ABSTRACT

FUSCQ MICHAEL . Multilayer Protective Coatings for Higbevel Nuclear Waste Storage
Containers(Under the directioof Dr. Mohamed A. Bourham and Dr. John G. Gilligan

Corrosionbased failures of higkevel nuclear waste (HLW) storage containers are
potentially hazardous due tgassiblerelease of radionuclidebrough cracks in the canister
due to corrosiopespecially for abovground storage (i.e. dry caskBjotedive coatngs have
been proposed to comlihesepremature failurg, which include stressorrosion cracking and
hydrogendiffusion cracking, among other§he coatings are to be deposited in multipie
layers as thin films on the outer surface of tteendess steel waste basket canister. Coating
materials include: TiN, Zr@) TiOz, Al20s, and Mo$S, which together may provide increased
resistances to corrosion and mechanical wear, as well as act as a barrier to hydrogen diffusion.

The focus of this reeach is on the corrosion resistance and characterizafisimgle
layer coatings to determine the possible benefit from the use of the proposed coating materials.
Experimental methods involve electrochemical polarization, both DC and AC techniques, and
corrosion in circulating salt brines of varying pBC polarization allows for estimation of
corrosion rates, passivation behavior, and a quakatinvvey of localized corrosion, whereas
AC electrochemistry has the benefit of revealing information aboetikgrand interfacial
reactions that is not obtainable using DC technigGesulation in salt bnes for nearly 150
days revealed sustained adhesion of the coatings and minimal weight change of the steel
samples.

Oneinch diameter steel coupons composed of stainless steel types 304 and 316 and
A36 low alloy carbon steelere coated with single layers using magnetspatteringwith
compound targets in an inert argon atmosphiEne resultedn very thin films forthe metal
oxides based on low sputter rat€C polarization showed that corrosion rates were very
similar between bare and coated stainless steel samples, whereas a statistically significant
decrease in uniform corrosion was measured on coated, as oppobace, mild steel.
Passivation and passive breakdown was largely unaffected by the coating materials. Activation

parameters were determined for corrosion rates and passive breakdown potential based on



measurements performed between 20°C and 8@°Gimuate elevated waste canister
temperatures due to decay heat.

Electrochemical impedance spectroscopy (EIS) was used to study thelaetialyte
interface and the passive film formed on types 304 andg@li@less steel. Capacitance values
were calculatedby utilizing the constant phase element and a conversion technique proposed
in the literature. This method was shown to remove the frequency dependence of the
capacitance that is often seen in electrochemical analysis. The dielectric constant waslestimate
from impedance and potentiostatic current measurements, and film defect densities were
calculated to be on the order of 24@m?3, which is consistent with highigioped
semiconductive films.

EIS was also employed to study reactiveputtered TiQfilms on stainless steel type
304, which was substantially thicker than initial 7@atings. The impedance spectra of FiO
coated stainless steel exhibited several distinctions from its uncoated counterpart and were
clearly dominated by the dielectric coatimgterial. Film defect dengitwason the order of
10 cm®, which is several orders of magnitude lower than the bare steel and is more consistent
with solid-state semiconductors.

This research shows the potential of these coating materials to alteortbsian
behavior of the outer surface of a HLW storage canigténough the initial single layered
coatings had little effect on the corrosion and passivity of the stainless steel substrates, it is
possible that wh a thicler multilayered coating sysin the substrate may be sufficiently
isolated from the environmen¥loreover, the thin single layer coatings were able to reduce
corrosion of A36 steel, showing the promise of these coating materiedgucing uniform
corrosion Further optimization of eposition parameters and testing of multilayer coatings is
necessary for serious consideration of these coatings in the future.
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CHAPTER 1

INTRODUCTION

The push to increase the generating capacity of nuclear reactors to combat climate change
over the next several decades will make storage of nuclear waste quite important. Radioactive
waste is classified into four categories: high level waste (HLW), transu(TRU) waste,
uranium mill tailings, and low level waste (LLWJ}]. Of primary interest is HLW, which
comprises greater than 99% of the total radioactivity contained in nuclear waste in the United
Stateq2]. HLW includes defense and weapons waste, as well as spent fuel from commercial
nuclear reaors (in a oncghrough fuel cycle)3]. Due to the pa@ntial health hazards of HLW,
its storage requires the most stringent control and performance standards. HLW storage
containers are required to provide complete containment of the radioactive waste for 1000
years, after which very slow release of radioided is permitted, in accordance wlthS.

Nuclear Regulatory CommissiomNRC) rule 10CFR60[4], [5]. Hence, the selection of
materials to house high level radioactive waste requires significant care and consideration.

Spent (or used) nuclear fuel (SNF) from commercial reactors constitutes upward of 93%
of the total HLW radioactivity in the U.92], and is growing consistently each year from
power reactor operation. Spent fuel is storegita at the reactors producing it due to a lack
of centralized waste storage. Yucca WMtain in Nevada was to be used as a centralized
geological repository for permanent storage of HLW betbeesuspension of the project in
2010. Used nuclear reactor fuel is not reprocessed in the U.S. to reduce the radioactivity and
volume of the wastegs a fuel recycling process has yet to be licensed by the NRC. The only
current option for longerm fuel storage in the United States is abgrnaund dry cask storage.



The goal is to make the dry cask storage system as robust as possible to ensure complet
containment of radioactivity during transport and disposal of nuclear waste.

Eventually, SNF will require permanent storage, though the storage method and type of
environment has not been decided. The environments to which the nuclear waste packages
could possibly be exposed include ground water, sea water, sea air, and sati$,depbsd
name a fewPermanent storage options may or may not include use of the current dry cask
designs, but they will require, at the very least, a primary container to prevent dissemination
of radionuclides. This primary container (or canisterhérnain focus of this research.

This dissertation is organized as followShapter 1provides an introduction to used
nuclear fuel and current dry cask storaggstems The composition and radioactive
concentrations of typical fuel removed from nuclear power reactors is discussed, along with
examples of dry cask storage designs and their chosen mat€halster 2discusses the
properties of various steels, which are most often used for the primary waste storage container.
It also presents and details failure mechanisms of interest for waste storage co@hames.

3 presents the concept péssivity of metals and details the formation and breakdown of the
passive film for stainless steascording to the prevailing theorin Chapter 4 the coating
materials proposed to mitigate potent@dtastrophic failures of the steel canisters are
described This chapter also presents a brief review of available coating deposition methods
and depicts the method chosen for this st@lyapter Sexplains the variousxperimental
methods used throughout this research, particularly electrochemical corrosion methods.
Chapter$ and? provide results based on two different classes of electrochesrjmadiments:

DC and ACcorrosiontechniqguesChapter 8presents a study of Tixoated stainless steel
using AC electrochemistpandChapter Adiscusses some overarching cos@as and work

to be pursued in the futur&@he remaining chapters are a compilation of published works
detailing the radiation shielding properties of various materials for use in dry cask storage

systems.



1.1 Nuclear Fuel

Fresh fuel for light watereactors (LWR) consists of cylindrical fuel rods filled with
uranium dioxide (U@ pellets, which are arranged in arrays to form fuel assemblies. The
uranium is enriched to between 3 and 5 atom percentage ur2Bhinrepresenting the
necessary amount fissile material to generate the desired energy output and power profile
throughout the reactor core. Natural uranium consists of 072%tvith the remainder being
2383 and a trace amount éf%U. Natural uranium may be used as fuel for heavy water
moderted reactors due to the much lower thermal neutron absorption cross sedkien of
isotopedeuterium {H) compared t@ hydrogen aton{*H). However, light water moderated
reactors, which constitute the vast majority of nuclear reactors around the equiide mined
uranium to be enriched.

The fuel is kept in the reactor for three to four refueling cycles (between 1 and 2 years) for
a total inreactor time between 3 and 5 years on average. Following removal from the reactor
the used fuel assembly is pldde a storage podFigurel-1) where it is allowed to cool for
upward of five years. The decay heat is substantially reduced after several years of pool
storage, allowing the fuel assembly to be transferred to dry storage, wherernegal is
accomplished by the fil!]l gas in storage cask
oncethrough fuel cycle, although it contains large quantities of actinides that could be
reprocessed and reused to fuel light water and fastiorsarable1-1 gives the breakdown of
long-lived isotopes present in spent fuel that contribute most to the total radioadthatfuel
isotopic composition was calculated using the ORIGEN code package from Oak Ridge
National Laboatory using operating conditions from t8arry Nuclear Power Plantith fuel
burnup 0f38.6 gigawattdays per metric ton of uraniune{Vd/MTU) after a22 year decay
[6]. Only isotopeshat contribute activity greater than 1 Ci/MTU are includedablel-1.

Radioactivity from spent fuel bundles is almost entirely due to low and intermediate energy

gamma rays, emitted during the decay of various radionuclidéshle 1-1. Alpha and beta



particles also contribute significantly to the activity of spent fuel, but they are much easier to
shield and are not much cause for concern once the spent fuel is placed in storage containers.
Neutrons are amall component of radiation emitted from spent fuel, and high density, low
atomic number materials are added to spent fuel containment to provide neutron shielding and

criticality safety.

Tablel-1: Longlived radionuclide activity per MTW 38.6 GWd/MTU Surry Plarit 22 yr.

decay[6].

Nuclide Activity/MTU (Ci) Nuclide Activity/MTU (Ci)
Cs137 7.61E+04 Np-239 3.63E+01
Ba-137m 7.19E+04 Am-243 3.63E+01
Pu241 5.34E+04 Cd113m 1.55E+01
Y-90 4.97E+04 Tc-99 1.54E+01
Sr-90 4.97E+04 Cm-243 1.42E+01
Am-241 3.42E+03 Te-125m 9.09E+00
Pu-238 3.11E+03 Co-60 8.78E+00
Kr-85 2.43E+03 Am-242m 7.40E+00
Cm-244 2.20E+03 Am-242 7.37E+00
Eu-154 1.34E+03 Cm-242 6.09E+00
Pu-240 5.95E+02 Pu242 2.96E+00
Pm147 5.48E+02 Sn121m 2.18E+00
Sm151 3.79E+02 Eu-152 1.79E+00
Pu239 3.33E+02 Sni121 1.69E+00
H-3 2.48E+02 Ni-63 1.64E+00
Eu-155 1.32E+02 Zr-93 1.34E+00
Cs134 1.20E+02 U-237 1.28E+00
Sb-125 3.72E+01 U-234 1.11E+00




Tablel-2: Photon activity by energy per MTiU38.6 GWd/MTU Surry Plant].

Mean Photon Activity/MTU % Energy
Energy (MeV) (Photons/sec) Activity
0.015 3.08E+09 0.00000
0.02 7.03E+09 0.00000
0.03 1.55E+14 0.31680
0.04 4.67E+13 0.12730
0.05 2.82E+12 0.00960
0.06 4.61E+13 0.18850
0.08 2.38E+12 0.01300
0.10 2.22E+13 0.15130
0.15 1.59E+10 0.00020
0.20 3.74E+12 0.05100
0.30 4.39E+11 0.00900
0.40 7.19E+11 0.01960
0.50 6.34E+11 0.02160
0.60 2.32E+15 94.8505
0.80 2.25E+13 1.22650
1.00 1.53E+13 1.04250
1.50 1.93E+13 1.97260
2.00 2.91E+06 0.00000
Total 2.66E+15




Table1-2 shows the breakdown by energy of the photon activity, in photons emitted per
second, per metric ton of uranium for the radionuclide concentratidrablel1-1[6], [7]. The
highest activity gamma group has a mean energy of 0.6 MeV, which is mainly attributable to
the 661.7 keV photon emitted following the beta decay’Gf% to the metastable state'dBa.

Figurel-1: Example spent fuel storage pool. Available from:
http://ansnuclearcafe.org/2014/06/10/spfesed-poolfire-risk-goesto-zero-a-few-months
afterreactorshutdown/#sthash.K9eqGp4J.dpbs



1.2 Dry Cask Storage

As was mentioned at the start of this chagt\wW must be fully contained for hundreds
of years and at least partially contained for thousands more. The current method for
fpermanemd st orage of spent nuclear fuel ( SNF)
inside canisters encasedsteel orconcrete overpasktermed drycasks Spent fuel bundles
are transferred to dry casks after at least 5 years of cooling in spent fuel posisiple
illustration of a spent fuel bundle (assembly) and dry storage cask is shdwgure 1-2.
Storage casks contain spent fuel bundles within a cylindrical canister surrounded by several
layers that may includghielding liner materialanda concrete overpack, which is seal feet
thick, or a thinner outer steel shéllhe canister is filled with inert gas and sealed before being
placed in the remainder of the cask. Two designs of dry storage casks, from Holtec
International and AREVA Transnuclear, are providedrigure 1-3 courtesy of a U.S. NRC
presentatio8]. Both designs are dual storage and transportation casks and utilize a stainless
steel waste basket canister, though they differ in their shielding. HTFETORM 100
implements a thick concrete overpack for shielding and impact protection, whereas@Be TN
has a low alloy steel outer wall and a polypropylene layer for shielding. Typical dry casks can
hold several dozen spent fuel assembhkégurel-3 shows that the HETORM 100 generally
holds 24 pressurized water reactor (PWR) bundles, and thé8Tédores 68 boiling water
reactor (BWR) bundles.

Once the casks afelly loaded and sealed, they are either placed vertically on very large
concrete pads or horizontaltystorage vaultdboth above ground. Notice froRigure1-3 that
the casks are of substantial size. They may range frain2@04t. in length and from B 12 ft.
in diameter; casks holding BWR fuel are shorter and wider to reflect the size of the fuel bundles
in comparison to PWR fuel. The wopmkrmanentwas placedn quotes in the previous
paragraph to emphasize that abgveund dry cask storage is not a permanent storage option,

although currently it is the only option available. Eventually, the spent fuel will necessitate a



transfer to a permanent storage fagilivhether it be in bore holes, in underground tunnels, or
possibly in seawater. However, the container in which the fuel will ultimately be stored may

bear similarities to the current dry casks.

DRY CASK
SPENT FUEL
ASSEMBLY
LU spent fuel
T assemblies
P sealed inner

1 of spent

fuel rods

Ly
1Y

S N

llustrations: Annie Bissett (fuel assembly); NMuclear Regulatory Commission (dry cask)

Figurel-2: lllustration of a typical spent fuel assembly and simple dry cask for HLW storage
with an outline of an averaggzed human to show scale. Available from:
http://www.ucsusa.org/publications/catalystisithe-growingthreatof-nuclear
waste.html#.V356__ krLRY



Diameter: 98 in,
Cask Lid

Steel C.
0.5 In.

Bundles of used
fuel assemblies

132 in. dia.

C
26.75In.

(Holtec International (Transnuclear TN-68)

Overall Length: 197 to 225 In, HI-STORM 100) Overall Length: 178 in
Loaded Welght: 360,000 Ibs. Loaded Weight: 240,000 Ibs.
Typical Payload: 24 PWR Bundles * Storage and Transportation Typical Payload: 68 BWR Bundles

Figurel-3: Two example dry storage cask designsoltec International HETORM 100
(left) for PWR fuel and Transnuclear T8 (right) for BWR fuel. Image taken from U.S.
NRC presentatiofB].

The first casks were loaded in 1986, and while there has been no radiation esemse
result of dry storage to date, it is unknown how the casks will continue té a&pent fuel
storage cask was opened and inspected in-2009 at Idaho National Laborayo(INL) after
14 years of service. The cask was a CASTWURL PWR storage container from Gesellschaft
fur NuklearSer vi ce ( GNS) |l oaded with 21 spent f
Power StationThe cask consisted of a cagin body with a stainks steel fuel baskeand
results showed no signs of safetynpromising degradatid@]. The fuel pellets and alaing
from the fuel assemblies that were removed from the storage cask were also inspected and

tested at Argonne National Laboratory. Findings showed that very little cladding damage had

u e
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occurred during storagd0]. While these findings are promising for the future of dry cask
storage, 14 years is an insignificant period of time compared to the thousands of years required
for radioactive waste storage.

According to a report by the Nuclear Energy Institute (NEI) there were 1,613 casks in
operation as of June 2012, which togettmrtained 19,000 MTU and 67,691 fuel assemblies
[11]. The projections extend to nearly 3,000 casks by 2020 and over 5,000 by 2040. As the
number of casks in operation increases, more permanent storage locations must be found, and
routine inspection will become less practical. Hersognificant research is needed to ensure

that the best options for dry storage are being implemented.

1.3 Dry Cask Materials

In order to assess the viability of dry cask storage as a long term waste storage option, the
properties of the materials used mbst thoroughly understood’hese include the waste
canister, concrete overpack (or steel shell), and intermediate shielding and structural layers,
which include glass and lead among other materials. The most essential of these are the
structural materialsfahe cask responsible for proper containment of the radioactive material,
which are the waste package canister and overpack. These must remain intact for the
foreseeable future to avoid any significant release of radiation.

Materials to be used for wastorage applications musé assessed based on a number of
important propertiesmechanical strength and toughness, fabricability and cost, resistance to
uniform and localized corrosion, and resistance to possible failure mechanesneystress

corrosian cracking (SCC), hydrogen embrittlement, and radiagioimanced degradation.
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1.3.1 Overpack

The overpack is made of thick concrete, as can be sd@gure1-3. Concrete is one of
the most widely used construction materials. It is inexpensive, easy to cast in many shapes and
sizes, and has high enough strength to be used as a structural material. Concrete is commonly
used in many nuclear applications;luding as the containment building for nuclear reactors
around the world. By using proper additives, concrete can easily be tailored to many different
applications, including longerm radiation shielding

The concrete overpack is an effective shielding structural material, and is useful as an
impact absorbing layer. Recently, many studies have been conducted on the use of additives
to increase the density and attenuation properties of the overpack for gagnstaelding
[12]i [14]. These studies show that the density and effective attenuation coefficient of the
concrete may be increased significantly by utilizing various ptamps of heavy metal
additives, including lead and iron. This is particularly useful, as the storage casks may be made
with thinner overpacks to decrease the cask footprint without sacrificing shielding capability.
This is important for fuel transport dasas well. The use of specialty concrete for shielding

of spent nuclear fuel is detailed@hapterslO, 11, and12.

1.3.2 Outer Steel Shell

Ratherthan a concrete overpack, some storage cask designs utilize a steel or cast iron shell
that is significantly thinner than the concrete layer. These casks require additional shielding
layers to compensate for the loss of the thick overpack, but they naade smaller and
lighter without the concrete. The outer shell is made of very high strength steel (usually carbon
steel) or cast iron that is capable of being structurally sound for long ternniges the
overpack, long term oxidation and corrosiom@ge may be of concern for steel and cast iron

dry casks.
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1.3.3 Glass Shielding

There has been much interest recently in high density glass compositions with high
effective atomic number for radiation shieldifig]i [18]. Glass is transparent to visible light
and possesses high thermal stabil®ydinary glass is composed mainly of silicon dioxide
(Si0y). Similarly to concrete, additives may be included to create glass with desirable
propertiesWhen compoundedith relatively simple compositions of heavy metal oxi(les
PbO) glass has the potential to be an extremely versatile shielding makbeatffects of a
thin glass layer on the shielding properties of dry storage tadlstussed in detait Chapers
11andl12.

1.3.4 Waste Package Canister

The waste package wall (or canister) is the first barrier to radionuclide release, apart from
the fuel cladding, and as such, it is the focus of this research. Selection of proper canister
material is paramount to safe containment of HLW. Many materiaks In@en considered for
the waste canister based on some desirable properties for the potentially harsh conditions of
radiation exposure coupled with thermal output from the spent fuel. Additional considerations
were given to possible environmental condaisdor permanent HLW storage. Much of the
work that was done in assessing HLW storage materials was completed assuming that Yucca
Mountain would be the permanent storage location for HLW. Although the Yucca Mountain
project has been suspended, the materedearch still applies to other possible permanent
storage locations.

These candidate materials for HLW canisters include: iron and iron alloys (steels), stainless
steels, titanium alloys, and nickel alloys, among otlit®$. Copper was briefly considered
based on its natural abundance and apparent durability in the Yucca Mountain environment,
but it is known to perform poorly in radiation field$]. Titanium alloys are strong and
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corrosionresistanbut are unusually susceptible to hydrogen embrittlement and are difficult to
machine and weld. Nickel alloys are often used as alternatives to titanium alloys because they
possess similar properties and are easier to weld. However, thejftemeprohibitively
expensivdl].

That leaves the various types of steel or cast iron. Steel is easily the most widely used
structural alloy based on its low cost and high workability compared to other materials for
similar applications. Carbortezl is extremely strong and sturdy, and being composed of
mostly iron, it has been well characterized. It is not particularly corrosion resistant due to a
lack of alloying elements, but it has a predictable service life as it is less susceptible to
catastophic failure in most circumstances. Stainless steel, on the other hand, is extremely
corrosion resistant because of its high alloying content, but it is predisposed to failure due
primarily to stress corrosion cracking. The lower strength of stainksisceimpared to carbon
steels or cast iron translates to an increase in ductility, reducing the possibility of brittle failure.
Both carbon steel and stainless steel will be investigated as possible waste package materials

for this study.
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CHAPTER 2

PROPERTIES OF STEEL AND FAILURE
MECHANISMS FOR HLW STORAGE
CONTAINERS

The materials for HLWstorage containers considered in this study are mildckmivon
steel and stainless steel. These materials are already in use in current dry cask storage systems.
In order to enhance the protection and lifetime of these materials for nuclear waste storage
applications, the relevant properties and downfalls of these steels must be established. Many
dry cask designs utilize stainless steel as the canister material because of its good mechanical
strength and corrosion resistance stemming from its abilitgrta passive surface filn4],
[20], [21]. However, a ductile form of cast iron and carbon steel have also been considered and
implemented for the canister and outer cask $B2]| [23]. Stainless steel offers the ability to
use a very thin canister to contain the fuel bundles because the corrosiosaédeisNVhereas
cast iron or carbon steel container walls must be made thicker to account for measurable
corrosion, they are less likely to suffer from localized corrosion and stress corrosion cracking.
This study focuses on the waste basket canisterc@amsiders it to be the primary barrier to
radionuclide release. The cladding is not considered as providing long term containment for
the spent fuel pellets because it undergoes significant deformation and chemical modification
inside the reactor. The Igrterm effects of intense pressure, heat, and radiation on the ability
of the cladding to prevent leakage have not been determined, which is the reason that the focus
is placed on the storage container. It should be noted that trding/dicbm the PWR cds
opened at INL was still intact and showed few signs of wear after 14 years of $idhage

However, 14 years is hardly indicative of tHeteriorationthat will inevitably occur over
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thousands of yearMoreover, the cladding is optimized for use in a LWR environment, rather
than for long term storage. Instead, the primary waste basket may be designed especially to
withstand degradation in a number of environments over an@sdl period of time, and han

the focus is placed on the waste package canister.

2.1  Steel Composition and Structure

Three steel compositions have been chosen for study to represent the canister material:
stainless steel type 304 (SS304), stainless steel type 316 (SS316), and AB6\aarbon
steel. Each of thesare commercially available steel alloys and are redtiinexpensive.
Nominal compositions of each are givernTiable2-1, with the important differences between
each alloy highlighted in red. SS304 is an austenitamdsird composition stainless steel,
which can be considered as a solid solution of interstitials within aciered cubic (FCC)
lattice [24], used in nearly all industries for myriad applications. SS316 is similar to SS304
with increased nickel content and the addition of molybdenum for additional protection against
localized corrosion25], [26]. The 306series stainless steels represent variations @f th
standard and widely used-8&ormula, which stands for 18% Cr and 8% Ni by weight.

A36, unlike the two previous steels, is a ferritic carbon steel and is the most commonly
used mild steel. It possesses a bodgtered cubic (BCC) irorafFe) lattice wih interstitial
atoms (primarily carbonR4] and minimal additiorof alloying components. Stainless steels
are better suited for many industrial applications, but carbon steel is still preferred in many
cases for its superior strength, including as the primary material for LWR pressure vessels.

