa~/m) specimen exhibiting nearly identical CGR
behavior. It is interesting to note that the CFCGR, Figure 145(c), is relatively independent of frequency.
Similarly, for CGR, CFCGR is also nearly identical for CT and SENT specimens across the range of
frequencies studied. This is a good indication that both CT and SENT specimens can be utilized in this
study.
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Figure 145. (a) Crack length and crack growth rate vs. time as a function of frequency for a CT

specimen in 4.98 M MgCl; at 35 °C with (b) inset region. (c) Comparison of CGR for 4.98 M
MgCl; for a CT (Figure 137) and SENT (Figure 138) specimen. (d) Comparison of corrosion

fatigue crack growth rate vs. frequency as a function of sample geometry. It is noted that for all
scenarios, the CT specimen had a Kmax= 49.5 MPa(m)¥?and the SENT specimen had a Kmax = 44
MPa(m)¥2. Additionally, all tests were completed in CO; scrubbed environments.

The influence of temperature on CGR for an SENT in 4.98 M MgCl, is presented in Figure 146(a).

CFCGR vs. temperature as a function of frequency is displayed in Figure 146(b). The CFCGR is
relatively independent of frequency for both temperatures explored. It is noted that CGR measurements
are still being conducted at 55 °C in order to determine the constant-K CGR response.
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Figure 146. crack growth rate vs. frequency (Table 33) as a function of temperature for SENT
specimen (Figure 138) in saturated MgCl; solutions. (b) Comparison of corrosion fatigue crack
growth rate vs. frequency as a function of temperature in saturated MgCl. solutions.

4.8.4.2 NacCl

CGR for a CT specimen in 5.3 M NaCl as a function of both temperature and frequency is seen in Figure
147(a) and (b). The overall trends with respect to CGR present in saturated NaCl solutions are largely
similar to the behavior of saturated MgCl, solutions. CFCGR for a CT specimen in 5.3 M NaCl as a
function of both temperature and frequency is seen in Figure 147(c).
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Figure 147. (a) Crack growth rate vs. temperature as a function of frequency for 5.3 M NaCl. (b)

Crack growth rate vs. frequency for 5.3 M NaCl as a function of temperature. (c) Corrosion

fatigue crack growth rate vs. frequency for 5.3 M NaCl as a function of temperature. It is noted
that the measurements were taken with a CT specimen (Figure 137).

4843

Seawater

CGR for a CT specimen in two seawater solutions (compositions given in Table 34) at 35 °C as a function
of both temperature and frequency is seen in Figure 148(a). It is noted that the 76 % RH seawater is still
being transitioned to a constant-K state. Generally, the two seawater brines (40 and 76 % RH) had very
similar CGR over the frequencies tested. CFCGR is also presented for the two seawater brines in Figure
148(b) and again exhibits similar behavior across the entire range of frequencies explored.
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Figure 148. (a) Crack growth rate vs. frequency (Table 33) at 35 °C for CT specimen (Figure 137)
in 76 and 40 % RH sea salt brines. (b) Comparison of corrosion fatigue crack growth rate vs.
frequency as a function of temperature in 76 and 40 % RH seawater brines.

485 Overall

It is important to note that all observations and trends present are made comparing one trial of each
temperature, and solution. Additionally, all experiments were conducted in a solution which was being
constantly being bubble with CO, scrubbed air, therefore maintaining O, saturation. The effects of
dissolved CO; as well as performing replicate experiments are currently being undertaken.

As seen in Figure 149(a) and (b), at 35 °C, 5.3 M NaCl and 76 % RH seawater brine (containing 4.4 M
NaCl) behave similarly as a function of frequency. Additionally, at 35 °C, 4.98 M MgCl, and 40 % RH
seawater brine (containing 5.1 M MgCl,) behave similarly at a constant-K of 44 MPa+/m (Figure 149(c))
and as a function of frequency (Figure 149(d)).
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Figure 149. Comparison of (a) crack growth rate and (b) corrosion fatigue crack growth rate as a
function of frequency in 5.3 M NaCl and 76 % sea salt brine at 35 °C. Comparison of (c) crack
growth rate and (d) corrosion fatigue crack growth rate as a function of frequency in 4.98 M MgCl.
and 40 % sea salt brine at 35 °C. It is noted that NaCl and 76 and 40 % RH sea salt brine were
performed with CT specimens while MgCl, was performed with a SENT specimen.