The primary crystal stragre of the stainless and carbon steels is depictéture 2-1.
The microstructure of each steel has significant implications on the properties of interest for
HLW storage. The atoms in a BCC material are not as tightly packed as in FCC crystal
structure. A result of having a more loosphcked structure is that the available slip planes in

a BCC lattice do not correspond to clgsecked planef4]. Thus, slip is more difficult and
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requires higher shear stress, making B@@&terials harder and less malleable with lower
ductility, introducing the possibility of brittle fracture. FCC materials are more tightly packed
than BCC materials, leading to higher ductility at the expense of some strength. A FCC lattice
has fewer posslb slip systems, but the slip planes are more closely packed, requiring lower
shear stress to deform. A consequence of easier deformation is that austenitic steels tend to be

mostly immune to brittle cracking.

Table2-1: Nominal compositions of steels utilized as canister materials for this study

Steel SS316 SS304 A36
Element % % %
C 0.08 0.08 0.26
N 0 0.1 0
S 0.03 0.03 0.05
P 0.045 0.045 0.04
Si 1 0.75 0.4
Ni 10-14 8-12 0
Cr 16-18 18-20 0
Mn 2 2 0.75
Mo 2-3 0 0
Cu 0 0 0.2
Fe Bal. Bal. 98.3
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Figure2-1: Crystal structure: faceentered cubit austenitic steel (left); bodgentered
cubici ferritic steel (right)

The crystal structure of the steels also plays an important role in hydrogen uptake and

diffusion. Hydrogen, along with small atoms such as oxygen, nitrogen, and carbon, is able to

occupy interstitial sites within the lattice structure. The FCC latticddveer interstitial sites

available to be occupied than the BCC lattice, meaning fewer hydrogen atoms may be trapped
in the interstitial lattice sites. Moreover, because the atoms are more tightly packed in an FCC
lattice, the hydrogen has lower mobilityhether inhabiting an interstitial site or not. This
provides austenitic steels with substantial immunity to hydrogen embrittlement and cracking,
although interstitial impurities like nitrogen increase the likelihood of brittle intergranular
cracking[27]. On the other hand, the increased number of interstitial sites and the increased

mobility of hydrogen in a BCC lattice promotes trapping in ferritic steels, making them more

susceptible to hydrogen cracking and embrittlenj28}. This point will be touched upon

again further along in this chapter.
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2.2  Alloying Components

Iron forms the matrix of all steels, providing them with trenuctural properties. It is
strong, tough, ductile, and malleable, making it a versatile construction material. It is also
inexpensive and compatible with a large variety of alloying elements. However, iron by itself
has several flaws including its weigirid propensity to corrode readily. This led to the creation
of steel alloys, which contain additional elements to compensate for the shortcomings of pure
iron. The most important alloying components are discussed here.

i. Chromium

St eel is considered to be fAstainlesso when
Chromium is primarily responsible for the good oxidation resistance of stainless steel. Its
ability to combine with oxygen to form passive oxide films greatly increesgstance to
corrosion. Increasing the amount of chromium alloyed with iron increases the chromium
enrichment of thg@assive film barrier layer, acting to increase its stability. Alse-€alloys
have good mechanical properties and are easily fakdidafd. Additional benefits of
chromium include increased tensile strength, hardness, andintssy The corrosion
resistance afforded by adding chromium to steel is nullified if the carbon content is too high
because of the tendency of chromium to form carbides. This will be discussed in more detall

later in this chapter.
ii.  Nickel
Nickel is the ement mostly responsible for giving the 38#¥ies stainless steels their

austenitic FCC structure, which contributes to their strength and ductility. The nickel also

contributes to the retention and stability of austenite upon quenching from high temgserat
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and it improves thermal stability and machinabi[®y]. Nickel is resistant to atmospte,

alkalis, and nofoxidizing acids. It is active enough to form oxide surface films, but the films
are significantly less stable than chromium oxides. Finally, nickel is mostly resistant to chloride
stress corrosion cracking and high temperature oxidatvhich is the reason that steam
generator tubes are often made from nickel alloys. Accordingly, nickel content above 8% in
austenitic steel alloys increases resistance to stress corrosion cracking in chloride solutions

[29]. This constitutes the nominal nickel content in the8X800 series) stainless steels.

iii.  Molybdenum

Molybdenum is well known to increase resistance to localized corrosion (pitting, crevice,
intergranular, etc.) when used asalloying element, which is the reason it is included as a
component in highegrade steel alloys like SS316. The exact mechanism by which
molybdenum acts to reduce susceptibility to localized corrosion is uncertain. The proposed
theories involve either strengthening of the passive film at the film/solution interface or a
concentration of molybdenum at the metal/film interface that limits the metal dissolution rate
[26], [30], [31]. There is experimental evidence for both theories, but more recently it is
believed that molybdenum preéatially promotes the formation of £ in the passive film,
effectively increasing its stabili{26], [31]. This also aids in rpassivation of areas of the film
that have ruptured, such that pits may not be able to form or propagate after passive breakdown.
It has been showm tblock active sites, such as pits, to decrease or prevent further[agthck
[33]. A higher Mo content means better protection in chloride environments.

Another important role that molybdenum plays, particularly in steels, ig tieatlily forms
stable compounds, namely carbides, which reduces the amount of carbon available to bond
with chromium[24]. Thus, addition of molybdenum preserves the chromium content such that

it is continually available to form and reform passive films. This increases resistance to
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intergranular and crevice corrosibecause chromium tends to be depleted in the vicinity of

grain boundaries and surface defects, leading to local film breakdown and possibly cracking.

iv.  Carbon

Carbon is added to iron to create cast iron, carbon steel, and other mild steels. It causes the
tensile strength and hardness to increase at the expense of the inherent ductility and
malleability of pure iron. The decrease in ductility and machinability as carbon content
increases introduces an upper carbon limit based on the application. The certieohio cast
iron is greater than 2%, resulting in a very brittle material with high strength. Most structural
applications opt for mild or lovearbon steels with less than 0.5% carbon by weight. These
have increased strength from the presence of caxitbout a complete loss of ductility and
machinability.

The carbon content is generally minimized in austenitic stainless.sfebigh carbon
content is detrimental to corrosion resistance, as chromium tends to form carbides within the
material. This redts in decreased passivity and a higher likelihood for localized corrosion,
specifically near grain boundaries or in and around crevices. The formation of some carbides
is beneficial for hardening, though a majority of the desired increase in hardnestseagth
is achieved using other alloying components. Reducing carbon content comes at a substantial
cost[27], so the adverse effects of having a small amount of carbon may be counteracted using

other alloying elements (i.e. molybdenum).

v. Minor Alloying Elements

The remaining alloying elements are generally found in very small amounts in east st

They include N, S, Si, Cu, Mn, and P, among a few others, and are included to enhance some

of the properties provided by major alloying components. Some of these minor alloying
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elements are essentially impurities, and removing them entirely is agblie based on the
cost associatedith this.Many of these elements are beneficial in minute amounts but quickly
become detriments above certain concentrations.

Among these, it is worth mentioning that nitrogen has been shown to increase localized
corroson resistance and to stabilize thermal and mechanical properties in stainleg§&gteels
[34]. Specifically, it increases pitting resistance in chloride media, making it adetv
alternative to other alloying componen35]. Nitrogen also increases strength without
reducing ductility and disrupts the formation of chromium carbides along grain dxoesd
However, nitrogen is not added to low alloy steels (i.e. A36 mild steel) due to the inclination
to form brittle nitrided36].

2.3 Possible Failure Mechanisms

It is currently unknown how dry storage casks will age in the harsh environment of decay
heat and radiation exposure. The nuclear industry has only 30 years of practical dry storage
experience, and it is difficult to predict how the HLW storage landscadpehange in the
future. There are many options being investigated for more permanent storage options other
than the above ground, on site dry storage. A majority of these options utilize some sort of
storage container, which may be subjected to any nuofbenvironmentsThe current dry
casks will also need to be moved to permanent storage at some point. That being said, the waste
package canister must be able to withstand a number of different environments depending on
the location of the ultimatdisposal. The most likely environments are-saltitaining, which
include sea water, sea air, ground water, geologic brines, and dry salt deposits. This is a serious
issue for stainless steels, as well as other candidate alloys, because halogen iormsuéadypa

aggressive in causing corrosibased cracking.
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The key to improving canister integrity lies in the ability to understand and protect against
catastrophic failure. Failure mechanisms that are relevant to HLW storage are mechanical
failures thatare initiated and/or enhanced by external factors, and they are difficult to predict.
These include fatigue, creep, rupture, fracture, cracking, and embrittlement that are caused by
corrosion, hydrogen permeation, and radiation exposure. Each of these faéchanisms
affects materials differently, and it is imperative to understand which mechanisms are most
likely to cause failure for each material. This study focuses primarily on corrosion and
corrosionbased failures, though other failure mechanisrasegognized and discussed.

2.3.1 Hydrogen Damage

The introduction of hydrogen into the lattice of a metallic element or alloy can have
disastrous effects on the reliability of the material. Hydrogen atoms typically occupy interstitial
sites in the lattice, aking certain materials more vulnerable to hydrogen damage than others
(see discussion in section 2.1). The process of hydrogen damage involves the ingress of
hydrogen atoms into the material, typically via adsorbed hydrogen on the surface. The
hydrogen wi then inhabit interstitial lattice sites and possibly diffuse throughout the material.
The atomic hydrogen may combine to form hydrogen gas or a different gas (methane, for
example). These molecular gases are typically too large to diffuse throughtdéhamdecreate
an internal pressure, resulting in a decrease in strength and ductility and the possibility of
cracking. Hydrogen cracking is especially problematic in ditgh strength alloys.

Hydrogen can be introduced into the system either during f@etuing or during
operation. Welding, casting, electroplating, and pickling are possible sources of hydrogen
within the metal because of the higher solubility of hydrogen in liquids rather than solid states
[33]. It is also often the product of electrolysis or corrosion reactions such as reduction of water

molecules or oxidation. The diffusion of hydrogen into a metal usually results in a decrease in
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ductility. Stresses below the original yield stresdhefraterial are then able to cause cracking
and possible brittle failure. Cracking and blistering can also occur in the absence of applied or
residual stress if the swelling due to hydrogen recombination within the metal is severe.

Austenitic stainless stés are unlikely to suffer from hydrogen cracking because of a higher
hydrogen solubility and lower diffusion based on crystal strucf2vg. Ferriticpearlitic
carbon steels (A36) are more susceptible to hydrogen cracking than austenitic steel, but still
significantly less so than martensitic steel. The low solubility and high hydrogen mobility
through BCC structurg28] allows hydogen to permeate into ferritic steels and become
trapped. Many cases of severe hydrogen cracking in carbon steels have been misdiagnosed as
stress corrosion cracking, as the visual signs of cracking are similar between the two
mechanism§37].

Heat treatment is an effective way to reduogdrogen embrittlement, particularly
following manufacturing of the metal. High temperatures allow the trapped hydrogen to diffuse
out of the material and recombine. Additionally, higher temperatures promote hydrogen
evolution, removing adsorbed speciemrthe metal surface. Likewise, a suitable coating can
inhibit the ingress of hydrogdB3], [38].

2.3.2 Environmentdly Induced Cracking

Environmentally induced cracking (EIC) causes brittle fracture of a normally ductile
material and includes three types of failure: hydregssisted cracking, stress corrosion
cracking (SCC), and corrosion fatigue cracking (CE®], [33]. EIC occurs in the presence
of an environment that causes minimal uniform corrosion for the alloy in queBeamy
ductile alloys with low uniform corrosion rates, gerstic stainless steels are vulnerable to EIC

in a number of environments.



24

i.  Stress Corrosion Cracking

The most widely acknowledged likely failure mechanism for stainless steel waste storage
canisters is stress corrosion cracking (SCC). SCC occurs duedmbination of sufficient
tensile stress and an aggressive environment and leads to the cracking of alloys well below
their ultimate tensile strength (UTE9].

Cracking is initiated in severalays, the most likely of which are localized corrosion,
hydrogen embrittlement, or film induced cleav@8#]. In the case of localized corrosion, and
active dissolution path forms where corrosion is accelerated despite the bulk of the material
being passive and corroding very slowly. Liieed corrosion occurs due to the breakdown or
inadequate formation of the passive film on the metal surface; the passive film will be
discussed in detail in the subsequent chapter. Hydrogen embrittlement was discussed
previously and can lead to cracking imcreasing local plastic deformation and decreasing
ductility. Finally, film-induced cleavage can occur from a crack initiated in a brittle coated
film, which can propagate into the ductile metal beneath. The brittle film may be intentionally
or unintenionally coated on the metal or unintentionally formed, such edldged surface
layers. Regardless of the mechanism, once a crack initiates, the stress (either applied or
residual) may act to open the crack, increasing corrosion and propagation efcthéxrand
preventing the crack fromgassivating37].

Stainless steels are susceptible to SCC in chlmataining solutions. Chlorides are
particularly aggressive at initiating localized corrosion, which will be explain€hapter 3
The realthreat of failure by stress corrosion cracking is that the residual stress from welding
is enough to cause SCC in stainless steels. Dry storage canisters contain several welded regions
based on their size and shape, making them likely targets for cracloogur.

SCC is known to be an anodic process, which is expected based on the corrosion required
to propagate the crack tip. Thus, SCC can be mostly prevented by cathodic protection, or

providing an electrical path between the metal of interest andificsalcanode that is more
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active than the protected me{&B]. This causes preferential corrosion of the more active

metal, protecting the more important metal from accelerated corrosion of cracks that may form.
ii.  HydrogenAssisted Cracking

Hydrogen dissolved in a metal lattice tends to be attracted to regions of high tensile stress
where the metallic structure is distorted. This causes embrittlement of the metal in regions that
already possess tensile stressesdtahigher than in other regions. Brittle cracking becomes
much easier at this point. Hydrogen cracking often dominates over SCC in high strength alloys
such as low alloy and carbon steels, and some titanium and aluminum28hyshereas it
is unlikely for steels with yield strengths less than roughly 600 [dPja

Hydrogen induced cracking manifests itself in similar ways to SCC, and it is often difficult
to decide if the failure was due to hydrogen cracking or SCC basé@ anaick morphology.

What makes hydrogeassisted cracking distinct from SCC is the growth mechanism of the
crack. SCC is accelerated by anodic polarization, indicating that crack growth is primarily
controlled by corrosion. In contrast, hydrogen cracksngnhanced by cathodic polarization

or protection, indicating a necorrosive crack growth mechanig®], [37].

Cathodic corrosion generates hydrogen, which accounts for the acceleration of cracking.
The reduction of oxygen given liguation(2.1) is a cathodic reaction that produces hydroxide
ions. These ions may dissociate producing hydrogen ions capable of diffusing into the metal
lattice. This reaction occurs preferentially la¢ tathode surface and is enhanced by cathodic

polarization, leading to the generation of additional hydrogen.

0,+2H,0 #e -40H 2.1)
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iii.  Corrosion Fatigue Cracking

Corrosion fatigue cracking (CFC) may occur in a corrosive environment when a metal is
subjected to cyclic stresses. The stress is often well below the tensile strength detie.ma
The number of cycles to failure decreases with increasing stress and in the presence of a
corrosive environment. Some materials, particularly steels, possess an endurance limit, which
is the minimum stress required for fatigue to set in. Below limg, fatigue cracking is
unlikely no matter how many stress cycles the material undergoes. A corrosive environment is
capable of significantly decreasing or even eliminating the endurance limit of a material, which
can lead to cracking at even lowerest level§29], [39]. Cyclic stresses are not expected to

be present in dry cask storage, thus it is unlikely that CFC will pose a threat to canister integrity.

2.3.3 Intergranular Corrosion

Intergranular corrosion (IGC) is the corrosion attack or preferential corrosion along the
grain boundaries of a material. The grain boundaries can become susceptible to corrosion
through the depletion of protective or passivating elements. IGC is a copnolem in alloys
but generally does not affect pure mefasy.

Austenitic stainless steels are a common exarfl situations that favor IGGtainless
steels may be sensitized during heatttnemt or cold working27], predisposing them to
intergranular attack. The sensitizatioraofktenitic stainless steels consists of the precipitation
of chromiumrich carbides (Ge&Cs) at grain boundariesvhich is depicted ifrigure2-2. This
substantially dpletes the elemental chromium content in areas immediately surrounding the
grain boundaries, making passive film formation more difficult in these regions. Often the
grain boundary regions are depleted to chromium contents well below the required 12% to

maintain the corrosion resistance of stainless steel. With the grain boundaries lacking the
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essential chromium content required to initiate passivity, localized corrosive attack is likely to
take placd24], [29].

18% Chromium
Carbide Precipitates

W
. \ ~ \\\

Chromium depleted
regions < 12%

Figure2-2: Chromium carbide precipitation at grain boundaries due to sensitization of
austenitic stainless steel. Adapted fri24].

Sensitization of stainless steels may take place during welding, making IGC especially
likely in the welded regions of dry storage containers. There are, however, several prevention
methods. Theteel may be rapidly cooled following heat treatment (i.e. welding) to prevent
chromium carbides from forming and/or migrating and precipitating at grain boundaries. Also,
special grades of stainless steel have reduced susceptibilities to IGC. Onesadscmaely
low carbon content (SS304L and SS316L) to decrease carbide formation. The other class is

stabilized with reactive elements that tend to form carbides in the place of chromium (SS316,
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SS324, etc.). These elements include molybdenum, niobiwanjutih, and several others,
which are capable of reducing chromium depletion by aggressively forming carbides
themselve$24]. Thus, of the two types of austenitic stainless steels discussed in this chapter,
type 316 is expected to be more resistant to both pitting and intergranular corrosion based on

the molybdenum adtion, which is not present in type 304 stainless steel.

2.3.4 Crevice Corrosion

Corrosion is greater inside crevices, which are usually createdritgct between two
materials. This includes a metal in contact with another material, either metallic or nonmetallic,
creating a region that is partially shielded from the external environment, often with a narrow
opening (crevice). As an example, cr@dare often formed by bolts or washers, though they
may also be formed by some type of deposition on the metal s{28ce

Crevice corrosion occurs due to a difference in oxygen concentrasime iand outside
the crevice. Inside the crevice, there is an oxygen deficiency, which makes passivation very
difficult and does not allow the cathodic reactions to consume corrosion products from the
anodic reactions. Thus, the inner portion of the ceediecomes the anode of the corrosion
system, greatly increasing the corrosion rate. The situation is exacerbated in the presence of
aggressive anions. The corrosion products (cations) that build up in the crevice due to the lack
of oxygen attract anionsdm the surrounding medium. If chloride ions are present, for
example, highly acidic chloride solutions become concentrated in the crevice, and corrosion
rates increase drastically. Crevice corrosion may also initiate from the retention of water or a
corrosve solution inside a crevice after some type ofmiension, which will again create
deleterious concentration gradief2g], [29], [33]. Crevices are an easy target for localized
corrosion, though they can be prevented with changes in geometry and proper comésest be

materials.
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2.3.5 Radiation Damage

lonizing radiation has a substantial effect on the properties of exposed maatalsals
inside reactors undergo significant microstructural changes due primarily to neutrons and
fission fragments. Intense nucleadiation is capable of causing vacancies, interstitials,
impurities, depleted zones, voids, thermal spikes, etc., all of which can be considered radiation
damage. Irradiation generally acts to harden and decrease ductility of materials. Detailed
discussia of the different aspects of radiation effects is found in Rdf. Gamma rays are
also capable of inducing radiation damage, but not to nearly the same degree as neutrons and
heavy patrticles.

An important manifestation of radiation effects on failure mechanisms of steel is
irradiationassisted stress corrosion criack(IASCC). IASCC is the enhancement of SCC due
to irradiation and is a major cause of failure in LWR compon@Tis [40]. The mechanism
by which irradiation affects SCC isnknown, but one popular theory is radiatioduced
segregationj24]. Prolonged irradiation of austenitic stainless steels in particular is known to
result in chromium depletion along grdoundaries, increasing susceptibility to SCC. It has
been shown that minor alloying components play a significant role in I1A8QJCowing to
the complexity of the radiation damagechanisms. The cracking is often intergranular, hence
the focus on depletion along grain boundaries. Other theories include: radiation hardening
leading to SCC, localized deformation, internal oxidation, and irradiation [2égp

IASCC is mostly the cause of high neutron flux, which causes the largest changes in
materal microstructure. The radiation emitted from spent fuel is primarily gamma rays
(Chapter ] that do not cause nearly as much damage as neutrons and heavy patrticles. It is not
expected that IASCC is of significant concésnHLW storage.
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CHAPTER 3

THE PASSIVE FILM

The primary resistance to corrosion for many metals stems from the ability to form passive
films. The passive film inhibits corrosion ah otherwise active substrate, even in aggressive
environments. Metals are considered passive if they corrode véeydéspite a marked
tendency to react in a given environment, or despite significant anodic polarization. Metals
that are generally inert, such as gold and platinum, are not considered to be passive. As was
mentioned in the previous chapter, a number efcthrrosiorbased failures of interest for dry
cask storage canisters initiate as localized breakdowns in the passive film. This puts great
importance on understanding the formation and breakdown of the passive film to better protect

against premature faite.

3.1 Background

The concept of passivity was first observed for iron immersed in nitric acid {H&O
early as the mid700941]. It was noted that iron corrodes readily in dilute nitric acid but does
not react in concentrated nitric acid. Howev
describe an induced lack ofaaivity was not until the mid800s by the German chemist
Christian Schonbeif27], [41].
Since its discovery, the passivity mdturallyreactive metals has been studied extensively
for a myriad diferent combinations of metal and environment. Theories about passivity and
its origins have been proposed since the earliest observations of decreases in cdrrosion o

otherwise active metals. Herbert H. Uhlig explains that the various theories may bedrrang
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into four categories: metal modification, reaction rate, oxide film, and adsofgfipriThese
four categories of theories about the initiation of passivity will be described briefly here, but a

detailed description of each may be found in the work of UAlid

i Metal Modification

The metal modification theory stipulates that the passive state of a metal results from a
physical change in the metal itsélhis theory suggests that the passive state of a metal results
from a physical change in the valence state of that metal. An extension of the valence theory
advocates that allotropes of an element dictate active or passive states. Allotropes are structural
modifications of an element. For example, diamond and graphite are allotropes of carbon that
consist of carbon atoms bonded in different manners and possess distinct properties. Several
research groups conceived that'fepresented the passive allotr@p@on, whereas Féwas
its active counterpafdl]. The idea of metal moddation andelectronic structure changes
leading to passivity was modified and expanded several times to match newer experimental

results.

ii. Reaction Rate

This theory attributes passivity to slow rates of metal dissolution, which is not dependent
on surface films. The dissolution rate was decided to depend on the rate of hydration of metal
ions in the lattice, which is a necessary precursor to their s&juibpilivater. This view was
modified to allow hydrogen to be the primary determinant of the corrosion state. It was
postulated that metals are in the passive state until hydrogen enters the metal lattice, causing
them to become active. The hydrogen was teatdtalyze the reaction by expanding the lattice,
giving rise to the fihydrogen activation the

international symposium on passivjgl].
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iii. Oxide Film

The titular oxide film is allegedly formed via oxidation of the metal surface. It was
hypothesized that the oxide film would be inlle due to its very low thickness and would be
impervious to acids. This oxide film would shield the metal surface from the environment,
such that it could not be attacked nor could it be dissolved due to anodic polarization.
Essentially, the film would@ as a diffusion barrier to limit the mobility of ions or atoms
through the film. However, the protective properties of the supposed film could not be
accounted for thermodynamically assuming any of the known oxides of the metal, namely iron.
Additionally, ellipsometry measurements on-8&tainless steel have showed surface films
only a few angstroms thick. These two points led researchers to believe the mechanism to be
different from the oxidation theofg1].

iv.  Adsorption

Rather than limited mobility through an oxide filrthe adsorption theory attributes
passivity to a chemisorbddr physically adsorbed) surface layer that blocks further chemical
reactions. The surface layer is considered to be adsorbed oxygen, often compounded with ions
from the metal surface. This theory differs from the oxide film theory in the formation of the
passive layer and the kinetic blocking, rather than diffusion barrier, nature of the film. It is
supported by the fact that very thin films, sometimes one or two monolayers, lead to passivity.
Also, the unfilled d electron shell of the transition metd¢s (vhich passivity primarily
applies) favors a chemisorbed oxygen bpHd. Finally, increasing anodic polarization favors
additional oxygen to be incorporated into the film, causing film growth. This is indeed what is

observed in that increasing the film formation potential will increase film thickness.
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Adsorption proceeds accordinto Figure 3-1, in which oxygen ions adsorb (usually
chemisorb) to the metal surface. This is followed by interaction with metal ions, forming a
monolayer oxide filmSubsequently, additional oxygen may adsorb to the initial layer, and
over time metal ions will make their way into the film, forming a stoichiometric oxide layer
[27], [42]. Though the exact mechanism is yet unknown, the adsorption theory is generally

favored as the initiation of passivity.

0000 ?Oxygenions wJJJ.

Metal Surface

omoo“no

Figure3-1: Adsorption theory of oxide passive layers on metal, adapted[26jn42]

3.2 Passive Film Growthi Point Defect Model

Irrespective of the initiation mechanism, it is generally accepted that the passivity of most
metals may be ascribed to the formation of an oxide film between the metal and the
environment. Once passivity has been initiated, the growth mechanism of she gés is
of interest. Film growth kinetics have been shown experimentally to follow either a logarithmic

law or an inverse logarithmic law, given by Equations and , respecfi&]ly
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L=A +Aln(t) (3.1)

1
=B -BIn(t) (32)
Where: L is the film thickness,
tis time,
And Ao, A1, Bo, and B are constants.

Several theories have been proposed to explain either or both of the film growth laws
that are observed. Currently, the Point Defect Model (PDM) represents ts m
comprehensive prevailing theory on protective oxide or hydroxide films that form on metals
under anodic polarizatiof3]i[47]. A review of previous passive film growth models is
providedin the work of Chao et aj43].
The Point Defect Model is based on several tefd&s [46]:

1 The passive film generally forms in one ootlayers: an inner barrier layer and a
porous outer layer
o Passivity is linked to the barrier layer
1 The passive film contains a high concentration of point defects, which are
primarily cation and anion vacancies
1 The defects are generated and consumed afilthisolution and metal/film
interfaces
Film formation and breakdown is controlled by vacancy transport,
Passive layers are characterized by high electric field strengths on the ordfer of 10
V/cm
1 Passive films behave as highdgped semiconductors
o The pfachd s0 are vacanci es
lon transport through the film occurs via vacancy motion
Film growth and dissolution eventually balance to form a steady state film

= =4

E
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The development of the model extends from the elementary reactions that result in vacancy
generationand annihilation. These reactions occur at the metal/film and film/solution
interfaces and may either contribute to the growth, dissolution, or conservation of the film.
These reactions are summarizedrigure 3-2 specifically for a film stoichiometry of bD3
(M=metal), as is the case for stainless steel, which shows the film growth and dissolution based
on vacancy transport. Cation vacancies are generated at tisofiltion interface and are
consumed at the metal/film interface, denoted by reactions 3 and 1, respectively. The opposite
applies for anion (oxygen) vacancies, which are generated at the metal/film interface and are
consumed at the film/solution interfacgiven by reactions 2 and 4. Reactions 1, 3, and 4
represent the movement of ions across boundaries and thus arectatgeeving reactions.
Reaction 2 does not conserve the lattice because it results in film generation represented by
[Mm + (3/2)Vo]. Reaction 5 is responsible for destruction, or dissolution, of the film and also
is not latticeconserving. Each of these reactions has an associated rate constant responsible
for determining the net effect on the film. Under steady state conditions, théhgaoa
dissolution rates will equal each other to form a film with a constant thickfélsNote that
catfon interstitials have been neglected in this formulation, though they will also contribute to
the film lattice.

PDM analysis beginning with these elementary reactions results in kinetic equations to
predict the evolution of the film thickness and chavgghange current with time, voltage, and
solution pH based on fundamental properties. These properties include reaction rate constants,
diffusivities, and electric field strength, among others. Detailed analyses will not be repeated
here, as they are presed thoroughly in the work of Macdonald et [dl3]i [47].

The PDM has been applied successfully in matching experimental current response and
film growth for a number of metals ilugling iron, stainless steels, nickel and chromium alloys,

tungsten, tantalum, and zirconiy#48], [48], [49]. From first priciples, it is capable of exactly



36

predicting the logarithmic growth of the passive film with time that is frequently observed in

experiment, which is a primary reason for its popularity and frequent application.

Metal Passive Film Solution
M,0;
(1) m+V,>* =2 My, +v, +3e (3) My, =2 M3*+V,, 3
(2) m=> My +(3/2)Vy+3e (4) Vo+H,0—=2 Oy +2H*

(5) M,0,+6H" = 2M3 + 3H,0

Figure3-2: Elementary reactions responsible for growth and dissolution of the passive film

according to the PDM, adapted fr¢44], [47]. Mm = metal cation in film lattice site, &=

oxygen anion in film lattice site, m = metal atom, Y& = cation vacancy, ¥ = oxygen
(anion) vacancy, andh~ vacancy in metal substrate.
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3.3  Passivity and Passive Breakdown of Stainless Steel

Though the motivation for this study sainlesssteel, most of this discussion about
passivity is general and appliestovide variety of metal3.he focus will be on stainless steel
because it passivates much more readily in many environments than does mild and carbon
steel. For 18 stainless steels, the principle thin film formed in oxidizing environments is a
combinaton of chromium (Ill) oxide (GOs) and iron (Ill) oxide (Fg03). Typically, it forms
in two layers: an inner layer of primarily £ and an outer layer of mostly #8, although a
third hydroxide layer may also form in acidic solutig86]. The formation of a bilayer film
has been confirmed by several researchers using auger electron spectroscopyqRES])
and xray photoelectron spectroscopy (XHS)], [54], among other techniques. The passive
film on stainless steel forms in both wet and dry media as long as a source of oxygen is present
due to the pronounced oxygen affinity of chromiunmisTfurther supports the adsorption
theory of the initiation of passivit27].

As mentioned previously, the formation and breakdown of the passive film are considered
to be driven by vacancy transpdfigure 3-2 stipulates that the cation (metal ion) vacancies
are formed at the film/solution interface and are consumed at the metal/film interface; the
opposite is true for oxygen vacancies. Thefimfos fAi nt o t he met al 06 begi
oxygen ions on the metal surface, and proceeds by reactions 2 aRthdrs3-2. Initially,
reaction 2 proceeds at atar rate than reaction 5. This continues until a steady state is reached
at which point formation and dissolutiofthe film are in equilibrium. The film growth occurs
due to anion (oxygen) vacancy transport from the metal/film interface, through #ieepas
layer, to the film/solution interface, where the film may take on more oxygen. Film dissolution
or destruction occurs via motion of cation (metal) vacancies in the opposite direction.

If the cation vacancies cannot be consumed quickly enough at thifineinterface, they
may coagulate creating the vacancy condensation ségguire3-3. This may eventually lead

to local film detachment or rupture, resulting tee breakdown of the passive film. The
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important parameters in determining passive breakdown are vacancy concentrations and
diffusion coefficientsBoth larger concentrations of cation vacancies and higher diffusion rates
increase the likelihood of loc&lm breakdown. Under normal circumstances, the passive film
will remain intact indefinitely. However, the previous chapter detailed the possible failures of
stainless steel resulting from passive breakdown due to the presence of chloride ions.

Mechanism®f chlorideenhanced passivity breakdown will be discussed.

Film

Metal 1 Electrolyte Solution

Schottky

Pair

Cr,04 Fe,0,

Figure3-3: Film formation and breakdown mechanisms of stainless steel with a bilayer
passive film. Adapted from the work of D. D. Macdongid].
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3.3.1 Effect of Aggressive Anions

Aggressive anions are capable of competing with oxygen to occupy oxggancy sites
at the film surfaceThe problematic anions for many metals including stainless steel are
halogen ions, of which the most aggressive is often the chloride ion. Absorption of anions other
than oxygen into surface vacancies results in the gBoerof cation vacancies by two
different mechanisms: Schottky pair reactions or cation extraction. For the first case, a pair of
cation and oxygen vacancies are created from ejection of metal cations and anions from the
film lattice in a Schottkytype rection. In the second situation, the absorbed anion reacts with
surface cations and desorbs into solution, also forming cation and anion vacancies. In each
case the newlyacant oxygen site is capable of interacting additional anions, effectively
repeatinghe process. This makes the generation of cation vacancies autocatalytic, leading to
an increased number of cation vacancies than would be formed if only oxygen were present,
as well as an increase in the dissolution j28&, [44], [55]. The effect can be so pronounced
in high anion concentrations that the metal may not readily passivate due to the enhanced film
dissolution[27].

Once the anion and cation vacancies have been formed, they have two potential reaction
paths.The pair may coalesce and annihilate, resulting in lattice destruction. This is considered
anionenhanced film dissolution that occurs on the macae and has the same outcome as
reaction 5 inFigure3-2. Alternatively, particularly if cation mobility is moderate to high, the
cation vacancy can be transported through the film to the metal surface. If the increase in cation
vacancies due to aggressive anion absarptannot be consumed quickly enough, they will
condense at the surface of the metal to form localized voids. The condensation of vacancies
causes local film detachment, which prevents the film from growing because reaction 2 in
Figure 3-2 cannot occur. However, film dissolution (reaction 5) continues, causing local
thinning of the passive film. Eventually, this leads to film rupture either due to complete

dissolution é the film locally or mechanically due to stress induced in the barrier |dggr
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The particular effectieness of the chloride ion in inducing passive breakdown of stainless
steel over other halogen ions has to do with two competing processes. In order for the anion to
absorb into an oxygen vacancy, it must first dehydrate, which has an associated energy.
Following dehydration, the oxygen vacancy must expand to accommodate the larger anion.
These two energies prove to be in competition: the decreasing tendency for ions to hydrate as
their size increases, resulting in a smaller dehydration energy, is oftbetibgreasing energy
required to expand the oxygen vacancy. In the case of stainless steel, as well as many other
metals, chlorides represent the most favorable combination of energy for absorption into an
oxygen vacancyompared to other halogen ions. wkver, depending on the size of the
oxygen vacancy, absorption of anions other tham@y become more favorable, as is the case
for titanium, which is more likely to breakdown in the presence of bromide than cHitide
[55]. Halogen ions have lesser effect on metals such as titanium, tantalum, molybdenum,
tungsten, and zirconium due to their high oxygen affinity, making it difficult for halides to

displace oxygen angccupy vacanciek7].

3.3.2 Pitting Corrosion

Localized breakdown of the passive film createsetive dissolution path where corrosion
is accelerated, producing an actpassive cellfigure3-4). A local breach in the passive film
resuls in preferential corrosion of the metal that has been exposed. This creates a region of
actively corroding metal amidst the passive metal surfatteanmuch lower corrosion rata.
potential difference develops between the cathode (passive metal) and anode (active metal),
resulting in rapid dissolution of the active metal surface, known as pitting. The corrosion
products that are concentrated in {hie draw anions into the activelorroding region,
ensuring that the pit continues to grow. The low oxygen concentration within the pit, depicted

in Figure3-4, preventsthe active pit walls from rpassivating.
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Low oxygen region

Passive Film 0, 0, @ 0, 0, 0,

Passive Metal

Active Metal

Stainless Steel

Figure3-4: Active-passive cell leading to pitting corrosion

Pitting corrosion occurs in two stages: pit initiation, in which the passive film is breached,
and pit propagatioff27]. Pit initiation requires that the corrosion (or equilibrium) potential
exceed the critical pitting potential (CPP) at which the passive film begins to breakdown.
Various corrosion couples can cause the necessary increase ibreouipotential. Initiation
of a pit results in an activeassive cell with sufficient voltage difference to induce high current
density and a high corrosion rate within the pit. Sustaining the pit requires the large voltage
difference within the activpassive cell that has formed and causes the pit to propagate. The
pit will continue to grow until a new passive film has formed over the pit, which typically
requires the voltage to drop below thepasssivation potential of the metal.

As was mentioned, exeding the critical pitting potential is necessary for stable pitting to
take place. Increasing the voltage above the corrosion potential draws more negative ions to
the metal surface, increasing the likelihood of breakdown by the mechanisms discussed in th
previous section. Eventually, the aggressive anion presence at the metal surface is enough to
cause the passive film to breakdown at many localized sites. The patentath this occurs
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is known as the CP[B6], [57]. Refer toFigure5-4 for a plot showing the measurement of the
breakdaevn and repassivation potentials, where thepassivation potential is the point at
which the pits may rpassivated and cease propagating following a stable pitting relgisie.
important to note that pitting may occur below the CPP, and even at equilibrium conditions
depending on the chloride concentration. These pits tendpassvated quickly and are
unable to propagate and remain active as they are above the CPP. Thisisdgimen as
metastable pitting, and the pits have a lifetime associated with them depending on the potential
at which they are formef®8].

Materials are also known to have characteristic critical pitting temperatures (CPT), which
is the lowest temperature at which stable pitting can occuerungdiven set of conditions. The
CPT decreases due to several factors, most notably an increase in chloride concgs8tation
The standard CPT for i8grades of stainless steel in chlormmtaining media is severah®
of degrees centigrade. The exact temperature is dependent on the composition of the steel and
the chloride concentration. HLW containers will likely be operating above this temperature
range due to the decay heat from ldwvgd isotopes, making stabjstting a possibility in
most chloride environments.

A final point to make about pitting corrosion is that pitting will occur in areas where the
passive film is more likely to breakdown. This includes surface defects or flaws, inclusions,
grain boundariessensitized areas, and areas of high cation mob8ityface defects, grain
boundaries, and sensitized areas represent regions that present obstacles to forming stable
passive films.High cation mobility on the other handneans faster diffusion of catio
vacancies, resulting in an increased likelihood of passive film rupture. Consequently, metals
forming passive films that are poor cation conductors are better protected against pitting,
although this is not necessarily the case for other types of aoirosi

Optical images of stainless steel type 304 are providdéigare 3-5 showing pitting
corrosion after a one week immersion in chloride solution. The solutiosamhbination of
three chlorides 0.33 M NaCl + 0.33 M KCI + 0.33 M Mggli producing a 1 M chloride
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solution.The images show significant pitting after exposure to chlorides for one week, showing
the potential for passive breakdown despite no applied fmtefhe substantial effect that
molybdenum has on the susceptibility of stainless steel to localized corrosion can be seen in
Figure3-6. The stainless steel typ&@sample shows a much lower density of corrosion pits
than type 304 after exposure to the same solution for the same amount of time. Reasons for the

added protection to localized corrosion provided by molybdenum were discussed in the

previous chapter.

Figure3-5: Optical images at 4x magnification of SS304 before (a) and after (b) immersion
in a 1 M chloride solution for one weskowing pitting corrosion
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SS304

Figure3-6: Optical images at 4x magnification of SS304 (a) and SS316 (b) after immersion
in a 1 M chloride solution for one week showing the effect of molybdenum on pitting
corrosion
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CHAPTER 4

MULTILAYER PROTECTIVE COATINGS FOR
HIGH -LEVEL WASTE STORAGE CONTAINERS

In light of the potential pitfalls of steel canisters discussetthienprevious two chapters,
several coating materials have been proposed: TiNg, 4n0-, Al>O3, and MoS [60]. These
coatings have been shown to be good barriers to corrosion, hydrogen diffusion, and mechanical
wear[38], [61]. They are to be deposited the outer surface of the steel HLW storage canister
in multiple layers with the goal of isolating the waste package wall (canister) from the
surrounding environments to which the storage containers may potentially be eXpgsed.

4-1 depictsthe coating setup within the confines of dry cask storlggéer toFigure1-2 and

Figurel-3 for dry storage cask geometipd configurations.
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Figure4-1: Multilayer protective coatings fdrigh-level waste storage (not to scale)
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The first layer is titanium nitride, which has excellent corrosion resistance and high
mechanical strength. The second compound | ay
of the three metabxide materials.tlis insoluble in water and provides additional hardness and
corrosion resistance. Finally, the outer layer is molybdenum disulfide, which is a common solid
lubricant that offers physical wear resistance. It is believed that the combination of these
coatirg layers with a total thickness of &t or less is capable of protecting the primary waste
storage container from environmentaiyluced failures for the foreseeable future. The merits

and properties of each of these materials will be discussed in detalil

4.1  Coating Materials

4.1.1 Titanium Nitride (TiN)

Titanium is one of the most abundant struc
number of desirable properties that make it and its alloys widely used. Titanium has high
strength, low elasticity, higimelting point, and good corrosion resistance. Its high strength
weight ratio makes it particularly useful as a lightweight structural mat@@l| [62].
Titanium is quite reactive and readily forms protective passive films, prima@ly giving it
excellent resistance to corrosion. It is resistant to attack in chloride media, and thus is very
noble on the galvanic series in seaw§®@]. Pure titanium is supremely resistant to pitting
and stress corrosion cracking in chloride solutions, although its alloys are susceptible to SCC
and crevice corrosion under certain circumstances. The one drawback to tiitinamit is
entirely dependent on forming and continually reforming a passive oxide film. Because of this,
it is subject to attack in aggressive, rmndizing environments such as concentrated sulfuric
and hydrochloric acids.

By compounding titanium toreate titanium nitride, its properties are enhanced to include
those of both covalent compourideigh hardness and high melting pdirdand metal$ high
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thermal and electrical conductivity. Titanium nitride has been used successfully as a coating
materal and acts as an effective diffusion barf&t], as well as forming good Ohmic contacts
with underlying metal$65]. Finally, TiN is used extensively to coat higpeed cutting tools

to improve wear and corrosion resistaf@g].

Based on its Igh mechanical strength, good corrosion resistance, and ability to act as a
diffusion barrier, as well as the overwhelming abundance of titanium, TiN is an ideal first
barrier layer to protect HLW canisters. It has the ability to sufficiently isolategbksstbstrate
from potentially harmful environments and can withstand mechanical and corrosive wear.
Likewise for most coatings, the properties of TiN thin films are subject to the deposition
method and the deposition conditions. As such, experimentmgedtcoating materials is a

necessity.

4.1.2 MetalOxides (ZrQ, TiOz, and AbO3)

Oxide ceramics have been used as surface coatings to improve wear, erosion, cavitation,
fretting, and corrosion resistance. They are especially useful when wear and corrosion
resistance are simultaneously neef#&(, [68]. The three oxide materials under consideration
- zirconia, titania, and aluminad may either be compounded or-deposited to create a
composite material known as zirconolifEhe exact properties of zirconolite are highly
dependent on the relative concentrations of each of the three oxides. Hence, the properties of
each oxide individually must be understood in order to create the best possible combination of

zirconolite.
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i.  Zirconium Dioxide (ZrQ)

Zirconium is thegprimary component of the fuel rod cladding that contains fuél pellets
in LWRs. It is used because of its good mechanical properties, low thermal neutron cross
section, and excellent corrosion resistance. Zirconium is an active metal that formshlery sta
passive films over a wide range of conditions and has mechanical properties similar to titanium
and stainless steel described previously. Zirconium is resistant to alkalis and most acids that
do not contain fluorine. Its corrosion resistance breaksndowthe presence of high
temperature air and chloride compoufiig).

Zirconium dioxide, or zconia, much like pure zirconium, has properties similar to those
of stainless steel a n d[69h Besausb ef @ésrhighcparimittiatylit i c e r
has been considered as a replacement fop Bi@he semiconductor industifyO]. It is
extremely stable chemically andhermoemechanically, leading to a plethora of potential
applications, specifically ascoating materidlr1]. Most mportantly, it has shown significant
promise as a coating for corrosion protection of stainless [S®8gland it has much better

resistance to chloride solutions than pure zirconium.

ii.  Titanium Dioxide (TiQ)

Titanium dioxide, or titania, has been thest widely investigated metakide in the field
of surface science since the discovery of its ability to split water in a photoelectrochemical cell
in 1972 [73], [74]. Since this time, Ti@ has been used in an extraordinary number of
applications including: as a photocatalyst in solar cells, as a gas sensor, as a white pigment, for
optical coatings, in electric devices, as a coating on cakdnplants, and to help degrade
organic moleculesuch as pollutantg¥3]. Much like ZrQ, it is a prime candidate to replace
SiQy in dielectric gate deees due to thickness limitations created by electron tunn@jg

Undoubtedly, the thermal, chemicahd mechanical stability of titania are partly responsible
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for its plethora of applicationf62]. However, the use ofiD, as a coating for corrosion
protection is of interest for this study. Titanium dioxide has frequently been studied as a
corrosionresistant coating, specifically on stainless s{éél, [75], [76], and has proven
successful in many cases. Titania is especially resistant in chloride sol@8nss was
previously discussed for passive films on titanium metal, making it an obvious choice for

protection of stainless steels.

ii.  Aluminum (Ill) Oxide (ALOs)

Aluminum is another lightweight structural material with good corrosion resistance and
electrical and thermal conductivif27]. As with the other metals that have been discussed,
aluminum is active until it reacts with oxygen to form a protective passive film, which is
primarily Al2Os in sufficiently oxygenated environments. Aluminum is subject to pittirty an
crevice corrosion in chlorideontaining media and is sensitive to corrosive attack in a number
of other environments. Despite this, aluminum alloys still find use because of their remarkable
strengthto-weight ratios, particularly in aerospace manufaoty However, when weight is
not the most dominant limiting factor, it is often better to use aluminum as an alloying
component to make use of its desirable properties. For example, the addition of as little as 3
5% Al as an alloying component allows @sion resistance in air up to exceptionally high
temperaturef27].

Aluminum (l11) oxide, or &umina, is the final component of the-trkide composite coating
to be deposited on the outer surface of the HLW storage canister. Alumina, much like zirconia
and titania, is a hard ceramic that is thermally stable and resistant to chemica[7affack
Al20z is particularly effective at improvinghemical wear and erosi¢é7]. Alumina is most
often used for its abrasiyeoperties and its abrasionopection. It is used in sandpaper and
metal polishing as an effective substitute for diamond, as well as a common coating on cutting

tools to prevent abrasive wear during (6&]. Alumina provides significantly improved
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corrosion resistance compared with aluminum metal in addition to its unique wear resistance
[78].

iv.  Zirconolite (ZrQ + TiOz + Al2Os)

Oxides are frequently combined to form even more effective coatings, as they tend to blend
well together. For example, ADs coatings have shown bettessistance to corrosion and better
deposition uniformity when combined with Ti{62], [79]. Furthermore, wear resistance of
alumina/titania compound coatings has been shown to increase over alumina coatings alone.
This increased wear resistance may be compounded by also additg #r®oxide mixture
[67]. The same goes for corrosion and dissolution resistance, which lends credence to the
blending of the three oxides to form aven more protective coating layérzirconolite.

Zirconolite is very hard, resistant to corrosion, and insoluble in wAgmentioned
previously, the properties of zirconolite are specific tortiative concentrations of each of
the three oxides uddo prepare the coatingirconolite possesses the most desirable properties
of each of zirconia, titania, and alumjmaaking it ideally suited to be used as a protective

coating in many types of environments.

4.1.3 Molybdenum Disulfide (Mo%

The benefits of molybdenum as an alloying component in steels have been described in
Chapter 2Molybdenum disulfide, in contrast, does not afford much corrosion resistance, but
rather is used as a dry lubricant @ondprovide wear resistance. It possesses especially low
friction in theabsence of liquids and humidif§0]. The low coefficient of friction of Mo%
leading to desirable lubricating properties is intrinsiits crystal structur@81]. MoS consists

of covalent bonds and is arranged in a layered, triangular prism with alternating layers of



51

molybdenum and sulfur atoni80], [82], [83] The layered structure results from the strong
polarization of sulfur atoms, which alsoeates greater spacing between layers. This extra
spacing combined with weak bonds reduces the shear stress required to cleave f8®]ayers
The relative ease with which basal cleavage occurs in molybdelsuifide gives the
molecule its low friction and good lubrication. Also, despite shearing of atomic layers, MoS

is able to retain its structure and its good adhesion to metallic substrates, making it an ideal
solid lubrican{{80], [82].