Despite having almost double the chloride concentration, preliminary examination in saturated MgCl,
solutions displays roughly the same, if not lower CGR kinetics in comparison to saturated NaCl solutions.
Crack growth as a function of frequency and fatigue crack growth rate are presented in Figure 150(a) and
(b) respectively comparing MgCl2 and NaCl solutions at 35 and 55 *C. Under a constant-K of 44
MPa~/m and a temperature of 35 °C, saturated MgCl, and NaCl have similar CGR with MgCl, being
slightly under NaCl. When considering fatigue crack growth rate at 35 °C, MgCl, and NaCl have nearly
identical CFCGR over the four orders of magnitude of frequency explored. At 55 °C, the saturated MgCl,
is still being transitioned to a constant-K state, however, we can compare the CFCGR. As shown in
Figure 150(b), the CFCGR is similar between saturated MgCl, and NaCl at 102 and 10 Hz however the
behavior deviates slightly at 10 and 10°. At a frequency of 10, saturated MgCl, has roughly an order
of magnitude lower CFCGR in comparison to saturated NaCl.
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Figure 150. Comparison of (a) crack growth rate and (b) corrosion fatigue crack growth rate vs.
frequency in saturated NaCl and MgCl; as a function of temperature. It is noted that a CT (Figure
137) was utilized in NaCl and SENT (Figure 138) specimen was utilized in MgCl..

Collaborations with PNNL for SCC testing are currently underway. During FY20, PNNL also began
initial SCC testing (Toloczko et al., 2020). Both SCC testing programs began using non-programmatic
material lots so it is difficult to draw comparisons between CGR obtained in each study. Constant-K
CGR and CFCGR results from PNNL and SNL/DNV-GL are compared in Figure 151(a) and (b)
respectively. SCC experiments performed at PNNL were at 40 °C while experiments at SNL/DNVGL
were performed at 35, 55, and 65 °C all in saturated NaCl. As shown in Figure 151(a), constant-K CGR
was roughly an order of magnitude higher for PNNL experiments in comparison to all experiments ran at
SNL/DNV-GL. This is interesting considering PNNL used a lower K (26 and 20 MPa\/m) in
comparison to 44 MPa~/m that was used at SNL/DNV-GL. Another difference between the tests
included PNNL flowing solution in their experiments, in some cases, directed at the notch of the sample
whereas experiments performed by SNL/DNV-GL were performed in a large volume containing (6 L)
with CO; scrubbed air bubbling constantly in the solution. Flow at the crack tip could have implications
on both crack tip chemistry and electrochemistry. Either way, the oxygen concentration should have
maintained saturated conditions in the NaCl solutions. Next, different lots of material were used. The
PNNL lot used in their preliminary tests has a lower yield strength and hardness in comparison to the lot
utilized here (Table 31) while the compositions are nominally similar (Table 32). Finally, slightly
different procedures were used to transition to a constant-K state. In the case of PNNL, the last frequency
used before constant-K was 10 while SNL/DNVGL had a final frequency of 1.14 x 10°.
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Results obtained at SNL/DNV-GL and PNNL are plotted with obtained literature results from Bryan and

Enos (Bryan and Enos, 2016) as shown in Figure 152. It is noted that the CGR in MgCl; at 55 and 75 °C

did not undergo transitioning. Rather the temperature was changed while under constant-K and the crack
growth was observed. Preliminary tests in CO; scrubbed air did not display a dependence on temperature,
potentially indicative of the occurrence of crack bifurcation. Post-mortem failure analysis and
fractography are planned for FY21. Overall, the CGR obtained at SNL/DNV-°GL falls within the scatter
of the literature CGR for austenitic SS.
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from atmospheric evaluations while immersed are outlined colored.
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4.9 CGR Initial Conclusions

In FY20, the set-up and installation of 4 DCPD systems at SNL was completed. Initial CGR was
completed at SNL/DNV-GL and focused on solution composition and temperature variation.
Procurement and characterization of multiple lots of 304L and 316L commenced in FY20. The SS lots
that were procured by PNNL have a very low sulfur content; to cover the entire potential range that might
be relevant for dry storage canisters, a slightly higher sulfur content stainless steel, still within the ASTM
specifications for 304L SS, was also procured. SS304L with a higher sulfur content will potentially form
more MnS inclusions, which generally serve to enhance corrosion. The SCC response of this material
will also be evaluated.