4.2  Common Coating Deposition Methods

There are a number of methods that are commonly used or have been used to deposit
coatings on many types of substrates. Selection of an appropriatetideposithod depends
on the type of substrate, the material being deposited, and the desired application of the coating.
A majority of deposition techniques may be grouped into four categories: physical methods,
chemical methods, physieahemical or hybridnethods, and dry etching methods for pattern
delineation[84]. Each of these categories will be discussed in terms aof i@t popular

techniques and the overarching utility of each class of method.

4.2.1 Physical Deposition Methods

Physical deposition methods are a class of coating deposition technique that results because
of a physical reaction in which the deposited malt&ighysically moved onto the substrate.
A majority of physical deposition techniques fall under the umbrella of physical vapor
deposition (PVD), which is a set of processes used to deposit thin films using vacuum

technology to produce a vapor of matenahich is then deposited on the substrateermal
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spraying methods dwell outside the realm of PVD techniques but will also be discussed as

physical deposition mechanisms.

I.  Evaporation Techniques

The first class of PVD techniques involve evaporatiorihef material to be deposited,
which occurs in a vacuum environment. Standard evaporation techniques involve heating of
the deposition material, either thermally, resistively, or using electron or neutral beam heating,
until evaporation occurs. The gaseaumsiterial is then transported to the substrate and
condenses on the surface, leading to film growth. The low pressure ensures as few interactions
as possible between the evaporation source and the substrate. A reactive gas may be included
in the chamber tiorm compounds prior to condensation on the substrate, which is aptly termed
Areactive evaporation. o The reactive evapor e
plasma within the vacuum chamber, aiding the compdamding reactior{84]. Evaporation
techniques produce uniform coatings and have good deposition rates but are limited to
materials that may be efficiently &ied to the point of evaporation.

A specialized evaporation method that has gained significant traction over the past 30 years
is molecular beam epitaxy (MBE). This is an ultrahigh vacuum (UHV) evaporation method for
depositing high quality thin film§34]. The process involves at omi
generatedia evaporation or already gaseous sources, which aneeadl to crystallize on the
substrate surface. MBE is capable of producing extremely uniform films with properties very
similar to those of the bulk material. The benefit to MBE over standard evaporation techniques
is a lower growth temperature, which lisitiffusion and allows for abrupt boundaries
between layers and thickness control down to single atomic l@ydrg his nakes MBE ideal
for manufacturing semiconductor devices, where it is used extensively. A significant drawback

to MBE is the extremely high vacuum that is requireaften 10 Torr or betteri to grow



53

uniform, singlecrystal coatings. Significant expensedadesign constraints accompany the

need for UHV conditions.

ii.  Sputter Deposition

The second set of PVD processes, and possibly the most widely used dapssifion
methods, are the various sputtering techniques. Sputtering is the process of physically
removing material from a target by bombarding it with energetic particles. The particles that
have been removed may then deposit onto the substrate. Sputtering differs from evaporative
methods in that the particles enter the vapor phase due to momemtimp(ése) transfer
rather than thermal excitation leading to evaporation. This gives sputter deposition significant
versatility; virtualy any material is subject to sputteringthout regard for its thermal
limitations or vaporization requirements. Sputtoatings also have good uniformity and
smoothness, as well as good adhesion to many substrates. Thickness of sputtered coatings is
relatively simple to control, and sputtering is highly adaptable, especially to the size of the
substratg84].

Sputtering may be performed in a number of ways, most of them involving ions as the
bombarding particle. The ions are typically gexted in a plasma discharge, though ion beams
generated in other manners are also used. Plasma chambers used for sputter deposition include
DC discharges, cathode arcs, and RF (radio frequency) discharges, in various geometries and
configurations. Similarlyto evaporation processes, sputtering takes place under vacuum
conditions so that ions and sputtered atoms (or molecules) are relatively unimpeded on the way
to their targets, producing more uniform films. Low pressure also reduces the energy input
required to form the plasma discharge. Magnetron sputter deposition is the method of choice

for this research and will be described in detail in a subsequent section.
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iii. lon Plating

lon plating was developed as an alternative to the other PVD methods, prbdice
deposition particles with insufficient energy for some applicati@vsporation processes
produce particles with energies less than 1 eV, and sputtering produces atoms with energies up
to 10 eV[84]. In order to enhance the deposition energies, the substrate and growing film are
continuously bombarded by high energy ions. lons bombard the surface before and during
deposition to increase adhesion by cleaning the substrate surface and to influence the properties
of the coating during growt[85]. The constant bombardment of the growing coating often
leads to a dense structure with fine grain bounddB84 However, the deposition rate
decreasedecause ofe-sputteringof the coating from the substraf€he properties of the
impinging ions significantly affect the coatings and must be closely maintained to ensure
optimal deposition condiins.

lon plating can be added to almost any PVD technique because it can use any source of
ions. lons may be produced as a part of the deposition method, as with -plksssted
sputtering, or they may be introduced from a source external to the maintidepa®cess.
For example, a negative bias applied to the substrate in addition to the target in a DC or RF
plasma discharge will simultaneously accelerate ions toward the substrate and sputter the target
material. If instead the ion source is a sepaostgun, it may be applied to any standard PVD
method, including evaporative, ngtasma methods, in which case it is known as ion beam

assisted deposition, or IBAD.
iv. ~ Thermal Spraying
Thermal spraying is a class of methods that is often used on an imlidscstle to coat large

items quickly. A high density heat source is used to melt the coating material and accelerate it

toward the substrate, where it rapidly cools. There are many types of thermal spraying methods
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including plasma sprays, which are amaihg most widely used of the thermal spray
techniques. Plasma spraying utilizes a plasma jet that is hot enough to melt nearly all materials
and provides significant acceleration to the coating material.

Thermal spraying methods have deposition rates d@ratseveral orders of magnitude
higher than PVD and chemical deposition methods, allowing for coatings up to several
millimeters thick. Other major benefits are that thermal spraying does not require low pressure,
thus saving cost and effort on vacuum equent, and very large components may be coated
rather quickly. The main disadvantages are porous coatings and often poor adhesion. The
drawbacks to thermal spraying make it practical only for thick coatings on relatively large

substrates, as small deviaegjuire greater precision and better uniformity.

4.2.2 ChemicalDeposition Methods

As the name implies, chemical deposition methods are techniques that utilize chemical
reactions to deposit coatings. The methods are divided based on the phase utilizeddd tran
the coating material. The first group uses a gas phase and vacuum technology to deposit
material and consists of chemical vapor deposition (CVD) and atomic layer deposition
techniques. The second group employs the liquid phase as the mass tradsien arel
primarily involves solgel processing86]. The fundamental difference between chemical
deposition and physical deposition is that the coating materials are chemically altered from the
form of the precursor to tHeal film deposition. The manner in which the alteration occurs is
dependent on the specific chemical technique.



56

i.  Chemical Vapor Deposition (CVD)

Chemical vapor deposition is one of the most important film deposition technologies and
is used extensiVgin the fabrication of soligtate microelectronics. CVD presents versatility
for depositing many types of compounds with high precig8f). The principles of CVD
involve the introduction of gaseous constituents, either as part of the process or from a separate
process, which are made to chemically react and form a solid film on aasebStandard
CVD methods are performed under vacuum conditions ranging from low to ultrahigh vacuum,
though CVD is also done at atmospheric pressure for certain applications. There are many
subclasses of CVD depending on the application, though the femtainprocesses are the
same. Thermal chemical vapor deposition, organometallic vapor phase epitaxy (OMVPE), and
photochemical vapor deposition are notable variations of CVD but will not be discussed further
[84].

The basic CVD sequence begins with reactions leading to the formation of gaseous film
precursors followed by transport to the substrate and adsorption of the ditorsors to the
substrate surface. Diffusion (often thermadlgtivated) and further chemical reactions of
adsorbed film precursors result in film growfg4]. Thermodynamics are important in
predicting the rates of the possible chemical reactions, and the continual need for more
advanced and intricate coatings places significant importanteeainderlying chemistry.

The adwntages of CVD include its uniform film deposition, allowing for elaborate
substrate geometries. Additionally, CVD often boasts relatively high deposition rates and a
lower vacuum requirement than PVD techniques, as well as high purity flms. However, the
precursors to the film composition must be gaseous at the operating temperature. This requires
very complex and frequently hazardous precursors for low temperature operation, or elevated

temperatures requiring more sophisticated equipment and control.
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ii.  Atomic Layer Deposition (ALD)

Atomic layer deposition (also known as atomic layer epitaxy or molecular layering) is a
form of CVD that has been developed to meet the-gi@wning needs of semiconductor
manufacturing. ALD is based on séihiting chemicalreactions, which accounts for the
atomic layer control that is possible with ALD. Most ALD processes utilize adesiigned
precursor to deposit binary films in sequential layers. In this case, the reaction may be divided
into two halfreactions each reaon proceeds in the presence of its own precursor, which, in
turn, readies the surface for the next precursaction pair. The reactions take place only at
surface sites, leading to sdithiting film growth; each layer stops growing when the surface
sites have been exhaust@a], [89].

Angstromlevel thickness control isvailable with ALD, which is the biggest advantage it
provides over other deposition techniques. It is also capable of producing extremely thin,
uniform, defectfree films that are necessary for semiconductor and microelectronics
manufacturing, as well a®me other applications. The séthiting nature of ALD produces
continuous films because no surface sites are left unoccupheslis especially important for
dielectric films. Finally, ALD is extendible to large and vargebmetry substrates because

the gaseous precursors do not requiredifisite to the substrate, as with PVD meth[88.

iii.  SolGel Processing

Solgel processing deribes the class of methods in which a solution or sol undergoes a
transition to a rigid, porous mass (ged.sol is a liquid containing suspended, insoluble
particles[84]. Solgel reactions are a series of hydrolysis and condensation reactions that
promote the growth of the suspended particles in a network, representing the sol to gel
transition[90]. The important reagent (or precursor) in mostgadl reactions isa metal

alkoxide[84], where an alkoxide is the conjugate base of an alcohol, which is the compound
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that is left over aftethe alcohol loses a proton in a chemical reaction. For coatings, the solution
undergoes the s@el transition once it is in contact with the substrate, going from liquid phase
to a solidliquid gel[84].

Solgel processing has the advantages of low temperature operation and uniform,
homogeneous, high purity films. Also, any unused material can be recovered and reused,
making the use of potentially precious and expensive materials quite eff@gnThe major
downsideof solgel is the costfgorecursors. It is useful for thin films where material costs are
not an issue, but there are more practical methods for creating or depositing bulk materials
[84]. Additionally, it is difficult to avoid film fracture and porosity upon drying of the gel

phase.

iv.  Electrochemical Deposition

Electrochemical deposition is a process by which ions in a solution mdgposited in
the form of a solid film onto a conducting substrate. Deposition in this manner may be achieved
by two different processes: electrodeposition, involving externally applied power, or
electroless deposition, involving a spontaneous depositittnnei applied powel91]. In an
electrodeposition, or electroplating, process theereal power source generates a current
causing material dissolved in solution to be reduced and flow toward the substrate, where it is
deposited. Electroless deposition relies on clever solution compositions to drive the
electrochemical potential towatige spontaneous deposition of dissolved material. In this case,
the solution itself provides the necessary electrons to reduce ions in solution, allowing them to
be deposited on the substrate surface. Electrochemical deposition techniques are frequently
utilized in semiconductor and microelectronics manufacty®dg They are generallymited
to conducting materials, making those methods less versatile than other deposition methods.

However, this is made up for by the deposition rates of electrochemical techniques, which are
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much higher than other chemical deposition methods. Addilypetectrochemical deposition
systems can be very simple and inexpensive to manufacture.

A closely related technique to electrodeposition and electroless deposition is
electrophoretic deposition, which coats a substrate with particles suspended tioa asing
electrical currents. The generated electric field causes suspended particles to move toward the
substrate electrode (electrophoresis), where the particles may coagulate and33p[23.
Electrophoretic deposition is often appli@ddeposit ceramics and other dielectric materials,
though it is limited to materials that can be suspendedpsoip solution.This requires proper
matching of deposition material and liquid to ensure insolubility. Many oxides have been

deposited electrophoretically, including Bi@rO,, and AbO3[93].

4.2.3 Hybrid (PhysicalChemical) Deposition Methods

Physicalchemical, or hybrid, deposition methods combine aspects o$iqathyand
chemical deposition to enhance the deposition process. Hybrid methods are able to overcome
the disadvantages of one technique by complementing it with another and have become quite
popular because of this. The types of hybrid deposition systenmsimerous, but there is one
of particular interest that has gained significant traction: plsmmhanced chemical vapor
deposition (PECVD).

Plasmas are able to enhance chemical reactions much more efficiently than other methods.
Because of that, PECVD $&&een made more cost efficient than therrratiyvated CVD in
most cases. An example of this is the deposition of silicon nitride films. Thermal CVD
techniques require temperatures between 700 and 900°C, whereas PECVD reduces these
temperatures to leskan 350°C by substituting electrical energy from the plasma for thermal
energ){84]. Moreover, dissociation of the gasespgcies that occurs within a plasma is often
desirable for augmenting the chemical reactions required for deposition. Lower temperatures
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are significantly better for substrates and structural materials of the deposition device, which
is why PECVD has becognan established commercial deposition technique for a wide array

of applications.

4.2.4 Etching and Pattern Delineation Processes

Etching is the selective removal of a material to create a specific pattern or design. This is
typically accomplished by placirgmask over the area where material removal is not desired.
Etching may be divided into two broad categories: wet and dry etdMegetching includes
most types of chemical etching and generally is capable of removing material much faster than
dry etchng. However, it is typically isotropic because the liquid etchant is capable of getting
underneath the mask. In cases where precision is required, dry etching is normally the method
of choice. Dry etching includes plasraasisted etching, ion beam etchitager etching, as
well as other physical and dry chemical etching processes. Physical dry etching uses high
kinetic energy particles to remove atoms from the substrate, similar to sputtering, whereas dry
chemical etching utilizes chemical reactions betwibe gaseous etchant and the substrate. It
is possible to create anisotropic etches with dry etching methods, which is preferred to isotropic
wet etching. However, the greater control of dry methods comes at the expense of etch rate,
which is significanty lower than for wet etching.

Etching processes are often used in microelectronics fabrication using photoresist on
silicon wafers, though they are also used to deposit thin films in desired patterns. Etching is
not an ideal method for the uniform, proteetcoatings that are desired for HLW storage

containers, and this description has only been included for completeness.
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4.3  Magnetron Sputter Deposition

In light of the pros and cons of the deposition methods described in the previous section,
magnetron sputter deposition was chosen as the method to be used for the deposition of thin
film coatings on steel for this research. To recap, the advantagestef sigposition are: good
film uniformity and thickness control, film deposition with bulk properties, excellent versatility
in selection of target and substrate materials, good adhesion, and moderate deposition rates
[84].

Magnetron sputter deposition is a form of PVD that has a relatively high deposition rate
and produces quality films. It has adequate scalability and gdaptability, which were
important factors in choosing a deposition techni@4¢, [95]. Due to the overwhelming size
of spent @iel storage containers, the deposition technique must be appropriately scaled up in
order to be practical to implement. Moreover, there is a broad range of materials to be
deposited, and there may be an even wider variety in the future to account faandiffe
situations and environments. Sputter deposition is capable of handling almost any coating
material and it may be scaled up by building a larger discharge chamber. Although there are
other techniques that produce higher quality, lower defect coatiagdl(D and PECVD), or
have higher deposition rates (i.e. thermal spraying), or are more easily applied on a large scale
(i.e. thermal spraying and electrodeposition), there are very few deposition methods that
combine all of these desirable propertidse &xceptionahdaptability of magnetron sputtering
combined with high quality lins, moderate deposition rates, thickness control, and acceptable
scalability make it one of the most wellunded deposition techniqueBurthermore,
sputtering is relativelgimple to control and automate, so it is not a technique that is solely

confined to research laboratory use.
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4.3.1 Glow Discharge

The basis of the sputtering operation is the glow discharge plasma that is used as the source
of ions. In fact, glow dischargeme the basis for many types of plasb@sed deposition
processes including sputter deposition, plasma etching, and PECVD, amon{gdthditsese
plasmas are generally weakly ionized at well below atmospheric pressure. The basics of
plasmas will not be rehashed here, as they can be found in any introductory plasma textbook,
though it is important to discuss the specificspafcessing plasmas and the way they are
controlled.

Glow discharges are often sustained by applyihigl powerto a set of electrodes within
the discharge chamber. A simple schematic of a capacitive plasma discharge is lgigerein
4-2. The power source, which may be BD@tageor RFpower, passes current through the gas
(normally low pressure) between two parallel plate electrodes, eventually causing the gas to
ioni ze or Aibreak downo to form a pl asma. Th
electrons. When the voltage is shut off, ionization ceases and recombination of electrons and
ions produces neutral fill gas again, effectively turning off the plasmae®re many other
types of plasma discharge configurations, but the focus here will be on planar, capacitive
discharges.

Glow discharges for processing are typically low pressure discharges with gas pressures
between 1 morr and 1Torr, though some applitans require higher vacuuf®6]. High
pressure processing discharges are also used as a means of delivering high heat to the target or
substrate. There is a delicate balance of gas pressure for plasma sputtering: too low of a
pressure leads to an insufficient numbéions, whereas too high of a pressure reduces the
mean free path (MFP) of sputtered atoms, causing too many interactions before reaching the
substrate. Because of this, gas pressure is an important control parameter in determining film

deposition ratand film uniformity and morphology.
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Figure4-2: Simple capacitive plasma dischaigadapted fronj96]

4.3.2 Physical Sputtering

To reiterate what was stated previously, sputtering is the process of bombataliggta
with energetic particles to dislodgmms and/or molecules. The material that is removed may
then be deposited onto a substrate if desired. In the case of glow discharge sputtering, the
source of energetic particles is the plasma itself. Heavyiiotise plasma are accelerated
toward the negativelpiased target, gaining enough kinetic energy along the way to displace
material upon contact with the target.Amgure 4-3, the plasma is generated in the negative
gl ow region, and ions are accelerated throu
devoid of electrons, toward the cathode. The sputtered atoms that are ejected from the cathode
are then depositeon the substrate. The setupFigure 4-3 is the simplest form of plasma
sputtering, and it may be controlled by altering the potential through which the ions are
accelerated and by changing the gas pressure.
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Figure4-3: Planar cathodic sputter deposition configuration

The primary collision between an energetic ion and a target atom may or may not cause
sufficient erergy transfer to eject the impacted atom. This is dependent on the energy and angle
of incidence of the bombarding ion. For ions on a path perpendicular to the target, the primary
collision likely forces the atom further into the substrate rather thanrdoth@ surface.
However, the ion and atom from the first collision are capable of colliding with other atoms,
which may, in turn, collide with additional atoms, and so on. Eventually, one or more atoms
may gain the appropriate velocity to leave the sutestiidus, sputtering typically occurs due
to multiple collisions involving a cascade due to a single incidenf9@h The cascade is
capable of spanning a significant volume inside the substrate, meaning that the damage extends
beneath the surface. Evidently, the incident ion must have sufficient energy to dislodge an atom
from its lattice position such that a cascadeymitiate.

With this description of the sputtering process in mind, it is clear that the sputtering yield,
or the number of atoms ejected from the target per impinging particle, will be different for each
material. The transfer of energy among atoms épen the size, density, and placement of

atoms within the material, along with the energy of the incident particle. Sputtering yield
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monotonically increases with incident ion energy because each ion possesses more energy to
transfer to the target atomigading to greater recoil energies and longer, more energetic
collision cascades. lon energies for sputtering are usually between 200 and 1000 V, which is
roughly 10 times the threshold sputtering energy for most matggilsSputtering yield is

also sensitive tthe type of ions used to bombard the target. The most efficient energy transfer
occurs between two similaryeighted particles. Thus, sputtering yields are increased if the
ion and target atoms are close in mass. Argon and xenon are most often saldtted a
sputtering fill gas, though other atmospheres are also used, particularly for reactive sputtering.
The sputtering yield can range from 0.1 atoms ejected per incident ion up to several tens of
atoms per ion, depending on the factors discussed abpuétefihg yield is an essential
parameter in determining the film deposition rate and becomes exceedingly important for co
sputtering of several targets simultaneously or for compound materials, such as the coatings

chosen for this study.

4.3.3 Planar Magnetno Sputtering

In order to get around the balance between a dense plasma and a sufficient mean free path
of the sputtered neutral atoms, magnetic fields may be introduced. Magnetic fields, alongside
the evefpresent electric fields, are used to increaseetfieiency of the deposition system.

The introduction of magnetic fields changes the motion of charged particles. Both electrons
and ions move in circular orbits around magnetic field lines. Except for very high strength
magnetic fields, ion motion remammostly unaffected because of its mass. Electron orbits,
though, are substantially altered even by weak magnetic fields. Thus, electrons may be
manipulated without affecting ions or neutral particles by applying (or inducing) magnetic

fields of appropria strength.
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Magnetrons are a class of sputter sources with applied magnetic fields that run parallel to
the target. The magnetic fields, in tandem with electric fields persisting in the plasma, are
capable of confining low energy electrons close to thgetasurface, causing more ionization
and increasing the plasma density locg84], [98]. The local increase in plasma density leads
to a greater number of ions amtieases the sputtering efficiency, effectively increasing the
film deposition rate. Many of the electrons that become trapped near the target surface are
secondary electrons emitted upon ion impact. These electrons generally have lower energy
than electras in the plasma bulk and thus can be confined with weaker magnetic fields. The
importance of the secondary electrons in the sputtering process is evidenced by the attention
given to the secondary electron emission yield in the liter@@3je Increasing theleposition
rate in this fashion avoids the negative effect that increasing the sputter gas pressure has on the
sputtered atoms that are to be deposited on the substrate. A properly designed magnetron is
capable of operating at low pressures ( < 10 mtaithout losing out on sputtering efficiency:.,
which is an important feature that makes magnetrons widely used for sputter deposition.
However, depending on the configuration of the magnetic field, the target material may be
preferentially sputtered over sifier areas. This causes poor target utilization and wasted
materials and is the main disadvantage of the planar magnetron system, though it can be
overcome by moving the target with respect to the magnets (i.e. rotating cylindrical magnetron)
[84].

Figure 4-4 shows two pictures of a ty@t planar magnetron sputter deposition system.
Each pictures shows ideal magnetic fields lines given the magnets shown, albeit the more
realistic field profile may be found in picture (b). Picture (a) displays the concentration of
electrons near the targetirface leading to an increased local plasma density and increased
sputtering. The effect of preferential sputtering may be seen in (b) with the depletion of the
cathode between the magnets. Cooling of the sputtering target is essential due to the heat
generated from the energy transferred during ion impact. It is evident in (b) that given the

proper configuration of magnets, the bulk of the plasma may be confined to a region away
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from the substrate, decreasing the ion flux to the substrate surfaces @ikriable in many

cases to avoid significant-sputtering of the deposited film.

4.3.4 Reactive Sputtering

To this point, the case has been made for avoiding any interactions between the sputtered
atoms and the background gas by operating at low prestakever, adding a reactive gas to
the discharge (i.e. oxygen or nitrogen) opens the door for what is known as reactive sputter
deposition. Reactive sputtering is a process where the sputtered atoms react with the gas in the
discharge chamber before depiogjton the substrate to form a compound coating. For
example, aluminum may be sputtered in an argoygen atmosphere to deposit an aluminum
(1) oxide (Al2O3) coating, rather than sputtering an@4 ceramic target in a nereactive
plasma.