CGR as a function of solution composition and temperature was obtained in FY20 for a non-program lot
of SS304L. Saturated NaCl and MgCl; solutions were used in addition to seawater brines at two different
relative humidities. CGR was measured using high fidelity DCPD systems in a temperature-controlled
solution ranging from 20 to 75 °C with CO; scrubbed air. In the single trial of each solution and
temperature that were presented within this study, there was minimal dependence of CGR in the CO>
scrubbed brines. Additionally, a dependence of CGR on temperature was not observed, potentially
indicative of crack bifurcation. Further post-mortem analysis of samples will be carried out in FY21 to
better understand these behaviors. Also, these trends are going to be further explored with other material
lots and experimental conditions in FY21.

Measured CGR values were compared to literature values of CGR and fell within the scatter as displayed
in Figure 152. Results compiled by Bryan and Enos (Bryan and Enos, 2016) were performed using a
wide variety of testing methods in many different environments contributing to study-to-study variability.
When using high fidelity DCPD systems to study CGR (such as PNNL (Toloczko et al., 2020)) an order-
of-magnitude variability in CGR exists between the two studies. The difference between the obtained
CGRs highlights the importance of testing procedures (including air bubbled into the testing environment,
flow of solution, and transitioning procedure) as well as the lot of material that is used.

In FY21, CGR testing will continue at SNL and SNL/DNV-GL, enabling the determination of CGR on
roughly 6 frames. As described in Section 4.7.2, the main focus for FY21 will be centered around the
testing environment. The role of solution composition, solution concentration and temperature will be
evaluated. Additionally, the role of stress intensity will be explored. These different phenomena will first
be explored in full immersion testing environments. More importantly in FY21, testing will transition to
atmospheric environments. This will include wicking, simulated thin water layers, and salt printing
exposed to humid environments. Testing in thin film environments will enable the accurate
representation of canister conditions and evaluate potential cathodic control on crack growth rates which
could serve to decrease CGR.
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5. Conclusions

In FY20, work to define dry storage canister surface environments included several tasks. First, field
work at the Maine Yankee ISFSI involved examination of corrosion witness specimens and collection of
dust and soluble salt specimens from the vents of in-service dry storage systems. Although not
representative of dust on the canisters, the vent samples provided critical information on ambient dust
aerosols at the site, allowing a comparison of the ambient dust to that which actually deposits on the
canister surfaces as determined by previous sampling efforts at the site. The vent samples contained more
chloride than the canister samples, possibly indicating that coarse sea-salt aerosols do not enter the
overpack and deposit on the canister surface. This suggests that measurements of ambient salt aerosols at
the ISFSI site (e.g., via wet candles) may overestimate the corrosiveness of the canister surface
environment.

The predicted evolution of canister surface RH values was estimated using ISFSI site weather data and
the horizontal canister thermal model used by the SNL probabilistic SCC model. These calculations
determined that for typical ISFSI weather conditions, sea-salt deliquescence to produce MgCl.-rich brines
could occur in less than 20 years at the coolest locations on the canister surface. However, RH values rise
slowly, and, even after nearly 300 years, conditions for NaCl deliquescence (75% RH) are not reached.
This work illustrates the importance of understanding the stability of MgCl-rich brines on the heated
canister surface, and the potential impact of brine composition on corrosion processes, including pitting
and stress corrosion cracking.