The case for reactive sputtering is thotd. First, compound materials typically have much
lower sputtering yields than elemental targets, leading to low depositiof@@sThis has
to do with the inefficient energy transfer between particles of dissimilar mass. The disparity in
sputtering yield between compound and elemental materials is exemplified by aluminum
oxide. The sputtering yield of pure alumindor argon ions with energy of 600 eV is 0.83
atoms per incident ion, and it drops to 0.18 atoms per incident ion 40g 6], [101]. The
sputtering yield is over 4.5 times greater for pure aluminum compared to its oxide form,
resulting in a significantly higher deposition rate of mallobum metal. Sputtering pure
aluminum and allowing it to react with oxygen in the discharge chamber can overcome the
poor yield of AbOs and greatly increases the deposition rate of aluminum oxide coatings. This
vast discrepancy between sputtering ratederhental and compound targets is not always the
case. The sputtering rates of zirconium and zirconia using 600 eV argon ions are 0.42 and 0.32,
respectively, and the sputtering rate of 7i® actually twice as high as that of elemental
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titanium for thesame energy argon iofi$01]. For many cases, though, the sputtering rate
makes a significant case for the use of reactive sputter deposition.

Another important aspect of depositing reactively sputtered coatings deals with the
selection of the powesource. Metal targets are capable of dissipating power efficiently and
therefore are compatible with DC and RF power delivery, which are the typical choices for
sustaining a plasma discharge. Dielectric targets (i.e. oxide and nitride compounds) are
insulaing and thus cannot handle high DC power without cracking. Instead, the sputtering of
insulating materials requires RF power and careftdlgtrolled target cooling. Not only are
systems with DC power delivery simpler to setup and operate, DC power lisaasier to
scale up to higher power levels. The concerns with RF power upon scaling up include:
nonuniform power delivery, RF leakage, crtakk between components, arcing, and the high
cost of RF power suppli¢84]. Metallic targets are easier to purify, machine, and cool, making
them more efficient to use than insulating compound taf§é}s[102].

Control of gas flow rates into the discharge chamber is very important for reactive
sputtering. The metallic target is capable of interacting withethetive gas prior to sputtering,
causing a compound layer to form on the surface of the target. This is known as target
poisoning and will greatly reduce the deposition rate for reasons mentioned prefd00$]y
[102]. Flow of the reactive gas must be acutely controlled to prevent target poisoning due to
too much of the reactive gas, and to avoid depositing metallic coatings from an insufficient
supply of the react® gas to form compounds with sputtered atoms. The stoichiometry of
reactively sputtered films is also very sensitive to the concentration of the reactive gases in the
discharge. This places a premium on gas flow control in order to maintain the desired fil
composition and stoichiometry, though it also provides considerable control over film
deposition102]. This makes reactive sputtering considerably more difficult to implement than

nonreactive sputtering.
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Figure4-4: Depiction of magnetron sputter deposition: a) argon discharge showing effects of background gas; b) argon
discharge with preferential sputtering depicted between magnets
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4.3.5 Experinmental Magnetron System

The system utilized for coating deposition in this study is picturdéigare4-5. It is a
CMS (Combingorial Materials Science) 18 Multi-Source magnetron sputter deposition
system from the Kurt J. Lesker Comparihe deposition system is located in the Department
of Materials Science and Engineering at the University of Floridkaatesville

The processing chamberas thfglcylinderwi t h an 180 di ameter ant
steel.lt is capable of functioning anywhere from atmospheric pressure to UHV (rougHly 10
Torr). This magnetron has a rotating mouptto 40rpnt hat supportsamndp t o 6
substrate heating up 800°C.RF and DC power delivery are supported for sputtering either
conducting or insulating materials, both magnetic andmagneticFinally, the chamber can
house 4 sputter targets simultaneously and is capable ofgaslinjection for reactive gfter

deposition.
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Figure4-5: Magnetron sputtering systeinDept. of Materials Science and Engineering,
Univ. of Florida, Gainesville

4.4  Coating Characterization

Following depositionthecoatings arémaged andatharacterizedio ensure uniformity and
good adhesion to the substrabmaging techniques include optical eroscopy, scanning
electron micoscopy (SEM), and focused ion beam (FIB) imag@gtical imaging provides a
quick method to determine fthrences in surface morphology, whereas electron imaging
allows for much higher magnification to capture fine microstructure. FIB imaging is useful for
milling out regions andbserving cross sectional areeith very high magnification.
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Figure4-6: SEM image of titanium nitride on SS3lL@&athodic arc depositioin5 k x
magnification
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Figure4-7: SEM image of titanium nitride on SS3D4nagnetron sputtetepositioni 10 k x
magnification

Figure 4-6 and Figure 4-7 show SEM images titanium nitride coatings on two different
stainless steels deposited using two different methods, cathodic arc and magnetron sputtering.
These images demonstrate the abilitfiy electron microscopes to differentiate between
microstructure. It is also clear that magnetron sputtefigue4-7) is capable of producing
uniform coatingswhich is one of the reasons it was chosen as the deposition tectaghe.
coating was imaged in a similar manner following deposition

The power of FIB imaging may be gathered fridigure4-8, which shows a surface region
milled out using an ion beam and the same region blown up to measure the thidkhess

protective surface coating.
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Figure4-8: FIB image of titanium nitride coating on SS304; miaa region (left) anén extremehhigh magnification
view of the coating layer (right)
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Figure4-8 shows a fairly uniform coating thickness of roughly 235 nm over a portion of
the surface of a SS304 disk. Using FIB imaging, TiN proved to be the thickest coating out of
the five materials dected for the same deposition duration. The higher thickness for TiN is
based on the fairly high sputtering yield of TiN compound targets. On the other hand, a TiO
coating on SS304 may be seefrigure4-9 showing a coating thickness around 30 nm, which
is roughly an order of magnitude thinner than the TiN coating. Each of thean&talcoatings
proved to be less than 100 nm thick, owing to the very low sputtgiethd) of oxide targets.

The extremely thin oxide coating layers make a good case for the use of reactive sputtering,
which was discussed earlier in this chapter. The effect of the protective coating thickness will

be addressed in a subsequent chapter.

2/23/2016  HV
3:13:14 PM 5.00 kV|1.02 ym|249 993 x|4.2 mm TLD

Figure4-9: FIB image of a Ti@coating on SS304ith thickness marked on the imag&50
k x magnification
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CHAPTER 5

CORROSION TESTING

The primary focus of this study is on the corrosion performance of the bare and coated steel
canister materialsTwo types of corrosion experiments are implemented: electrochemical
polarization and prolonged exposure in circulating corrosive solutions. These two testing
mechanisms provide significant information about the bare and coated steels in a number of

environments.

51 Electrochemical Polarization

Electrochemical polarization has become an extremely popular technique to assess the
corrosion of various materials. The technique consists of measuring the flow of electrons
(current) from the oxidation and reducticeactions that collectivelyaase corrosion. External
voltage or current is applied to disturb the
By artificially creating norequilibrium conditions, corrosion is accelerated, allowing for rapid
asssesment of the corrosion behavior. Electrochemical polarization measurements allow
corrosion to be aterved and quantified over a much shorter timescale than would be necessary
in the absence of an applied bias and subsequent response [@D3Ent

A diagram of the experimental setup for polarization measurements is providiguiia
51El ectrochemical testing is completed using
Interface 1000 potentiostat, both from Gamry Instruméhntips://www.gamry.con)/ The
potentiostat is the comtlling unit of the test celthat applies and measures the voltage and

current signalsising the software provided with the ufiihe experimental arrangement is the
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standard 3lectrode configuration employing a working electrode, a counter electratla, an

reference electrode.

Electrolyte Solution

Reference Electrode

(Ag/AgCl)

Counter Electrode Working Electrode
(Graphite) (steel)

———— Potentiostat «~———»

Figure5-1: Diagram of the setup for electrochemical polarization measurements

The working electrode is the materiaidergoingcorrosion which is one of three steel
alloys inthis case. A saturated silver/silver chloride (Ag/Agf&lerence electrode sets the
potential against which voltage is measured, or the reference pot&ntiaért graphite rod is
placed in the cell to balance the reactions occurring at the surfdeewbrking electrode and
is known as the counter electrode. The purpose of the counter electrode is to act as an electron
sink to avoid passing substantial current through the brittle reference ele&aotieof these

electrodes is connected to the pdi@stat, which is controlled by computer software.
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Temperature is measured using a thermocouple placed in solution connected to a multimeter.
Figure 5-2 shows a labeld picture of the experimental setup to perform electrochemical

measurements.

Reference

%
. Heated Water Bath Electrode

Figure5-2: Electrochemical polarization setup with labeled components

5.1.1 DC Electrochemistry

DC electrochemistry consists of applying static voltage or current signals and measuring
the system responsd@he DC electrochemical measurements utilized in this study will
exclusively control voltage and measure current. Two forms of voltage contratithbe

employed are potentiostatic and potentiodynamic measurements, the difference between them
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being that the voltage is either held constant (potentiostatic) or changes at a prescribed scan

rate (potentiodynamic).

300 b -
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Overpotential (mV}
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Current Density (mAjcm®)

Figure5-3: Cyclic polarization curve for stainless steel type 316 in 1 M NaCl solution.

Arrows indicate direction of voltage scan

5.1.1.1 Cyclic Potentiodynamic Polarization Curves

Potentiodynamic currentoltage curves provide a majority of the information that can be
gathered from DC measurements. A special application of potentiodynamic techniques known
as a cyclic polarization curve may be seeRigure5-3. The voltage scan initiates at the start
point noted in the figure and continues in the noble (positive) direction following the direction

of the arrows. Upon reaching thpex, the scan reverses and terminates at the starting voltage.
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Significant information may be garnered from cyclic polarization curves including corrosion
rate, passive breakdown potentiakpaessivation potential, and the propensity for localized
corrgsion in a given environment.

Figure 5-4 shows the same polarization curve as that providdgigare 5-3 with the
passive breakdown £E) and repassivation (kp) potentials noted on the graprhe passive
region is the portion of the curve that is noble to the equilibrium potential (zero overpotential)
and ismarked by a small change in current over a large voltage rRagsive breakdowis
denoted by Ep in Figure5-4 andspellsthe end of the passive region d@hd onset of localized
corrosion This isindicated by the large increase in curitbiat ensued he passive breakdown
potential is equivalertb the critical pitting potential in the abseraevice corrosion and is
the point at which corrosion pits begin to form and propgg&te [57].

Repassivation is the point at which corrosion pits cease propagating and the passive film
is able to reform It is noted inFigure5-4 as the point at which the reverse scan crosses over
the forward scarlhe positioning of the breakdown andpassivatiorpotentials with respect
to the equilibrium potential speaks to the passivation behavior of the material. Furthermore,
the severity of the localized corrosion (mostly pitting) may be qualitatively determined from
the hysteresis in the cyclic polarizatiomeeL In the absence of pitting and crevice corrosion,
the reverse voltage scan would lie directly on top of the forward scan. The size of the loop
mar ked @Al oc al iFigueeB-4, ar the area snday thedcurvenis proportional to the
amount and severity of the localized corrosion. Thsvisenced by the fact thdte reverse
scan measures the same current magnitude for a much lower voltage, which islatrtbuta

pits that have formed and continue to grow.
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Figure5-4: Cyclic polarization curve for SS316 showing the passive breakdoys) 4Bd
re-passivation (kp) potentials as well as the region@sated with localized corrosion
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Figure5-5: Cyclic polarization curve (right) and polarization resistance curve (left) for stainless steel type 304. Parameters
aredetermined from the slope of the curves, asshown. 8 t he pol ar i zatnidardbtheaewicand ance and
cathodic Tafel coefficiats, respectively.
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51.1.2 Corrosion Rate

In addition to providing information about passivity and localized corrosion,
potentiodynamic polarization may also be used to determine uniform corrosionFigtes.
5-5 shows the information relevant to determining corrosion rates that mgsttered from
cyclic polarization curvesthe process of calculating corrosion rates from polarization curves
is described below.

The ButlerVolmer equation (E((5.1)) is often usd to describe the relationship between
potential and current for a system undergoing a combination of anodic and cathodic

electrochemical reactions.

& eanF(E-E,) 8 -@nF(E £)
| =1 ' N 7
corr éﬁxpg RT h’rexp g RT (5.2

Where: U, cate anodic and cathodic charge transfer coefficients,
F is Faradayé6és constant (= 9.6485E+04 C
n is the number of electrons involved in tikactions,
R is the universal gas constant (= 8.3144598-di(K)),
T is the absolute temperature (K),
Ecorris the corrosion (equilibrium) potential (V),
lcorr IS the corrosion (equilibrium) current (A),

And | is the measured current (A).

The quantity 2. 3RT/ UM inwhichicgse EqB.B dah be redrigtlenot e d

as:
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é o ~
=1, +, aorrgxpae—az'% 8exp 68_&.3/7 (5.2
c C ba - C p

Where: 4 Ic are anodic and cathodic currents (A),
d is the overEpoWential (d = E
And ba, bc are anodic and cathodic Tafel slopes (V/decade).

This gives a relationship between the current and the deviation from the equilibrium
potential (overpotential) in terms of parameters characteristic of the coupling of the material
and environment, theorrosion current and Tafel slopes, which is valid assuming kinetic
control of the corroding system under observation. Measured potential versus current data may
be fit to Eq.(5.2) using least squares fitting witkod, a b acraslthefitting parameters.

By restricting the potential to a region very close to the corrosion or equilibrium potential
(low overpotential region), the exponentials can be expanded in a Taylor sexiestab ¢ = 0,

resulting in the SterGeary equatiofil05]:

an b b
dil,, 23, (b+ b

"= corr

(5.3)

The left hand side of Eq5.3) is the slope of the potential versus current curve in the
immediate vicinity of the equilibrium potential and is known as the polarization resistance, R
This is depicted in the picture dmetleft inFigure5-5.

In the high overpotential region, it is simple to show that either the anodic or cathodic
region dominates. The region of high positoxerpotential d > 0, i's dominate
region, whereas the high negative overpotent

Whenanodic currendominatesEq.(5.2) reduces to:
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o

| © Ia :exp%— (5.9
Rearranging Eq5.4), the overpotential may be written as:

h=a blog(1) f%gln(l) in{1_) 55)

Therefore, the anmntsg@roportionatd ted slope of¢hé Voltageiversug
log current curve in the region of positive overpotential. The same applies for the cathodic
Taf el c ocgeirf thenegative overpoteitial regioBeeFigure5-5

Solving Eq.(5.3) for the corrosion current gives:

| - b b (5.6)
23R, (b4 B

All terms on the right hand side of E&.6) can be determined experimentally, in which
case the equilibrium current is immediatelytaobable. Once the corrosion current has been
calculated, Eg. can be used to relate corrosion current to corrosion rate for a given material

undergoing oxidation and reduction reactions.

K o=te & BV (5.7)
r A
Where: } is the ma¥s density (g/cm

EW is the equivalent weight of the electrode (g),

b
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Acis the electrode area exposed to corrosiorfcm
k is a constant (= 3272 mm/{ém-year)),
And Kcorris the corrosion rate in millimeters per year (mmpy).

5.1.2 AC Electrochemistry

5.1.2.1 Theory
Applying a voltage signal v(t) =¥ i n( ¥t ) , cdmsgilset ifmge qufenacy f
cell will result in a steady state currenti(t)rwsli n( ¥t + d), wheanéht 1 s t

are peak amplitudes. This measured current will be of the same frequency as the applied
voltage but will have shifted phase.he phase shift d is the pha
voltage and current and is zero for a purely resistive respbd8f Whereas resistiveshavior
is simple to characterize, the response of capacitive and inductive elements to sinusoidal
voltage and current signals is not so trivial. For a capacitor: i(t) = [dv(t)/dt]C, and for an
inductor: v(t) = [di(t)/dt]L, where C and L stand for capacte in Farads and inductance in
Henrys, respectively

Fourier transformation allows for a simpler treatment of the resulting system of equations.

The sinusoidal voltage and current signals may be rewritten as: vigg=xVp ( j ¥t )m and i (

exp@EpEdxt), | —‘V\AATTE in@rder to simplify the use of these tiwarying signals,

Fourier transforms may be implemented. The Fourier transformations for the voltage and
current are defined iBgs.(5.8) and(5.9), which convert voltage and current signals from the

time domain to frequency space.
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p P
F{v(hh =V(inw) =puvte™ dt =yeé* é™dt &y (5.8)
p _r
3 7
Fli) =1 (iw) :Ej ¢ e dt :plﬁp“@' Yol it pi e (5.9)

By applying the definitions for capacitive and inductive elements above, these equations
become:

P

NI

é dv(9) \(') jut _, (v 4w
Flit)=——C :l Mdt v et e d
I1() " (iw) ﬁC _pﬁWJm 510
=JuCV, p = @V(j )w
F IeV(t) — d|(t) UN( M/) ﬁL dl(t) - jut dt Zzﬁ/u,_lmé qé tWe-j th
| dt p (5.12)
=jull " 5 W(j )w
Z(jw)=V(jul1(j h (5.12)

Where Z, V, and | are the frequendgpendent impedance, voltage, and current,
respectively.
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Thus, Eqg. (5.10) gives the relationship between current and voltage in the frequency
domain for a capacitor, and E&.11) gives the sameelationshipfor an inductor Together

with Eq.(5.12), the impedance of a capacitor and inductor in frequency space may be expressed

as.
1
Z == 5.13
e = (513
And
Z = juL (5.14)

Both of these equations are much easier to implement than the expressions involving time
derivatives given above, proving the iijilof the Fourier transform. Impedance is a complex
guantity consisting of both resistive and reactive components and is useful for characterizing
circuits in terms of a single parameter. The following equations round out the necessary

information requird for a complete representation of impedance:
Z.=R (5.15)

Z=7"+Z" (5.16)

Z|=\(z) «Z) (5.17)

g=tan*(z"/Z) (5.18)
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Re 2= Z +Zcoy (5.19)
Im(Z)=2" +Zsing (5.20)
Where R is resistance, |[Z|i®th modul us of I mpedan®d&Zandl i s t|

Im(Z) are the real and imaginary components of impedance (resistance and reactance).

5.1.2.2 Application

Impedance measurements applied to systems under electrochemical control is termed
Electrochemical Impedance Spectroscopy (EIS). Impedance spectroscopy has been widely
applied to electrochemical systems because the impedance contains all of the information
available to be extracted from the electrochemical system that can be captured using purely
electrical measuremenf407]. EIS allows for determination of fundamental properties of
electrochemical systems and has become increasingly popular in the field of corrosion science
as instruments have become available to extend measurements into the mHz range and below.

The impedance & cell at a given frequency can be determined by applying a/tnying
current perturbation and measuring the voltage response, or, more commonly, by applying a
sinusoidal voltage perturbation with known amplitude and measuring the response current.
This approach is referred to as potentiostatic (voitagerolled) impedance spectroscopy (IS)
and is generally preferred over galvanostatic (cwcentrolled) IS because it offers greater
control over the kinetics in the cell. Repeating this measurenventaowide range of input
frequency produces an impedance spectrum, which may be analyzed to produce information

about the electrodelectrolyte system under investigation.
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In practice, impedance measurements are limited by several factors. High frequency
measurements are plagued by the inductance of the cuanehtoltagemeasuring wires. The
time varying current that flows through the wires generates a magnetic field, which causes
inductive behavior in adjacent wires. The wire inductance can be asalsgweral hundred
nH (nanoHenrys). According to Ed5.14), the impedance of an inductor scales linearly with
frequency. Thus, the impedance due to the mutual inductance of the nreagurares
becomes significant above 50 to several hundred kHz depending on the arrangement of the
wires. Fortunately, high frequency inductance is easy to spot in an impedance spectrum and is
almost always an artifact of the measurement instrument. ©he @k between wires may be
minimized by changing the wire geometry.

On the other end of the spectrum, low frequency measurements are susceptible to
instabilities. Many electrochemical systems are not stable enough to allow for consistent
measurements fofrequencies below several mHz. This is especially true for impedance
spectra intentionally measureavay from equilibrium conditions. Resolution of very low
(mW) or extremely high (W) impedances is also dependent on instrument function, though
typical dectrochemical systems lie between these two extremes. Finally, and arguably most
importantly, the impedance response must be linear. That is, the response to the sum of two
simultaneous input signals must be the same as the response to the signalseymuiaely.

In other words, the impedance must be independent of the magnitude of the AC voltage
perturbation. As long as the perturbation amplitude is less than the thermal voltage (25 mV at
25°C), the governing equations become approximately liji€&]. This severely limits the

use of simultaneous muliequency measurements, as the sum of all sinusoidal input signals
must still be less thatie thermal voltage for linearity to apply. Measured impedance spectra
may (and should) be checked for linearity and stability by using the Kratnensg
relationshipg107].

Raw impedance spectra provide little information about the system undergoing

measurement. Analysis is required to extract desired informafitus is typically
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accomplished by fitting the impedance spectra to an equivalent circuit model consisting of
circuit elements that can be linked to physical phenomena. For example, the Randles circuit
depicted inFigure5-6 is often used to fit impedance spectra of corroding metals. It consists of

a resistor in series with a standard RC circuit. The series resistor is related to the
uncompensate@hmicresistance of the electrolygelution, and the parallel resistor represents

the charge transfer resistance of the electrode. The sum of the two resistances is equivalent to
the polarization resistance, which was discussed in a previous section. Finally, the capacitor
represents the genetrical capacitance, which captures any insulating behavior in the system.
This is often linked to the Helmholtz capacitance of the double layer that forms at the electrode
electrolyte interface. Note that R.E. and W.E. stand for the reference eleatidhaeorking
electrode, respectively, and are included to show the application of the equivalent circuit to

EIS measurements.

R.E. -/ VVV\__ W.E.

CDL

Figure5-6: Randles circuifor EIS equivalent circuit modeling. R.E. and Wdge the
reference and working electrodesy R the ohmic (electrolyte) resistance; R the charge
transfer resistance of the working electrode, andi€the double layer (Helmholtz)

capacitance. Note thap R Rw + Rt

The impedance response oétRandles circuit is displayed kigure5-7 andFigure5-8.

The impedance ntulus and impedance phase angle are providdelgare 5-7, which is
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known as a Bode plot. The low frequency limit of impedance is equivalent to the polarization
resistancéRp), whereas the high frequency limit representsQ@henic resistance of theell

(Rv). Figure5-8 shows another characteristic response of alRarcircuit, which consists of

a semicircle in the complex plane.
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Figure5-7: Normalized impedance response of a Randles cirdmpedance modulus and
phase angléBode plot)
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Figure5-8: Normalized eactance versus resistance for a Raratesit (Nyquist plot)

Any measured impedance may be modeled by an electrical circuit containing a finite
number of elements (resistors, capacitors, and inductors) arranged in various configurations.
Clearly, adding more appropriatghyaced elements tan equivalent circuit will improve the
fit to experimental data. The key, though, is to limit the circuit to elements thhtassigned
physical analogs.

More complicated equivalent electrical circuits may be employed in the cases where the
impedanceeasponse may not be represented by a single RC circuit. Adding additional circuit
elements creates different combinations that produce the same impedance spectrapkn exa
of this may be seen iRigure 5-9, which shows two different circuit combinations with the
same number of elemenBoth of these circuits are capable of modeling the same impedance
response with appropriatelsalued circuit elements. This introdgceanother layer of
uncertainty in the impedance modeliRyior knowledge of the proper range of values for

elements in the equivalent circuit is required to choose between circuits in this case.
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b)

Figure5-9: Two equivalent electrical circuits producing the same impedance response

The Echem Analyst from Gamry Instruments is used to fit impedance spectra to equivalent
circuits. The program employs a simple user interface for circuit building and performs
nonlinear least squares (NLLS) fitting between the measured impedance and the simulated
impedance of the equivalent electrical circuit. Least squares fitting is based on minimizing the
sum of the squares of the errors between data points and a givenrfuaatiothe Echem
Analyst gives the user a choice between two algostiomNLLS: LevenbergMarquardt and
Simplex. The Levenberllarquardt algorithn{108] is a more robust version of the Gauss
Newton algorithm and is realized by using numerical derivatives of the error function. It is
susceptible to being trapped by local minima instead of converging to the global minimum.
The simplex algorithnj109] randomly generates initial points around starting values to work
downhill in the error surface toward the function minimum. It is generally slower than the

LevenbergMarquardt method butvaids the pitfalls of getting stuck in local minima.
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Generally, the simplex method is useful for an initial fit, and th®l Imethod can be
implemented for final convergence. In this work the simplex method is preferred because the
selection of initial valas is more forgiving and it reaches final convergence more efficiently,

but both algorithms produce nearly identical NLLS parameters in the end.

5.1.2.3 Constant Phase Element

A primary difficulty of fitting experimentallyobtained impedance data using staddar
circuit elements is that many metdectrolyte systems do not exhibit ideal capacitive behavior.
This deviation from ideality gives rise to the use of the constant phase element (CPE) to replace
the capacitor in equivalent circuit models of measurecedapce data. The CPE, which is

purely a mathematical construct, has impedance given by

1
ZCPE:# (5.2
(iw)Q
Where U and Q are the characteristic CPE p:¢
O, corresponding to an ideal resi s's’amdijs and 1
equivalent to cap=aRitance for U = 1 (Y

Unlike a resistor or a capacitor, the CPE has both resistive and reactive components of its
impedance. This comes from the fact 1j|”?a1 c 0/2) ¢j8 i n/?).0he real and imaginary

components of the CPE impedance are given in the followingiegsat
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Z'..=Rd Z,) =—& 2 (5.22)

Z" e =1m(Z,,) = ¢ 2 (5.29)

CPE

The CPE parameters may be determined from impedance spectra by NLLS fitting to a
proper eqivalent circuit, or by employindq. (5.24), which is obtained by rearranging EqQ.
(523. Calculation of Q and U comes from the s
I n ( Thi} method has the advantage of not needing to assume an equivalent circuit if one is

not known.

n(z")= an( W In é;_

.|.@31

(5.24)

UO?&)Q.)O
=
»093 Qo

It is clear from Eq(5.24) that the CPE exponeatmay also be calculated as a function of
frequency using110], [111}

[ain{z-(w)
a( W= d(ln(W) )

(5.25)

The CPE fits a wide range of experimental conditions with only two adjustable parameters,
but it is not rooted in any physical processes. Because of this, the origin of CPE behavior in

electrochemical systems has been significantly debated. However,iititiedly proposed by
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Cole and Cole in 194[1112], who attributed the behavior to a distribution of time constahts (

= RC), which may occur due to a distribution of capacitance or resist@r both). This is
generally considered to arise from distributions of physical properties. In the literature, the
origin of CPE behavior in electrochemical systems has been attributed to porosity, surface
roughness, grain boundaries, material inhometgn dielectric relaxation, double layer
effects, etc[113]. The prevailing theory was that the frequency dispersion of the measured
capacitance related in some manner to the surface roughnessample, the CPE exponent,
which is a measure of the deviation from ideal capacitive behavior, has been shown to decrease
monatonically with increasing surface roughness for platinum electjfdddg, pointing
toward increasing frequency dispersion with an increase in surface roughlosgsver,
theoriescraftedto relate capacitance dispersion solely to the electrode geometry have failed to
capture the frequency dependence of the capacitance in the frequencthaangeneasured
experimentally[115], [116] More recently, CPE behavior has been relatedsudace
energetics and atomacale heterogeneifi{t11], a theory which is supported by the work of
Kerner and Pajkossj16], [117] in which annealing of the electrode prior to testing was
shown to decrease capacitive dispersion. They also showed that after sufficient annealing, and
in the absence of Faradaic reans and anion adsorption, single crilsta noble metals could

attain very nearlydeal interfacial capacitanga ~ 1). This seems to point toward differences

in surface energetics, which includes compositional differences, ion adsorption, epecines a
candidate for the origin of capacitive disperdibh8], though further investigation is certainly
required. Despite thaté origin of onstant phase behavior remains uncertain, it is widely used

in impedance modeling to improve the fit of equivalent circuits.
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5.2  Corrosion in Circulating Salt Brines

As an additional source of corrosion testing, bare and coated steel samples arenplaced i
circulators with brines of different pH for as long as 150 days. A picture of the circulators is
provided inFigure 5-10. Piping is made from PVC and the pumps usee capable of
circulating liquid at 1 gallon per minutdhe mass of each sample is measured at regular
intervals to determine the change in weight due to corrosion. The comp®sftiba corrosive
solutionsare given in Table 5-1. Circulating solutions are simulated concentrated waters
(SCW) meant to emulate ground water compositions that are present in Yucca Mdur@hin

The solutions contain significant concentrations of chlorides and cover a wide pH range.

Figure5-10: Circulators used for extended corrosion testing
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Table5-1: Composition of simulated concentrated water solutions used in circulators

pH=2.4 pH=18.2 pH = 13.15
Compound | Quantity | Compound | Quantity | Compound | Quantity
H20 1000 mL | H20 800 mL H20 800 mL
NaCl 70 g KCI 120 g KCI 90 g
KCI 709 NaeSOy 209 NaCl 8049
KNO3 15 g NaCl 90 g NaSQy 15 g
MgSOQy 159 MgSQy 3049 NaOH 20 mL
NaOH 5mL KNO3 159
HoSOy 3mL

5.2.1 Results

Bare and coated stainless steel samples showed no measurable weight changéOever a 1
day period in any of the three solutions. More importantly, the coatings were still intact
following extended submersion. This confirms good corrosion resistance and adhesion of the
protective coatings.

Carbon steel samples saw measurable corrosidhsalations, with up to 3% weight loss
afteralmost5 months. Corrosion in the low pH solution was highest, as sulfuric acid makes
for an aggressive solution. It is expected that carbon steelewiéerience measurable
corrosion, especially in acidic catidns. Figure5-11 shows graphs of measured mass over
time for four coated steels in each of the three SCW solutions. Mass remains nearly unchanged
for all but the cebon steels in the acidic solution. Coated and bare steels show the same trends.
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CHAPTER 6

CORROSION OF SINGLE LAYER PROTECTIVE
COATINGS ON STEEL SUBSTRATES

Aportionof t his chapter is published in the jour
of single layer thin film protective coatings on steel substrates for high level waste
containers, o0 Michael A. BaydolamedX.8Besusham,dg , Abi
A. Leigh Winfrey, Vol. 89, pp. 15969, May 2016, DOI: 10.1016/j.pnucene.2016.02.016

6.1 Experimental Methods

Electrochemical testing was completed using the MULTIPBRIorrosion cell kit and
Interface 1000 potentiostat from Mey Instruments, along with the DC105 electrochem
software. A standard three electrode setup with a graphite counter electrode and saturated
Ag/AgCl reference electrode is used. The reference electrode is placed directly in the corrosion
cell to avoid prolems posed by a salt bridge. The samples are placed in a holder conducive to
testing disks of vary thickness, such that the total exposed surface area to the aerated 1 M NaCl
solution is 4.15 cr

Prior to testing, the stainless steel samples are immiersieel testing solution for 15 to 24
hours, allowing the open circuit potential to stabilize. Carbon steel samples equilibrate much
more rapidly and need only be placed in solutie® Hours before testing. Temperature is

controlled using a water bath atftermocouple placed inside the polarization cell. Voltage



102

drop due to resistance of the NaCl solution is accounted for by the software controlling the
potentiostat using the curremterrupt method120].

Cyclic potentiodynamic polarization curves are measured for each sample to determine
corrosion rate and passivation capabilities. These curves encompass both high and low
overpotential regions and thus can provide corrosion vateeut additional testing. The data
gathered can be used for quantitative analysis provided the voltage scan rate is slow. The scan
rate used for all electrochemical analysis presented here is 0.6 V/hr (0.1667 mV/s), in
accordance with ASTM standard GB6 [121]. The forward voltage scan is measured from
250 mV below the open circugiotential (k¢ to 1.2 V above E, or until a critical current
density is reached. The reverse scan begins immediately following the forward scan and
proceeds at the same scan rate. The reverse san determines the localized corrosion behavior in
the form of a hysteresis in the voltageirrent relationship. These tests are completed at
temperatures of 20, 40, 60, and 80°C to simulate elevated canister temperatures due to decay
heat.

Slopes of the anodic and cathodic half reactions are determined separately from the Echem
Anal ystE software from Gamry Instruments,
corrosion potential (high overpotential region), which is the region in whickbE) applies.
Polarization resistance is then calculated by extracting the data within the low overpotential
region { 5 mV from Eor) and performing a lineaegression. Ris established as the slope of
this line. From this, Eq$5.6) and(5.7) are used to compute the corrosion current and corrosion
rate. Several samples of each material at each of the four temperatures are tested; the values of
corrosion current presented are averages. The: Mo&ings suffered from adhesion issues

and this were not included in this study.

u
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6.2 Kinetic Activation

The corrosion current (or corrosion rate) has been shown to follow an Arrhenius

relationship with temperatufé22]i [124]:

loor =A EXPaa> (6.2)

Where: icoris the corrosion current densityX/cm?),
A is the preexponential factorrd/cm?),

And E is the apparent activation energy (kJ/mol).

A larger activation energy is indicative of a higher energy barrier for corrosion to occur
[125]. The activated, or transition state, complex can be formed faster and easier for smaller
activation energies. The apparent activation energy has dleewn to decrease as the
concentration of acid in the corrosive solution increg$26]. This further supports that the
activation energy represerdgn energy barrier to corrosion.

Alternatively, a more appropriate relationship between corrosion rate and temperature may

be expressed using the Eyring equation derived from transition state [th2gjiyf127]:

. RTeXpéD$ pr A B 62)
“ Nh &R 6 ®T '

Where: Nai s Avogadrods nufber (= 6.022e23 mol
h is Plancko6s-3&J8g)hstant (= 6.626¢€
And pSa n d L godithe entropy and enthalpy of activation, retipely.
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Eq. (6.2) encompasses the fact that the activation energy may be misleading if significant
reordering occurs during the corrosion process such that entropy isl{aatge. provides a
more complete relationship between corrosion rate and temperature, as it accounts for the total
free energy, and the pexponential factor is not empirical, as in E61). Eq.(6.2) may be
rewritten in order to determine the activation enthalpy and entropy from the slope and intercept

of a linear fit to In(icord T) Versus the reciprocal of temperature:

ai 5 AR 0DS 2aDH &
In corr = 4dAn e a ~ a 63
Froo"&n R UER G ©9

The Gibbs freeenergy of the corroding system can be calculated from entropy and

enthalpy:

DG =1 TS (6.4)

Kinetic properties are typically used to describe corrosion in the presence of an inhibitor
[122], [124] [126]. Whereas there is no inhibitor dissolved in the testing solution, the coatings
themselves may be considered to function as inhibitors. The coverage of the steel surface by
the coatings could influence the corrosion rate, as is typically the case wiltitargi
Transition state theory has also been applied to describe corrosion in the presence of oxide

films on metalg§127], repesenting the primary corrosion resistance of stainless steel.
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6.3 Results and Discussion

6.3.1 Corrosion Rat®ef Bare and Coated Steels

Average corrosion current density versus temperature is plotiédure6-1, Figure6-2,
andFigure6-3 for bare and singkgoated steels in 1 M NaCl. The corrosion current density
increases exponentially with temperature and can be desbytather Eq(6.1) or Eq.(6.2),
as discussed previously. Corrosion current (E®)) is more indicative of corrosion behavior
than the corrosion rate calculated using 7). Proper calculation of the corios rate
requires an appropriate mass density and equivalent weight of the corroding surface. This can
be ambiguous with porous coatings of suaizron thickness because the coating material and
steel substrate together constitute the corrosion systemrnideitey mass density and
equivalent weight requires knowledge of the maximum depth from which ions from the steel
could reach the surface and desorb into solution. Instead, corrosion current can be calculated
with no material properties and better représéme propensity for the material to corrode in a

given solution.



106

1.5

* 58304
* TiN/304
Zr0,/304

+ TiO,/304
Al,O,/304

—_
T

<
w

Corrosion Current Density (A cm'z)
e

20 40 60 80
Temperature (°C)

Figure6-1: Average corrosion current density vs. temperéitus&304

The values of corrosion current for the coated steels are gjmitir to the bare steel,
suggesting that the steel substrate is corroding along with the surface coatings. Considering
that the coatings are thin (most are less than 100 nm thick), it is likely that the coatings are
porous, causing ions from both the suhte and coating to flow into the solution. However,
the coated samples also do not show significantly higher corrosion rates, indicating that
corrosion is not enhanced by placing a more noble metal in contact with steel.

Carbon steel samples show cormoscurrents several orders of magnitude larger than
stainless steel. This is expected, as A36 steel lacks Ni and Cr, which are essential to the
corrosion resistances exhibited by type 304 and 316 stainless Bigete6-3 shows that the
coated samples have consistently lower corrosion rates than the bare carbon steel. This
signifies that the coatings may be able to protect carbon steel, which corrodes rditye rea

than stainless, if the thickness and number of coating layers increases.
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6.3.2 Kinetic Activation

Figure6-4, Figure6-5, andFigure6-6 show the logarithm of the corrosion current density
divided by absolute temperature, ilg¢/T), versus the inverse of absolute temperature. The
materials tested show linear trends, in adaaoce with Eq(6.3), displaying their activation

type behavior.
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Figure6-4: Activation kinetics: application ohe Eyring equation for SS304
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The kinetic parameters computed using Ed) and(6.2) are presented ifiable 6-1,
Table6-2, andTable6-3 for the materials studied in aerdté M NaCl. Ln(A) is the natural
logarithm of the preexponential factor in Eq(6.1) and &, Ha, and & are the apparent
activation energyactivation enthalpy, andactivation entropy, respectively. The standard
deviations are calculated using uncertainty propagation assuming independerr(etaied)

variables and account fexperimental uncertainty and uncertainty from the linear regression.

Table 6-1: Activation parameters SS304

Material | Ln(A) | Ea(kd/mol) | Ha (kJ/mol) Sa (kJ/mol) Ea- Ha
SS304 496 | 14.45° 4.85| 11.78° 4.85 | -212.61° 15.39| 2.67
TiN/304 | 6.44 |18.38° 5.74| 15.71° 5.74 | -200.3° 17.99 2.67
ZrO2/304 | 6.13 | 17.82° 4.15| 15.15° 4.15 | -202.88° 13.18| 2.67
TiO2/304 | 6.47 | 19.2° 5.63 | 16.54° 5.63 | -200.1° 17.72 2.67
Al,03/304| 6.83 | 19.19° 4.37| 16.52° 4.37 | -197.12° 13.62| 2.67
Table6-2: Activation parameters SS316
Material | Ln(A) | Ea(kJ/mol) | Ha(kJ/mol) Sa (kJ/mol) Ea- Ha
SS316 8.37 | 24.27° 4.09 | 21.6° 4.08 | -184.28° 13.06| 2.67
TiN/316 | 10.48 | 29.65° 11.32| 26.95° 11.5| -166.79° 35.3 2.67
ZrO2/ 316 | 9.15 | 26.76° 2.95 | 24.09° 2.95| -177.83° 9.45 2.67
TiO2/316 | 9.38 | 27.02° 4.47 | 24.35° 4.47| -171.91° 11.8 2.67
Al203/316| 9.01 | 25.72° 5.12 | 23.05° 5.11| -186.46° 10.2 2.67




Table6-3: Activationparameter$ A36

Material | Ln(A) | Ea(kJd/mol) | Ha(kJ/mol) Sa (kJ/mol) Ea- Ha
SS316 9.2 |13.85° 6.53| 11.18° 6.53 | -177.41° 20.36| 2.67
TiN/316 | 10.95 | 20.21° 6.58| 17.55° 6.57 | -162.82° 20.72| 2.67
ZrO2/ 316 | 8.54 |13.17° 6.65| 10.51° 6.65 | -182.86° 20.8 2.67
TiO2/316 | 11.35 | 21.12° 6.41| 18.45° 6.41 | -159.46° 20.12| 2.67
Al,03/316| 8.35 | 13.02° 3.68| 10.35° 3.68 | -184.42° 11.69| 2.67
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Positive values of enthalpy and apparent activation energy reflect the endothermic nature
of the dissolution procesNlegative entropy values represent that the activated complex is in a
more ordered state relative to the initial state. In other words, the system becomes less chaotic
as corrosion occurs

The apparent activation energy and activation enthalpy are seematieetzcording to the
following equation, which stems from comparison of the Arrhenius(@D) and Eyring (Eq.

(6.2)) equations for activation:

E-H, =RT (6.5)
Where: Eais the apparent activation energy (kJ/mol),
And Hais the enthalpy of activation (kJ/mol).

Ea 7 Ha = 2.67 kd/mol for each material, and the average of RT over the applicable
temperature range is 2.69 kJ/mol. This confirms that the corrgsaress is a unimolecular

reaction with a single transition st4fe?8].
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The coated stainless steels have activation energies (and enthalpies) that are within one
standard deviation of each other. Both bare steels show markedly lower activation energy than
their coated counterpartststill lie within statistical significance. This difference may become
more significant as coating thickness increases and multilayer coatings are introduced,
resulting in better corrosion resistance. The activation parameters are significantly different
between SS304 and SS316. SS304 has lower activation enthalpy but higher entropy than
SS316. Howeverfrigure 6-7 and Figure 6-8 show that the Gibbs free energy of SS304 and
SS316, both bare and coated, are nearly identical for each temperature tested. This indicates
analogous corrosion behavior. Differences in free energy betwaenabd coated stainless
steel substrates are within standard deviation. The Gibbs free €aerd§.4)) incorporates
both activation enthalpy and entropy andvides the simplest way to compare activation
behavior. Ultimately, the free energy determines the relationship between corrosion rate and
temperature, as is exhibited by combining E§<) and(6.4) to obtain an alternate form of

the Eyring equation:

. _RT_ &
" TN TERT

(6.6)
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Coating materials on A36 steel show two distinct slop&sguare6-6. Titaniumcontaining
compounds (TiN and Tig) have activation energy of approximately 20nkdl, whereas the
remaining oxide compounds (Zg@nd AbOz3) exhibit activation energy hovering around 13
kJ/mol. Bare A36 steel also has an activation energy slightly above 13 kJ/mol, demonstrating
that zirconia and alumina may not provide the same l&vgtotection from corrosion as the
titanium compounds. However, the oxide coatings are all under 100 nm thick, so increasing
the thickness of the coating will likely improve corrosion resistance. The Gibbs free energy of
activation is plotted irFigure 6-9 for A36 steel. The values of free energy are lower for
uncoated A36 but lie within uncertainty of the values for coated A36. These values are lower
than for the twdypes of stainless steel, which is natural because a larger Gibbs free energy
represents a larger corrosion barrier to be overcome. This can be $egur@6-10, which

depicts the free energy of the three types of steel (uncoated) with corresponding error bars.
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Both stainless steels lie very close together and are well within uncertainty of each other.
Although the large error bars for A36 infringe on the unaaitaange of SS304 and SS316,
its free energy is still distinctly lower for each temperature.
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Figure6-10: Gibbs free energy of activation vs. temperaiuadl steel substrates with error
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6.3.3 Passiwtty and Passive Breakdown

The capacity for passivation can be determined ftgalic polarization curvesgxamples

of which are shown ifrigure6-11, Figure6-12, andFigure6-13. The passive region is defined

by a small change in current oweefarge potential range, which corresponds to a-vesdical
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line on the polarization curveA. discussion of thacquisition of polarization curvesd the
features of interest may be foundGhapter 5

All of the materials studied show decreasing passivity, in the form of a smaller passive
region, with increasing temperature. Raising the temperature enhances the diffusion of oxygen
and chloride ions and vacancies in the passive film, increasing the likelihoods¥vea
breakdown. In most cases, the polarization curves reveal that passivity is nonexistent at 80°C,
showing that temperature has a significant effect on corrosion resistdreshape of the
cyclic polarization curves is very similar for all coatings$ieh is the reason that curves for
only one coating on each steel are provided. This suggests that the corrosion of all samples is

influenced by the steel substrate regardless of the coating material.
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The A36 steel exhibits no discernible passivity because it corrodes uniformly at a much
higher rate than stainless steel. Most iron oxide films that form on the surface are readily
dissolved by corrosion on the surface of theahdron (and lowalloy steels) is capable of
passivating ain certain environments aery high critical current densities (~1D A/cn?),
though current above 1 A cannot be measured by the potentiostat in use, so current densities
were kept well belowthe supposed critical values for irofhus, no passive behavior was
observed for A36 mild steel. However, not forming a protective passive film means no
breakdown and limited localized corrosion. The cyclic polarization curves for A36 show very
little hysteresis, indicative of minimal pitting or crevice corrosion. The corrosion of carbon
steel is quite predictable in what seems to be the absence of significant localized corrosion.
Although carbon steel would require thicker containers to account for steaagion, it is
not nearly as susceptible to SCC and pitting, which are the primary downfalls of stainless steel.
Having a predictable service life may be of interest, especially in nuclear waste storage.

The breakdown voltage can be used as a meastine passive capabilities of a material.

A larger overpotential for initiation of pitting characterizes more desirable passive behavior.
A majority of bare and coated stainless steel samples showed signs of crevice corrosion at
points of contact with theasnple holder, which occurs following interruption of the passive
film. The passive breakdown voltage cannot be linked to the critical pitting potential until
crevice corrosion is eliminated. Rather, the breakdown voltage marks the onset of localized
attack including pitting and crevice corrosioit.should be noted that elimination of crevice
corrosion was later achieved masking portions of the sample prone to forming crevices in

the sample holder. A lack of crevice corrosion did very littlenftuence the breakdown
voltage but proved important in the size of the hysteresis loop and in determining the re
passivation potential.

Similarly to corrosion current density, experimental values of breakdown overvoltage
show an exponential relationshiftivtemperature. The effective passive range decreases with

temperature, also decreasing the breakdown potential. As was expla@iegpiter 3 passive
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breakdown is primarily controlled by vacancy diffusion, and soAfieeniustype behavior,
given by Eq(6.7) , of the breakdown potential is intuitive. The breakdown potential may be
associated with an activation energy that is coegt to the activation energy for vacancy

formation and diffusion.

h,=C e(p$—a (6.7)

Where: hgp is the breakdown overpotential (V),
C is the preexponential factor
And E is the activation energy for passive breakdown (kJ/mol).

The exponential behavior of the passive breakdown overpotential with temperature is
displayed inFigure6-14 andFigure6-15for both types of stainless steel. A36 steel is omitted
because it displayed no disoible passivity and thus no passive breakdown. The logarithm of
breakdown overvoltagégp) versus inverse temperature may be fit to a straight line, according
to Eq.(6.7), to determine the breakdown activation energy, which are givéahte6-4 for
bare and coated stainless steel.

Both stainless steels and each coating matexiaibit very similar breakdown behavior.

The activation energies are all nearly identical within the confidence range. The alumina
coatings on both steels are outliers in terms of apparent activation energy. The activation
energy for the alumina coating dme type 316 stainless steel is lower than expected, and it is
higher than expected on type 304 stainless steel. The true value likely lies between these two
extremes, considering the corrosion behavior and shape of the cyclic polarization curves for

alumina coatings was identical to that of other materials.
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Material Ea (kJ/mol) Material Ea (kJ/mol)
SS304 10.35° 1.6 SS316 12.93° 7.04
TiN /304 13.65° 2.21 | TiN/316 15.82° 2.6
ZrO2/304 | 14.83° 5.86 | ZrO2/316 | 13.49° 5.44
TiO2/ 304 13.35° 3.58 | TiO2/316 | 12.38° 3.25
Al203/304 | 16.61° 1.29 | Al203/316 6.66° 1.2

121

Table6-4: Apparent activation energy for passive breakdown of stainless steel

6.4 Conclusions

Singly-coated steel substrates have been tested for resistance to corrosion, both uniform
and localized. The two stainless steels (type 304 and 316) are clearly more corrosion resistant
than the A36 carbon steel. Based on corrosion rates calculated &ctmoehemical means,
the coated samples corrode at similar rates to bare samples. This is likely due to the corrosive
solution reaching the substrate through pores in the coatings. This can possibly be alleviated
by increasing coating thickness, addingiaddal layers, and/or adding a metallic buffer layer
to improve adhesion and reduce porosity. Moreover, different coating mechanisms have been
shown produce coatings with reduced defects and pores, namely atomic layer deposition, sol
gel, and electrocheical plating, compared to plasma deposi{ib29]. However, the reasons
for choosing magnetron sputtering as the deposition method have been de@hagter 4

Corrosion rate tends to increase exponentially with increasing temperature for all materials
tested, following an Arrhenidype equation. Passive breakdown voltage, and hence the
initiation potential fo pitting, decreases exponentially with increasing temperature,

demonstrating the impact of temperature on macroscopic and localized corrosion.
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Corrosion among bare and coated stainless steel samples is comparable. The corrosion
current and passivereakdown potential does not vary significantly between bare and coated
materials, as the corrosion rates are all well within one standard deviation for each sample. The
very thin coatings function similarly to passive films that form on the bare stemidins to
be seen if thicker, multilayer coatings are able to protect against pitting and other forms of
localized corrosion that plague passive stainless steels.