In an additional study, the description of the canister surface environment was refined in order to define
more realistic corrosion testing environments. The aspects of the environment have been evaluated.
First, realistic diurnal cycles for evaluating brine wetting and drying cycles were defined; these conditions
will eventually occur at all locations on all dry storage canisters. Second, soluble salt chemistries from
in-service canister sampling campaigns were evaluated, and a typical salt assemblage was identified for
testing purposes. Previous corrosion experiments have been carried out using sea-salts or individual
components of sea-salts. However, site sampling has indicated that a mix of marine and continental salt
aerosols is commonly present, with high concentrations of sulfate and nitrate as well as chloride; testing
using the proposed salt assemblage will determine if these species inhibit canister corrosion or SCC.
Finally, inert mineral particle size distributions were determined in canister dust samples. Inert minerals
are the most abundant dust particles in samples collected from in-service canisters, and may have a
significant impact on corrosion processes by promoting brine spreading on the metal surface, potentially
affecting the properties of the cathode supporting pit growth, and/or by creating occluded areas under
larger dust grains, resulting in crevice corrosion. The potential impacts of these phenomena on canister
corrosion are being evaluated experimentally.

Finally, work over the past few years to evaluate the stability of magnesium chloride brines continued in
FY20. MgCl, degassing experiments were carried out, confirming that MgCl; brines slowly degas HCI
on heated surfaces, converting to less deliquescent magnesium hydroxychloride phases. This process
could eventually lead to brine dryout. Corrosion reactions could also result in MgCl; brine dryout as
described below. As part of the work to understand MgCl-brine stability, development of a
thermodynamic model for the complex sequence of magnesium hydroxychloride phases that form at
different temperatures and brine concentrations is underway.

In FY20, corrosion testing and modeling was performed in more canister relevant environments.
Continued evaluation of pitting observed in large scale exposure tests from FY18/19 and comparison of
results to pitting in exposures of varied brine compositions helped elucidate influences of the canister
surface environment on pit growth, both size and morphology. In FY20, large scale pitting exposure tests
were expanded to include environments based on real site-specific data as described in Section 2.2. A
long term (2 year) sample exposure set examining the influence of diurnal temperature and RH
fluctuations has been initiated for SS304 and SS316 samples deposited with simulated seawater.
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Additionally, initial calibrations are underway for a second large exposure set exploring the influences of
inert dust on corrosion in canister relevant exposures (to be started in FY21). Data gained from these
exposures will better establish the potentially deleterious factors for corrosion and SCC initiation and help
to further parameterize the maximum pit size model. In addition to enhanced experimentation through
testing in more relevant scenarios, FY20 also produced expanded modeling efforts for the maximum pit
size model. Efforts focused on accounting for non-static brine/corrosion conditions to better predict
pitting and SCC initiation, specifically under more relevant brine compositions, i.e. seawater and MgCl;
dominated brines. Two major observations produced from work in FY20 are: 1) MgCl; brines influence
the pit morphology towards the formation of more irregular shapes with near surface microcracks and 2)
MgCl; brines influence the controlling cathodic kinetics through dominance of the HER cathodic reaction
and formation of precipitates that lower the predicted maximum pit size. These are both significant
findings with respect to canister-relevant environments because brines that form on canister surfaces for
the first few hundred years of storage will be MgCl>-dominated brines. Understanding the potentially
opposing roles of these two phenomena on SCC initiation will better enhance our determination of the
susceptibility of SNF canisters to SCC.

While FY20 saw major advancements with respect to understanding the relationship between canister
relevant brine conditions and corrosion, it is still unknown how cracks, once initiated will behave under
these conditions. To further the study of this, SNL has installed capabilities (four new load frames) and
started initial tests on crack growth rate of SS in canister relevant environments. Testing in FY20
established viable methods for exploring the influence of brine composition and temperature on CGR.
Additionally, sample geometries were verified to initiate SCC CGR testing in atmospheric environments,
which will become the focus of testing in FY21.

Overall, in FY20, SNL was able to better quantify, and model canister relevant environments present at
ISFSI sites. This was applied to inform current and future corrosion tests to explore the effects of
relevant brines on corrosion and SCC initiation. Experiments in FY20 elucidated potentially significant
influences of MgClI, dominated brines on corrosion which may also govern crack initiation and crack
growth rates. Focus in FY21 will work to further evaluate these more relevant conditions to enhance
determination of SCC susceptibility. This will enable better predictions of timing and location of SCC
occurrence to minimize inspections and develop and apply enhanced repair and mitigation strategies.
Specifically, corrosion work in FY21 at SNL will seek to address:

(1) generation of an expanded statistical pitting data set as function of environment, specifically under
more relevant conditions including cyclic conditions, influence of inert dust, and exploring other chemical
influences observed at ISFSI locations (i.e. nitrates);

(2) hierarchal identification of features controlling pit-to-crack transitions (environment, material, pit
morphology, etc.);

(3) definition of the relationship between surface environmental conditions, cathodic kinetics, and
subsequent control of SCC CGR and susceptibility;

(4) initial evaluation and testing of repair and mitigation strategies (including cold spray and other
coatings) to determine potential behavior under canister relevant conditions.
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Asnampberse cormoion smulated atmospheric corrosion scenarios with a variabie boundary layer thickness (5). The affacts of solutson

Now rate Om SOyREN CONCRRTAHON and § were explomed M was found solufion regeneration & NeCcmATy bo

Mgmeabim chiosice prervemt omygem dapletion in the Raman ool 1t was further shown that by inceasing the sciution fow raie, the

effocttve § deceases and Allows for B investigation of atmosphens: commsion scemanas. Fimilly, the techniqus:

devalopod was utilized io explom: the affect of precipitation om the cathodic beharior of SE3ML In dilutn B,
[rering cathodic polarization, evidence Supports previcus ohservations that magmesiom Mydroekds: specks ars:
Kinetically frvomed over the Bemodymamically pradicied magnesium carbonate.

1. Introduction

Haman spectroscopy bas been wsed (o study the st frmation of
surface precipitates oo variowss alloys and solutions [1-4] as well as
intermediates for oxygen reduction reactions (ORR) (5], Although
witdely used In analysts of elsctrochemical reactions, i stm Raman has
ot been used to probe the evolution of chemical conditons re-
presentative of common exposare conditions. Preclpliation of solids
resuliing from both apodic and cathodic reactions will impact further
corrosion, but the small vwolumes have made assessment of sach en-
vironmenis challenging. Raman's abllity to speclaie solld producis
could be powerful In cbiaining 2 better undersianding of the faciors
controlling aimospheric corrosion.

Although the method I atiractive, there are barriers io s applicaiion.
First, mary Raman crlls are characterized by small sohotion volumes (Le.
several ml) [Z]. As OB & 2 common cathodic redurtion resction, the
oxygen can be depleted, umder rates of imterest for stmosphenc cormosion,
and the pH ratsed, making the chemical composition of the sohstion under
study umrepresentative of the envirooment of tmterest. Mext, many at-
mospheric eovironments are chamoerteed by thin water layers, de.
creasing the boundary layer thickness (§) and the diffision distance for
exygen, which has been proven a0 be a contrelling fctor i atmaspheric
comostion (] As Raman cells may be wtilinsd with various schetion flow
rates: (), fiow could potemtially be used @0 contrel § and thus relate
measurements of precipitate chemistry so different water  layer

* Coesponding, authar.
[E-mail address: alkonizh sandia gov (AW, Knight).
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thicimessss iIn atmespheric cormosion [6]. Taking advantage of this cap-
ahiity requires an understanding of the influsnce of (f on § and cathodic
reduction reactions while performing s Raman To determine these
effects, cathodic reduction kinetics were explored on stanless sed 3L
(S530ML) tn an & 2 Raman cell ower a mnge of fow mies.

55 Is often exposed to marine and near-marine atmeospheric en-
vinonmenis characierized by deliguesced water layers ofien contalning
concentraied sea-sali solutions. This chloride-rich deliquesced waber
layer Is highly commosive and can be detrimental to the overall service
bfetime. Wariows consiltuents of sea water brines, such as magnesism
(Mg} [7,EL, have strong thermodynamic driving forces io form stable
precipliates at elevabed pH [5]. Such precipiiates forming on the sorface
of the alloy have the propensity to limit the environmenial severity of
corrosien [140].