The coated carbon steel samples show more inhibited corrosion than the bare steel. Coated
samples of A36 steel have measured corrosion rates that are less than that of the bare steel by
greater than one standard deviation. This may indicate that the coatings are able to reduce the
rate of uniform corrosion experienced by carbon steels.

Finally, it should be noted that the coatings did not act to accelerate corrosion despite

titanium and zirconium being nobler than either stainless or carbon steel.
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CHAPTER 7

EIS STuDY OF THE PASSIVE FILM ON
AUSTENITIC STAINLESS STEEL

7.1 Introduction

Fully understanding the formation and breakdown of the passive film on various pure
metals and allayis the key to preventing corrosibased failures. There has been no shortage
of significant research done to this end. However, despite prolonged investigation on the
passive behavior of metals, the formation and breakdown of passive barrier laydls is s
somewhat uncertain because it is highly dependent on the conditions under which the films are
formed and are exposed after their formation. Currently, the point defect model (PDM)
represents the most comprehensive prevailing theory on protectiveandigeroxide films
that form on metalpd3]i [47]. The PDM asserts that the passive film exhibits semiconductor
like behavior with high concentrations of point defects, whrehpaimarily oxygen and cation
vacancies. Transport of these vacancies controls the formation and breakdown of the passive
film, and thus the concentration of vacancies may be used as a measure of the stability of the
film. Refer toChapter Jor a detailed discussion of the passive film and the specifics of the
PDM.

Impedance spectroscopy is widely utilized in electrochemistry because of the range of
information that can be captured in a sirgdperimentApplying pertirbing signals to the cell
enables the kinetics of the electreglectrolyte system to be studied to a degree that is
unavailable with DC techniques. The vast improvement in potentiostat capabilities over the

last few decades allows for greater simpligityperforming impedance measurements. The
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remaining difficulty in implementing impedance spectroscopy lies in the analysis of impedance
spectra. This is particularly true when the capacitance of the passive film is a necessary
component of the analysis, asth Mott-Schottky plots. Determining capacitance provides
significant information about the system under study, especially the passive film and the
various interfaces that are present. A number of different methods have been presented in the
literature b calculate capacitance and to create Muathottky plots from impedance data;
many of them have conflicting results. In this research we utilize a method capable of removing
the frequency dependence typically found in capacitive analysis. The methodstesede
focused specifically on diagnosing the passive film but are directly applicable to analyzing
coated materials. As such, this study may be extended to include detailed analysis of the
coatings presented @hapter 4ising the same impedanpeeasuring methods.

This study focuses exclusively on the passive film in sodium chloride solution, which is
abundant in many of the locations that are being considered for ultimate waste disposal. Also,
as was rantioned several times, chlorides are particularly aggressive in causing corrosion
based failures of stainless steel. Thus, testing the steels in a 1 M NaCl solution represents a

worstcase scenario.

7.2  Experimental Methods

7.2.1 Sample Preparation

Test samples are 1 mm thick, 25.4 mm diameter disks made of AlISI type 304 (SS304) and
AISI type 316 (SS316) stainless steels that have been mechanically polished to a mirror finish.
Samples are degreased in isopropanol and rinsed in distilled wateroprimmérsion in the
testing solution. The disks are secured in a holder, exposing only one face to the electrolyte
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solution. The samples are also covered with

corrosion, resulting in a total exposed surfasaarf 1 cm.

7.2.2 Testing Procedure

Electrochemical testing has been conducted using a standard three electrode cell with a
graphite rod counter electrode and a saturated Ag/AgCl reference electrode. All potentials are
referenced to the Ag/AgCI electrode wdeotherwise specified. The cell is situated inside a
Faraday cage and held at a constant temperature of 20°C. Experiments are controlled by an
Interface 1000 potentiostat from Gamry Instruments and are carried out in 1 M NaCl solution.

Samples are immerdén solution for several hours prior to testing to allow the open circuit
(or corrosion) potential to equilibrate. The corrosion potential is determined from a polarization
resistance measurement as the potential at which zero current would be meadlorethg-
initial immersion and prior to testing, samples are conditioned at negative 1.2 V for 30 seconds
to remove awor aqueoushformed films. Subsequently, the samples are held at a potential 0.1
V above the corrosion potential for 1 hour to allow gassive film to form. Testing ensues
immediately following the passivation period.

The impedance data is collected from 50 kHz to 10 mHz at 10 frequencies per decade
unless otherwise noted. Impedance spectra are measured at various applied DC veltages wi

a superimposed RMS AC signal of 10 mV.

7.2.3 Data Analysis

The Echem Analyst software from Gamry Instruments is used to fit equivalent electrical
circuit components to the impedance spectra usinginear least squares (NLLS). All other

analyses are caed out in MATLAB.
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Quantitative data are presented with uncertainty based on the Monte Carlo method of
uncertainty propagation. This method utilizes the fact that uncertainty in measured values
represents the statistical properties of the populations ssilde values for each source of
error. Description of the method and its implementation is detailed in the work of Ferrar et al.
[130].

Measured data are assumed to contain 10% efithe measured value for the purpose of
uncertainty propagation. This was found to be sufficiently conservative, as this is well above
the measurement error noted by the potentiostat manufacturer. The goal is to determine the
parameters that contributaost pointedly to propagation of error throughout the analysis.
Physical constants and electrode area have been neglected as potential sources of uncertainty
in this study; micreroughness on the electrode surface is capable of substantially altering the
electrode area and is still present despite mirror polishing. This warrants additional

consideration in the future.

7.3 Results and Discussion

7.3.1 Film Formation and Thickness

Passive films for this analysis are grown potentiostatically for 1 hour before testing, during
which the current is measured to keep track of film formation. Passive film thickness is directly
proportional to the charge required to form the film. Accordmghe PDM this may be
expressed as E(/.1), assuming a metalxide film with Stoichiometry M@2 (or Mc/30c/2, as
is the case her@)9].

(7.2)
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Where i is the current density (A/cH)) ip is the passive, or steady state, current density
(Alcm®),Fi s Faradayds ¢ 6Ginsol), Wisthe rhicdar voldnd Per cation o
the film (cn®/mol), ¢ is the number of electrons participating in the reaction, &ndt & the
time derivative othe film thickness.

Eq.(7.1) may be rewritten to solve for the film thickness, L.:
aw g§. .
L= x - : I 4 p)dt (72)

For a given passive film composition, the film thickness may be estimated from
potentiostatic experiments by integrating the measured current over time and applying Eg.
(7.2). The two main components of the passive films formed on austenitic stainless s@gl, Cr
and FeOs, have molar volumes of 29.12 &mol and 30.46 cdimol, respectively, and both
Cr and Fehave an oxidation number of 3. Thus, there will be little impact on the calculated
film thickness by assuming one composition over the other iG7&).

Figure 7-1 shows the evolution of current over time at a fixed potential for SS304 and
SS316. The decrease in current with time is indicative of the passive film startingn{@fal

within one hour the current generally reaches its steady state value.
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Assuming that the film thickness at a given time may be estimated usin@.Bgthe
growth of the passive film may be determined and is displayEgjure7-2. The steady state
film thickness varies between 1 and 2 nm for a film formation potential 0.1 V above the
corrosion potential. The average values of the steady state passive current and film thickness
are given infable7-1 for both types of steel. They prove to behave quite similarly, indicating
the structure and formation of the passive film is analogous between them. This is expected
because both steels contain similar concentravbmise major alloying components that are
known to affect the film composition (Fe, Cr, Ni, etc.).

Table7-1: Steady state current density and film thickrieaserage values and standard
deviation

ip [MA/cm?] Lss[nm]
SS304 | 1.31° 0.54 1.23° 0.32
SS316 | 1.61° 0.83 1.35° 0.43

Eq.(7.2) assumes that all of the accumulated charge goes toward forming the passive film,
making the calculated thickness only a rough estimate. However, the passive film thicknesses
are within the ange of 34 nm, which is considered to be the thickness attained for most oxide
films [55], and the values are comparable to film thicknesses measured using AES and XPS
for AISI 304 stainless stef80], [53], as well as for COs films on nicketbased alloy$131].

Film thickness generally increases with formation potential and the pH [g@€eThus, the
thickness of the films in this study should be on the lower end of the spectrum for a relatively
low formation potetial and a neutral electrolyte solutidb.should be noted that this likely
corresponds to the spacbkarge layer of the passive film, which may be thinner than the film

itself; the spaceharge layer is important when discussing semiconductive properties
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The uncertainty in the film thickness is dominated by the error assigned to the steady state
current density ) equal to 10% of the measured value. This value is critical to properly
estimating the film thickness using E@.2). It should be noted that the uncertainty provided
with the passive current density fable 7-1 is based on the standard deviation of the

measurement of many samples.

7.3.2 Impedance Spectroscopy
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Figure7-3: Nyquist plot with equivalent circuit model for DC potentials relative to corrosion
potentiali SS304

The impedance is measured as a function of frequency over a range of DC potentials for
both types of steekigure7-3 shows the negative of imaginary impedaplotted against real
impedance (Nyquist plot) for type 304 stainless steel and demonstrates the effect of applied

voltage relative to corrosion potential, which190 mV versus Ag/AgCl in this case. Markers
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denote measured data points, and solid Imgsesent a best fit to the equivalent circuit
displayed inFigure 7-3 extrapolated to lower frequencies than were measured. The shape of
the curve at each potentialquite similar, but the polarization resistance, represented by the
intersection of the curves with tiRgZ) axis, changes significantly. Similar behavior can be
seen for SS316 iRigure7-4.
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Figure7-4: Nyquist plot with equivalent circuit model for DC potentials relative to corrosion
potentiali SS316

At most tested potents the impedance spectrum could be described by a single
semicircle in the complex plane. The impedance response can then be fitted with a single
capacitor (or constant phase element), resulting in a RC circuit in series with the Ohmic
resistance of theetl, known as a Randles circuit, as is showikigure 7-3 and Figure 7-4.

The lone capacitance that is displayed in these impedance spectra is likely thehspgee
capacitance of the passive film. However, as the applied potential moves in the cathodic
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direction, the capacitance tends toward a two capacitor response as tlwaddoitance
approaches the Helmholtz capacitance in magnitude. This may be demonstrated by the

impedance phase angle:

n_1é’1Im(Z)

F =ta % (7.3

The magnitude of the phase angle decreases as voltage decreases as a result of the
increasing deviation from ideal capacitive behavior. This is also seen as tlee adgr
depression of the semicircle in the complex plane plot. Furthermore, the phase angle changes
shape as the voltage approacHe$ V, indicating that the impedance response is no longer
that of a single RC circuit. Upon further reduction of the apptietential, the phase angle
returns to its initial behavior. This is displayedFigure 7-5 and Figure 7-6 for SS304 and
SS316, respectively. In each case the corrosion potential is approxirfatély and the phase
angle is plotted versus frequency at several applied voltages. The phase angle shows a shift in
frequency and shapstarting at0.35 V inFigure7-5 and-0.3 V in Figure7-6. However, the
mod noticeable difference occurs &6 V in both cases, with is 0.5 V below the corrosion
potential. The shift to lower frequencies suggests the influence of a second capacitance, namely
the Helmholtz capacitance. As mentionEmjure7-5 shows that the phase angle returns to its

previous position as the potential is decreased further.
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The effect othe potential on the impedance responsven more apparent kigure7-7
andFigure 7-8, where the resistance andatce are plotted against voltage. The impedance
drops rapidly until reaching a minimum in the vicinity-6f6 V, which is the same region as
the shift in phase angle. Both components of impedance then begin to increase as the voltage
continues to decrsa. This will have a substantial impact on the apparent capacitance of the

passive film.
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Figure7-7: Measured impedance spectra for SSB64equency range: 50 kHz10 Hz, DC
voltage [0.05;1.2] V
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7.3.2.1 Extracting Capacitance from Impedance

Calculating the capacitance directly from measured impedance is strictly correct only if the
impedance response of the electrode may be modeled using an ideal capacitor, in which case
the capacitance calculated using E&4) is independent of frequency. Otherwise, Et4)
does not hold and the frequency dependence of fimosad capacitance should be accounted
for by considering a constant phase element (CPE). The constant phase element was presented

in Chapter 5and the impedance of the CPE is given by(&g3).

1
C=—— 7.4
wz" 74
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Where C is the capacitance, ¥"=in62) Bthe angu
imaginary component of the impedance (reactance).

The utility of the CPE in modeling is limited by the ability to extract capacitance from the
CPE paramters. The capacitance is extremely important in the characterization of oxide
passive films that form on metals. The CPE parametar EYys.(5.23) and (5.24) is often
directly substituted for capacitance in the literature; the implications of this approach have been
detailed in Refd.125] and[126]. Those that decide to extract an effeettapacitance from Q
anda typically use one of two methods. The first, developed by Brug 3], assumes a
distribution of time constants across (parallel to) the electrode surface and is derived for a
Randles circuitFigure5-6) with a CPE substituted for the capacitor. The effective capacitance

using the Brug method @Lis:

1-a
a

C,=Q@"(R, +R’) (7.5)

In this formulation, the effective capacitance is sensitive to the Ohmic resistance of the

system. Since the Ohmic resistance is generally much smaller than the charge transfer (or

polarization) resistance {(R>> Rw), Eq.(7.5) simplifies to:

CB — Ql/a I_-\%—a)/ a (76)

The second capacitance formula was presented by Hsu and Md@8f8ldnd is given

by:

Cw =Q(20f" ) (7.7)
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Where f " o IS the frequency at which the magnitude of the imaginary component of the

impedance reaches a maximum. E&qy) is derived assuming a distributiofitime constants
normal to the electrode surface, which prioritizes larger resistances and is not sensitive to the
cel | 6s Oh mFigure7-®shaws theadmstrirition of time constants parallel to and
normal to the electrode surface.

Eq. (7.6) has frequently been applied for passive oxide films even though surface
distributions of time constants are generally inconsistent with oxide films. Despite this, Eq.
(7.6) has proven superior to E(.7) in extracting capacitance in many cage®!t]i [136]. Eq.

(7.7) has been shown to considerably underestimate the passive film thickness measured by

external techniques due to overestimation of the effective capacjis8#ie

b)

Electrode Surface —] |

Figure7-9: Distribution of time constants: parallel (@) and normal t¢b) the electrode
surfacesRGhere U
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Whereas these two methods are widely used in the literature, neither is the result of a
physical model that gives rise to constant phase behdaoe. recently, Hirschorn et 41L37],
[138] showed that a powdaw distribution of resistivity normal to the electrode surface (along
the film thickness) is capable of producing a constant phase response. They developed a
method of determining the effective capacitance from CPE parameters based on the resistivity
at the filmelectrolyte interfac§l38]:

C.=Q(r, e, 9 Q2 fp'g (7.8)

Wherer 4 is the resistivity at the filaglectrolyte interfaces is the dielectric constant of
the film, &y is the permittivity of free space (8.85 x¥@F/m), fi1is the characteristic high
frequency point at which the impedance response transitions from CPE behavior to

capacitive, and g is given by an empirical fit:

g=1 2841 a

)2.375

(7.9)

The powerdlaw model (Eq.(7.8)) has been applied successfully for predicting dielectric
layer thickness for oxide films on several types of stainless steel, aluminum, and niobium, as
well as other nomxide-forming materiald134], [138], [139] It has the benefit of requiring
only high frequency impedance data provided the transition to capacitive response occurs
within the measured frequency range. This transitiomtpcan lie within the possible
measurement range for oxide films on stainless steel, though it may not for other metals. If the
transition is not observed, the maximum capacitance may be determined using the highest
measured frequency, or the resistiatythe filmelectrolyte interface may be estimated using
the film thickness and dielectric constant. A detailed description is fourigeirnvork of
Hirschorn et al[138].
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7.3.3 DielectricConstant

Using the calculated film thicknesses presented@ahle 7-1 and the capacitance of the

film, it is possible to estimate the dielectric constant by applyindZEL).

PE (7.10)

Where Gpis the capacitance of the passive layeasured at the film formation potential,
L is the film thickness, and A is the electrode area.

This approach assumes that the passive film acts as a dielectric between two parallel
conducting plates, and that the capacitance of the barrier layer mayrogisuaped by the
spacecharge capacitance, which will be the primary capacitance measuegdfiom the
flatbandpotential, which is the potential of zero charge.

To determine the dielectric constant, impedance spectra were measured fromi500kHz
Hz atthe film formation potential. This frequency range captures the capacitance of the passive
film (spacecharge), as is explained in the next section. The capacitance at the film formation
potential has been evaluated using the three methods discussedgpyewiibh utilization of
Egs.(7.6), (7.7) and (7.8) to determine their effect ocalculateddielectric constaist The
results are summarized Trable7-2.

The uncertainty in the capacitance used to popiilaibée7-2 is calculated assuming error

in the CPE parameter Q, the cell Ohmic resistance, (B1d the frequency of maximum
reactance ("max) equal to 10% of their measured values. The frequency of deviation from

CPE behavior @) is assigned an uncertainty of 20% of its value, and the CPE ex@ohast
an error of 5% of its value. Combining this with the uncertainty in the film thickness presented
in Table7-1 produces the uncertainty in the values of the dielectric constant. In each case, the

dielectric constant calculated for SS304 and SS316 fall within one standard deviation of each
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other, which is expected because of the similar pafibivatructure between the two types of

steel. However, the uncertainties are small enough that conclusions may still be drawn about
the effectiveness of each method. The CPE exponent has the largest impact on the uncertainty
of the capacitance and henbe dielectric constant, whereas the frequency of deviation from
CPE behavior contributes little to the uncertainty, indicating that(Eg) is not overly

sensitive to changes in thialue.

Table7-2: Passive film dielectric constant calculated using the three methods described in
the previous section

SS304 SS316
& &
Eq.(7.8) | 13.55° 3.54 | 15.55° 4.95
Eq.(7.7) | 96.64° 25.18 | 183.54° 60.69
Eq.(7.6) | 16.74° 438 | 20.15° 7.37

The value of the dielectric constant typically used in literature fgdfand CpO3 passive
films is either 12[134], [140} [144] or 15.6[50], [145]i[152]. The dielectric constants
calculated using the powdaw approach (Hirschorn et al., E{.8)) agree with the values
commonly assumed ie literature. The method developed by Brug et al. (E6)) predicts
larger dielectric constants, though they still mostly agree with the literature given the
uncertainty asgciated with each. Finally, the Hsu and Mansfeld approach TEQ) predicted
values of the dielectric constant an order of magnitude larger than the other two methods
resulting in adrastic overestimation. These results agree with what has been shown regarding
the impact of each of these methods on the value of the film capadit&ddig136]. Moving
forward, the powetaw method represented by E@.8) will be used to calculate capacitance

from measured impedance data.
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7.3.4 Mott-Schottky Analysis

The concentration of vacancies in the film is akin to dopant concentrations in
semiconductors, which can be described by Matiottky (MS) analysis. The measured

capacitance at the semiconduegtectrolyte interface is due to the depletion region aed th
Helmholtz layer in series and can be writf@&3]:

. -1
el 1 ¢

C=g— +— | (7.11)
Cse Cu 0

Where C is the measured capacitaneg,i€the spaceharge capacitance of the depletion
layer, and @ is the capacitance of the Helmholtz layer.
Using Eqg. (7.11) and the spaceharge capacitance of the depletion region of a

semiconductor, the equation describing the semiconducting properties of passive films is given
by [52], [153]:

1 _1 2

1, 4
c: ¢ eraﬂAzl\L,DgéE =

kT 7.12
o (7.12)

Wheree: is the dielectric constant of the passive film, q is the electron/hole charge, A is
the electrode area,A¥ is the acceptor/donor density (film defect density} i theflatband
potential, T is tk temperature, k is the Boltzmann constar@§065 x 13° J/K), and E is the
applied potential.

For the purpose of M6 analysis, impedance spectra are measured successively from 50
kHz 7 10 Hz at 50 mV intervals from the film formation potentiati® V. This follows a 1

hour passivation period with constant voltage 0.1 V noble to the corrosion potential. The CPE
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parameters and the frequency at which the transition to capacitive behavior occurs are
determined at each voltage by fitting the linear partibthe logarithm of the reactance versus
log frequency.

This method affords the ability to extract capacitance from the impedance spectra using
one of the methods described above, which is not possible for impedance measurements made
at a single frequeryc Generally, the spaaeharge capacitance is the smallest capacitance that
will be measured, and its behavior will be best captured in the Higdtprency range.
Additionally, the measurements at each potential are significantly hastened by removing the
low frequency portion of the scan, such that the film is sufficiently unchanged during the series
of measurements. Impedance scans were also halted at 100 and 1000 Hz rather than at 10 Hz,
and differences in capacitance values were negligible, indica@ghis method is capable of
removing the frequency dependence that often plagu8saMalysis of passive films.

The CPE exponent, plotted ligure7-10 versus volage, follows the trend seenhigure
7-7 and Figure 7-8. The value of the CPExponent changes significantly over the voltage
range and must be determined by analyzing an impedance spectrum at each voltage; it will
determine how the measurement frequency affects the magnitude of the impedance. This
indicates that assuming a CPE empnt in order to calculate the parameter Q based on
impedance measured at a single frequency is not a viable option, as small changes in the CPE

exponent have pronounced impact on the effective capacitance.
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Figure7-10: CPE exponent() versus voltagé SS304 and SS316

The capacitance iRigure7-11is calculated using E@7.8) and the powelaw resistivity
method. The maximum value of the capacitance may be takitie &telmholtz capacitance
and should occur roughly at tH&atband potential where the passive film is primarily
conductive and contributes little to the measured capacifa@td-or both types of electrodes
the maximum value of capacitance consistently lethé range 25 35 nf cm? and occurs

very near ta0.6 V. These values are indicative of the Helmholtz capacitance.
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Figure7-11. Capacitance calculated using Ef8) from measured impedance spectra: 50
kHz1 10 Hz. Uncertainty in the capacitance falls in the range if54 of given values

According to Eq(7.12) the slope of the inverse square capacitance with respect to voltage
is unaffected by the magnitude of the Helmholtz capacitance. Thus,-i€ives may be
corrected for the Helmholtz capacitance dmptracting the inverse square of the maximum
capacitance from the total, leaving only the spattarge capacitance of the passive film. The
resulting curves are provided kigure 7-12, which clearly shows the dual behavior of the
passive film formed on stainless steel. The positive slope in the region nolié td is
attributed to the 1type semiconductelike behavior of th@nionconducting=eOz outer layer
film. Likewise, the negative slope in the potential region active.6V stems from the-fype
propensity of theationconductingCr.Oz inner film layer. This behavior has been detailed in
several studieg35], [50]i [52], [143], [149]
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Figure7-12: Mott-Schottky plotcorrected for double layer effedt solid lines represent
linear fits to SS304 data

From the slope of the linear portions of the curves depictédjure7-12and the dielectric
constants tabulatieusing Eq(7.10) in Table7-2, the donor and acceptor defect densities may
be estimated according to E@.12). These values are foundTiable7-3.