Dnring cormosion, any anodic resction must be balanced by a
cathodic reduction reaction. Whether the cithedic reduisction reaction 1s
OFR ar the hydrogen evolution reaction (HER), a product 15 the by
droxyl amlon (OH ), which couses a rise in the cathode pH. Elevated
cathadic pé values have been observed or messred in vartous sohs.
tions and alloys, and the pH cn be sigmificantly higher than the bulk
solution [11,12]. As & result, the pH in which stable precipttates form
can be achieved during corroston [9). In Mg-oontaining envinonments,
whidch are dominant in sea water brines at low relattve bomidites [JEH)
(7], corrasion products of inon-based alloys have shown the presence of
bydroxides, hydroxychlorides, and‘or hydrocyearbonates as a result of
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Feywonic Cathodi kineiies in magmeshen chioride (Mg} sodoiions wers: investgatod on platinum (P and strinless stoel

Cathadic kineSics in marks esvissommb

304 L (35304 L). Demaity, vilsrosity, and disolved orygen concentraiSon fior Mgl sofofions wen also measerd.
A 2-deciron iransier for cxygen reduction reaction (DRE] on M was delormined using 2 rofadng disk clecinode.
‘5304 L displayed naon-Lavich bebanvior for ORE and, due io OFR soppression and bufTerisg of noar surém gH by
Mg-spacies prcipdtation, the primary cathodic raaction was the Bydrogen evolution maction (HER) in satorad

M3, Ferthermone, nom-carbomain procipd e were found bo e knotirally favored. Implications of HER am
isomsnar through ammosphonic COMGEcD and stress oorrosion cracking.

1. Introduction

Stainless steels (35) are ofien subjecied (o marine and mear-marine
atmospheric en char zd by hy sza sali partl.-
cles which adhere to the alley surface. Through absorption of motstere
from. the atmosphere, sea salt paniicles deliquesce and form a comosive
brine an the surface of the alloy. The chemistry and oomcentration af
the seawater brice varies widely with relative humidity (RE) as seen in
Fig. 1 at 25°C At high RE values, particularly abowe the sshoration
debiquescence peint of MaCl (74% RH), brines are rich i Na* and C1°.
At lower RH values, because of the precipitation of Nalll, the ssawater
brines rompesttton beroemes dominated by Mg®* and € down to near
the saturation/dellquescence point of Mg(lz- 6H:0 [36% RH). Ad-
ditionally, the wolumz of the brine decreases with decreasing BH [1]. In
this way, BH along with salt load coniral the composition, volume and
other properties of the resultant brine, tmpacting anodic and cathodse
corrosion kinetics [1,2)

Historically, anodic kinettes of 55 have been the matn subject af
studies related to concentrated seawater or chioride emvironments and
bave been ssmmarized elsewhene for locallzed piiting comosion [3], a
comman mode of comosion degradation for 55 However, research on
the effects of concenirated chioride brines on cathodic kinetics has been
lacking with the exception of Alexander =t al [4]. As cathodic kinstics
control pit inidation and growth in combination with ancdic kinetics, &t
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Is critical o understand the effects of conceniraied solution chembstries
on cathodic bebavior.

In dilute chioride solutions [4-9], the cxygen reduction reaction
[OAR} has been showm io be the dominant cathodic rescion on 55 al-
loys near the open cirouit potential (0F) and the rate of reaction 15
diffusion-limiied at suificlently negative potenilals. As sach, cathodic
rates can be predicted through Levich analysis [10]. Bumerows studies
bave explored cathodic kinetics In aimospheric environments acoss
multiple ferrows alloys as a fimction of solstion cation composition
[5.7,5,11], dilute chioride concenmations [49,12] and surface fnish
[5,%] and have Further shown the dominance of ORE. A detalled duari
of ORR in variows medla and surfsce finishes 15 given by Klapper and
Goeliner and shows ihat regardless of the conditions explored, DRR 1s
abways the dominant cathedic reduction resction on ferrous alloys [5].
To daie, cathodic kinetics Uierature in highly concentrated MgCly
brines Is lacking. Additionally, mintmal tnformation extsts on the high-
Adelity control of boundary layer thicknesses (£) as a funciion of Mg(l,
concentration necessary o understand the overall corrosion process at
bowe RHL

Although It has been assumed that ORR Is the dominant reduction
reaction in chioridecontaining environments, various cations hawe
been shown to change the cathodic reduction reaction |n other alloy
systems and oould bold trus in 55 systems [13,14]. Laimited reseanch on
Al alloys has shown that In® ' and Mg* ' cattons can suppress cathodic
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