The dopant densities are essentially identical betweemwthéypes of steel. The donor
densities (rtype) are slightly lower than acceptor densitiesyf®), but the differences are
well within uncertainty. Values imable7-3 agree with what is presented in the litera{tg,
[143]. The 0dopaassive filmsiare vacdnaes €orimarily oxygen), and lower
vacancy concentrations lead to more protective films. Vacancy concentration is particularly
important with regard to passive breakdown, which is driven by vacancy diffusion according
to the PDM. A lager vacancy concentration allows more sites for chloride ions to occupy

oxygen vacancies and promote localized film breakdown. Thus, stainless steel type 304 and
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316 should undergo passive breakdown in a similar manner. This has been shown in a previous
study[154].

Uncertainty in the vacancy concentration stems from the slope of {Beciive and the
dielectric constant, which, in turn, are primarily dependent on the CPE exponent and the steady

state current density (through the film thickness)

Table7-3: Dopant densities calculated from®data (18 cnm)

SS304 SS316
Donor Density (rype) 2.82° 1.07 2.48° 1.61

Acceptor Density (gype) | 3.05° 1.20 | 2.97° 1.63

Regardless of whether the curves are corrected for the Helmholtz capacitance or not, the
two linear portions clearly show that two sepaifiatbandpotentials will be calculated; the
Helmholtz capacitance merely causes a 30 or 40 mV offset to eachuhseddor. The linear
fit for the ntype region predicts #atbandpotential around0.4 V (in agreement witfiL55]
for a solution similar pH) whereas theaype region predicts anothgatbandpotential around
-0.8 V. The trudlatbandpotential is likely between these two values since the maximum value
of the capcitance is attained ned.6 V. Also, plots of the phase angle presented previously
(Figure7-5 andFigure7-6) are not indicative of multipl#atbandpotentials. Most models of
the electronic structure of hightjisordered oxide films predict a singlatband potential
despite many cases of experimental data simil&igare 7-12. All things considered, the
flatband potential of electrodes displaying bilayer passive film formation (i.e. austenitic
stainless steel) may be better @dwerized by the minimum of the Médchottky curve (or
maximum of capacitance) where the passive film is contributing very little to the measured

capacitance.



147

7.4 Conclusiors

The passive films on AISI types 304 and 316 stainless steel respondivdgrly to
electrochemical diagnostics. The values calculated for the steady state current density, passive
film thickness, dielectric constant, and film vacancy concentration all agree with what has been
presented in the literature. Conservative vabfeseasurement uncertainty were assumed and
propagated through the entire analysis using the Monte Carlo method. The resulting
uncertainty in the calculated values is low enough that conclusions may still be drawn. This
analysis allowed determination ofettsensitivity of calculations to input parameters. The
steady state passive current density énd CPE exponentf] contribute the most to the
uncertainty of calculated values. This may warrant additional investigation into properly
guantifying the uncéainty in these values to reduce propagated errors.

The powedaw resistivity method presented by Hirschorn efld7], [138]was emplogd
and compared with the Brug et §l.32] and HsuMansfeld[133] methods for calculating
capacitance from CPE parameters. The pdawrmethod gien by Eq.(7.8) proved to be
superior to the other two methods in calculating the dielectric constant of the passive film, in
agreement with previous findings.

Mott-Schottky analysis as performed by measuring impedance spectra from 50 kHz to
10 Hz over a range of voltage. This in tandem with the pdavermethod for extracting
capacitance proved reliable in calculating film vacancy concentrations. The analysis was
repeated with impedae spectra measured to a lower frequency limit of 100 and 1000 Hz for
comparison. Differences in capacitance based on frequency were negligible, showing that this
method is capable of removing the measurement frequency dependence that is so often seen in
capacitance data. With current technology, measuring impedance over this wide range is still
fast enough to prevent significant film reorganization during experiments.

Frequencydependent values of capacitance have often been reported in studies of passive

films formed on metal electrodes and have been explained in a number of ways: variable
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conductivity, dielectric relaxation, surface roughness, inhomogeneous films, double layer
effects, etc. While some of these characteristics may be contributing tqab@eainte response
of the passive film, it has been shown that proper treatment of the constant phase behavior is
capable of relieving the capacitance of its frequency dependence. This is clear from examining
the CPE exponena] versus voltage for SS304 aB8&316 because the magnitude of the CPE
exponent will determine how different measurement frequencies affect the apparent
capacitance. This is further complicated by the fact that the CPE exponent changes with voltage
leading to changes in magnitude andmhof MS curves if the constant phase behavior is not
appropriately handled. The contribution of the CPE exponent to uncertainty mentioned
previously further stresses the need to measure impedance spectra to determine capacitance of
thin passive films ther than singldrequency impedance values.

Variation of the impedance phase angle and capacitance with voltage suggest that the
flatbandpotential for passive films on austenitic stainless steel lies in the vicinig @V .
This is at odds with E(7.12), which suggesttwo separatéatbandpotentials based on the
slope and intercept of the two linear regions of th& Mlots. Studies of passive films on
stainless steel oftgmoint toward separaféatbandpotentials for Fg0sz and CpOg3, and passive
films on pure chromium are seen to havatbandpotential that is very different from those
formed on stainless stgéi2]. Despite this, models of the electronic structure of pasising
on stainless steel generally account for a sifigiband potential and in some cases have
successfully matched experimental data. This suggests tlitbandpotential of the highly
doped, possibly degenerdtb], semiconductor junction that is the passive film on stainless
steel cannot fully be described using E412).
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CHAPTER 8

EIS STUDY OF REACTIVELY -SPUTTERED TiO>
COATINGS ON STAINLESS STEEL

8.1 Introduction

In order to optimize theoating deposition process, the quality and protective nature of the
coatings must be characterized. This is essential in determining the required thickness of each
coating layer in order that the substrate may be sufficiently isolated from its surrairidieg
thickness needed directly impacts the deposition conditions and, more importantly, the time
required to deposit the coatings.

Electrochemical impedance spectroscopy (EIS) is a relatively simple method of diagnosing
coatings and protective films, spkcally for semiconductive materials. EIS was presented
and discussed in detail @hapter 5and was applied to the passive film on stainless steel in
Chapter 7The methods used &malyze the passive film formed on bare stainless steel are also
applicable to the semiconducting protective coatings that were studdtapter 6

8.2  Coating Deposition

The TiQ: coatings are deposited via magoet sputtering using the apparatusHigure
4-5 with applied RF power of 400 W for 30 minutes. The deposition is performed using a
metallic titanium target with a Ba argon pressure of X@Torr with the oxygen flow rate
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controlled to ensure uniform deposition of BiGoatings are deposited on stainless steel disks,
both type 304 and 316.

8.3  Testing Procedure

Electrochemical testing was conducted using the sam@ragat as was described in
Chapters and?. The samples are immersed in 1 M NaCl solution for approximately 1 hour
prior to testing. Corrosion potentials are determined from lipelarization measurements in
the voltage range very close to the open circuit potential. In this case, potentiostatic
measurements are not performed, as the focus is on the coatings, rather than the growth of the
passive film.

Impedance data is collected from 300 kHZ0 mHz at 10 frequencies per decade with a
10 mV RMS voltage signal. For the purpose of capacitance measureimg@eisance spectra
are collected over a large voltage range with frequencies from 300 kHHz.

8.4 Results and Discussion

8.4.1 Impedance Spectra

Impedance spectigerecollected from 500 kHz to 10 mHz for Ti@oated stainless steel
304 for potentials from0.85 V to 0.15 VTheimpedance modulus Eq. (5.17) T is seen in
Figure8-1, the phase angleEq. (7.3) i is provided inFigure8-2, and a complex plane plot
of the admittances given inFigure8-3. Likewise, the impedance modulusdaohase angle at
the corrosion potential of T#coated SS304 is compared to bare SS3FH4guare8-4.
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Figure8-1: Impedance modulus versus frequency at several potenfla3, / SS304

Both the impedance moduluBigure 8-1) and the impedance phase andte(re 8-2)
show the effect of potential on the impedance resportbe diQ-coated steel. The magnitude
of the impedance modulus increases with increasing potential, and the shape shows that the
impedance response consists of more than one capacitance, as is evidenced by the existence of
multiple linear portions of the cves. At each potential, the curves convergeigh frequency
as the impedance tends toward the Ohmic resistance of the cell.

The phase angle, shown kiigure 8-2, clearly depicts the existence of a mudéipacitor
response based on multiple local minima for each potetfitialapparent that the magnitude

of the phase angle generally increases with increasing potential, which is indicative of a shift
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toward more iddacapacitive behavior. The impedance response, especially at higher
frequencies, is dominated by the protective zTikn film. Since the coating thickness and
structure are not changing as the potential chanigesHift in phase angle must be due to a
change in the electronic structure of the coatiibe metaloxide coating behaves as a
semiconductor, so the applied potential determines theirinod band bending that occurs,

resulting in eitheadepletion oanaccumulatiorregime
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Figure8-2: Phase Angle versus frequeratyseveral potentials TiO2 / SS304



153

0.08
0.07 1 ey
g -
Low - High
0.06 | Frequency Frequency |
0.05[ _
So004r | 4
> A"r
003f M
’ ‘ -—-0.853V
| ~5--0.653 V
0.02f # 0.453 V
. - -0.253V
0.01F ',‘« s 'Ecorr =-0.053V
’/I 0.147V
ol - ' . :
0 0.05 0.1 0.15 0.2 0.25

Yy (@™

Figure8-3: Complex admittance plats a function of potenti&l TiO, / SS304 Arrows
indicate regions of low or high frequency data points

Figure8-3 also documents the shifting impedance response with the complex admittance
plot. Admittance plotsjn contrast to standard impedance (Nyquist) plots, highlight high
frequency behavior, which is dominated by the capacitance of the coating. The admittance
shows two distinct semicircles for the Biloated stainless steel electrode(a853 V. This
becoms a single semicircle in the complex admittance plane as the voltage increases due to
the low frequency semicircle being consumed by the high frequency one. As the applied
potential becomes more and more noble to fthiband potential, the capacitance tie

protective coating will produce an impedance response that is much larger than other capacitive
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elements over a larger frequency range, which accounts for the loss of the two distinct
semicircles in the admittance plane as the potential incrdagese 8-3 shows that the high
frequency capacitive behavior dominates the impedance response despite the existence of
multiple capacitive elements, as is depicte#igure8-2.
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Figure8-4: Bode ploti TiO2/ 304 vs. SS304equilibrium potential)

The impedance response of the Fdated stainless steel is comghto that of uncoated
stainless steel, both at their equilibrium potentialsrigure 8-4. The impedance spectrum
captured for the coated steel deviates signifigaindm that of the bare steel, which mirrors
the response of a single capacitor (or CPE), which is clear from the shape of the phase angle

as a function of frequency. A tawzapacitor response is apparent from the shape of the
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impedance modulus, which comatwo distinct linear regions for the coated steel, as opposed

to the one linear region for the bare steel. The low frequency capacitive response of the coated
steel is likely due to a Ti©passive film that forms on the surface of the coating, which is
overshadowed by the coating material at higher frequency. A lack of coating on the bare
stainless steel accounts for the single linear region of the impedance modulus, produced by the
impedance response tfie passive film. The difference in shape of tiege angle and
impedance modulus, along with the substantial increase in the polarization resistance
compared to bare stainless stpeint to the TiQ coating possibly being an effective corrosion

barrier.

8.4.2 CoatingCapacitance

As was stated severiines in the previous section, the capacitance of the coating material
may be captured by the high frequency impedance data. The fact that the coating is likely
several hundred times thicker than any passive film that may form means that it will have a
much smaller capacitance and therefore, a much higher impedance, especially for high
frequency measurements.

The capacitance of the Ti@oating is determined by measuring impedance spectra from
500 kHzi 1 Hz overthe potential range [0.1 V1.2 V]in 50 mVintervals Figure8-2, Figure
8-3, andFigure8-4 exhibit obvious constant phase behavior, and the effective capacitance will
be extracted using the powlam resistivity method presented in the work of Hirschorn et al.
[137], [139]and given by E(7.8). Based on the nature of th&anium (l1l) oxidecoating, the
transition away from CPE behavior occurs at a higher frequency than the passive film on
stainless steeQhapter J. In cases where the transition to a capacitive response from a constant
phase response is raliserved, the maximum capacitance may be computed using the highest

measured frequency, as is explained in R&¥9].
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Figure8-5: 3-D plot of impedancspectra measured from 500 kHZ Hz over the potential
range [0.1 V;1.2 V]i TiO2/ SS304

Figure8-5 shows the impedance spectra of azli@S304 electrode used to calculate the
effective coating capacitance. The impedance decreases rapidly with decreasing voltage after
dropping below the edlibrium potential (~0.075 V). This is the same trend that can be seen
in Figure7-7 for bare SS304, except that the impedance does not increase again upon dropping
below theflatbandpotential. In this case the coating and passive film are both primarity TiO
and will have the same electronic structure, unlike the bilayer passive film that forms on

stainless stegkach layer with geparateslectronic structureThis presents further evidence
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that the TiQ coating is acting as a unique entity and is at leasapigiisolating the underlying

substrate.
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Figure8-6: Calculated capacitance of AOSS304 electrode using EJ.8) and impedance
spectra displayed iRigure8-5

The coating capacitance kigure8-6 follows an inverse trend to the impedance spectra in
Figure 8-5. The maximum capacitance is approximately ®8cni?, which is still mostly
attributable to the coating. This is in contrast to the bare stainless FSpale(7-11) with
maximum capacitance between 20 andvB&ni?, which could be ascribed to the Helmholtz
layer. Thus, even at low voltage, the Helmholtz capacitance is riglgligompared to the

coating capacitance.
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Calculating the effective capacitance allows for estimation of the dielectric constant of the
coating assuming the thickness of the coating is kn®Wwis. may be done using E{.10) by
assuming a parallel plate capacitor with the ;lg@ating as the dielectric between the plates.
The capacitance of the coating at the equilibrium potential is GB861i2, and the coating
thickness is estimated to B0 nmbased on the deposition rate, which results rialative
dielectric constant of 8Z.

The capacitance used to determine the dielectric constant is likely equal to thelsrgee
capacitance of the O coating, which should be correlated to the depletion region of the
semiconductive coating. The thickness of this depletion region may loev as onéourth of
the total thickness of the coating, which would significantly impact the dielectric cangtant
relative dielectric constant of Tihas been reported as anywhere frofd56] to well over
100[157], [158]and is highly dependent on the crystal structure and the formation mechanism
[159], as well as the measurement frequemcyight of this, thecalculatedrelative dielectric

constanshould be considered the maximum possiblaeza

8.4.3 Mott-Schottky Analysis

The MottSchottky (MS) plot of inverse capacitance squared versus volfagdiO»-
coated stainless steel type 304 is giveRkigure8-7. The linear fit to the curve provides the
slope and intercept used to calculate the defect densitjadin@ndpotential according to Eq.
(7.12), which are useful in characterizing the coating.

The TiQ coating displays 4type behavior, which stems from an excess of oxygen
vacancies. This points toward the fact thatzlig2an anion (oxygen) vacancy conductor. From
theslope of the line ifrigure8-7 and the dielectric constant calculated previously 87.2),
the dopant density in the coating may be estimated using83j, which comes from

rearranging Eq(7.12).
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Where: Np is the dopant (or defect) density,
e is the elementary charge (1.602 X4G),

And m is the slope of the linear fit to the-Scurve
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Figure8-7: Mott-Schottky plot of TiQ-coated SS304; circles are calculated values from data
andthe line represents a fit to the linear portiorhe curve

The defect density calculated in this manner is 2.0211%cho3, which is several orders
of magnitude lower than the defect density calculated for the passive film on stainless steel.

This value no longer represents a higibped semicondtar, as is the case with passive layer
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films, but rather is approaching the defect density of standard semiconductors. Depending on

the true value of the relative dielectric constant, the actual defect density may range'from 10

cm® to 10* cn®. Regardless of the accuracy of the calculated dielectric constant, this range

of defect density represents a weadiposited coating, and is clearly indicative of the 2TiO

coating and not the passive film, which would have a much higher density of défects.

this method may useful in diagnosing and determining coating quality following deposition.
Theflatbandpotential(Erg), which was discussed fDhapter 7 may be determined from

the slope and intercept of the line dmed in Figure 8-7. The flatband potential is the

intersection of the linear fit with the potential axisais) offset by the thermal energy. In

equation form thiss given by:

= -+ (8.2

Where m and b are the slope and intercept
constantandT is the absolute temperaturkgain, Eq.(8.2) comes from the standard Ko
Schottky equation (Eq7.12)).

At 20°C, theflatbandpotential of the Ti@-coated stainless steel electrode is calculated to
be-0.967 V versus a saturated Ag/AgCl reference tetete. This was calculated assuming that
the Helmholtz capacitance is negligible compared to the coating capacitance. Correcting the
calculation using a Helmholtz capacitance of#scni? shifts the flatband potential by only
0.2 mV, proving that it is iconsequential in this cas&€he flatband potential for a TiO
electrode in an aqueous electrolyte solution has been given E§.&qwhich depends solely
on pH[160].

E.= 0.445 0.06 pK[v, vs. AgiagCl] (8.3)
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The 1 M NacCl solution is prepared with distilled water and has a measured pH of 7.45,
giving a flatband potential 60.892 V vs. Ag/AgCl using E(8.3). The difference between
the two flatband potentials is 75 mV, which is within the uncertainty associated with these
calculations. However, it could also be indicative of oxides other thaneki€ting within the
coating, suclas TiO or T#Os. It is likely while using reactive magnetron sputtering that there
will be coating regions where different oxide compositions have been deposited. Depending
on the relative concentrations of each type of oxide within the coating, thentigbotential
may be shifted slightly.

8.5 Conclusions

Electrochemical impedance spectroscopy (EIS) has been used to characterize a stainless
steel type 304 electrode coated with Ti3ing reactive magnetron sputter depositioth M
NacCl solution The measure impedance spectra are distinct from those measured for uncoated
stainless steel presenteddhapter 7This is a good indication that the Ti€bating is effective
at isolating the substrate from the electtelgolution.

The same methods used to study the passive film on austenitic stainless steel have been
employed to study the semiconductive Tiating, to great effect. Impedance spectra are
indicative of a multicapacitor response, which is typical opassive metal coated with an
inert material. Thanaximumrelative dielectric constant was calculated to be 87.2 using a
paralletplate capacitor approximatioand the true value is likely smaller than this based on
the unknown thickness of the depleti@gion of the coating.

The coating defect density calculated frorr@\&nalysis is on the order of @3, which
is typical for a slightly porous semiconductive coatifpis is several orders of magnitude
lower than the highlgloped oxide passive film @tainless steel, which speaks to the stability
of the coating as a corrosion barrier. Finally, the flatband potential was measure@.@6Ge
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V vs. Ag/AgCI electrode and is more active by 0.075 V than the flatband potential calculated
using Eq.(8.3) and the pH of the testing solution.

Based on these results, EIS proves to be a useful toch&oacterizinghe quality of
coatings on passive metals. As was show@hapter 6the assessment of inert coatings on
active metals (i.e. A36 mild steel) may be accomplished using DC electrochemical techniques,
as there will likely be a measurable difference in corrosion rate, especiedigtasy thickness
increases. This may not be the case for coatings on passive metals, in which case AC
electrochemical techniques can provide additional information to determine coating quality.
Impedance measurements are sensitive to material propbdiesnnot be determined using
DC methods.
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CHAPTER 9

SUMMARY, CONCLUSIONS AND FUTURE WORK

9.1 Summary

Protective coatings on several types of steel have been assessed for their corrosion
propertiesThe goal is to utilize these coatings in a multilayered, composite system fer high
level nuclear waste storage containers. Currentcdsk storage waste basket canisters are
made of stainless steel and have the potential for failure due to stress corrosion cracking and
other types of localized corrosiomhe coatings presented @hager 4are meant to prevent
common types of failure for stainless steel, as well as to protect against hydrogen diffusion
into the steel and mechanical wear.

Throughout the course of this research, only single layer coatings were tested in order to
determire properties of individual materials. The first set of coated steels involveactive
depositions of all five compounds that were initially proposed. They included many batches of
each coating material, each deposited using different parameters; poggsure, and time.
Following DC electrochemical testing, it was determined that the coatings were mostly too
thin and porous to provide significant protection, although they showed promise on the A36
steel in that there was a measurable decrease osanrrate This may be worth pursuing
further considering that the outer shell of some dry cask designs is composed of carbon steel.
It was clear that for each coating, the underlying substrate was still dictating the corrosion
propertiesChapter Gepresents the culmination thifis initial set of experiments. Some SEM
images provided in this chapter show a correlation between protection against localized

corrosion and thickness of the coating.
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After the first sebf coatings time was spent studying the passive film on bare stainless
steel while reactive magnetron sputtering was implemented to increase coating deposition rate.
Chapter 7explores the AC electrochemical techniqueBzeatil to probe the passive film and
presents results for type 304 and 316 stainless steels that largely agree with literature. The
study of the passive film using EIS, while important for advancing knowledge on the subject,
was seen as a preliminary test proper experimental and analytical methods to apply to
investigating coated steels. Essentialyhapter 7presents and validates a combined
experimental and analytical method for removing the measurement frequencyetegeenf
the capacitance that so frequently plagues EIS results in the litefdterenethods discussed
in this would be applied to TiQ-coated stainless steel using reactive magnetron sputter
deposition.

The study of stainless steel coated with a protectiO: film is provided inChapter 8
Impedance spectra that were collected exhibit behavior that is typical of passive metals coated
with inert materials. The dielectric constant and defect density of thewe@e catulated
using electrochemical means and are consistent with what may be expected from
semiconducting coating. Electrochemical methods used in this study may be suitable to be used
as diagnostic tools for coated metals. In this case, it is beneficiavéoifformation about the
composition and structure of the coating in order to iterate on the optimization of the deposition

process.

9.2 Conclusions

Several conclusions may be drawn from the entirety of this research:
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Compound coatingsleposited via magnetron sputter deposition are compatible
with steel substrates. There was good adhesion between coating materials and the
steels.

Coatings show promise in decreasing the uniform corrosion rate of active metals.
The decrease in corrosiorteavill depend largely on the thickness and porosity of
the coating.

Coating defects and porosity must be largely minimized to provide enhanced
resistance to localized corrosion. This may be achieved by increasing the number
of layers and overall thicknes$ the protective coating.

The capacitance calculated from impedance measurements should not depend on
measurement frequency, as is often the case in the literature. Measurement of
impedance spectra and appropriate treatment of the constant phase hatevior
exhibited in electrodelectrolyte systems is capable of removing the frequency
dependence of the capacitance.

Oxide coatings behave similarlyto oxide passive films, and the same
electrochemical methods may be applied to studying both of themrmiation may

be gained about the coating structure and composition using electrochemical
techniques. Oxide passive films have been studied extensively, which will benefit
the investigation of oxide coatings through experimental comparison.

Based on prelimiary resultsmultilayer protective coatings may prove to be a
viable alternative to newer alloys in protecting the integrity of HLW storage
containersMoreover, it is likely that the total coating thickness can be several
micrometers (~ 8.0 nm) rather tlan the 50 that was initially proposedt has

yet to be determined if coating deposition can be economically competitive with

other storage material options.
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9.3 Future Work

Thenextstep is to deposit and tebe remainingeactivelysputtered coatings order to
determine the most optimal recipe feating the desired coatings. Once the single layer
coatings have been appropriately characterized, the focus will shift to the multilayer coating
system seen iRigure4-1. Adhesion among the coating layers is of primary importaacd
will require precise depositigparameters. Having multiple layers will allow pinholes present
in initial layers to be filled, grebtimproving corrosion performance.

It was mentioned previously that the coatings are supposed to protect from hydrogen
diffusion and mechanical wear, in addition to uniform and localized corrosion. Titanium nitride
is often used as a diffusion barriearficularly with regard to microelectronics manufacturing
[161], [162], and molybdenum disulfide is a common solid lubricant used for wear resistance
[80]i[82]. Howeverregardless of the known performance of individual matetia¢scoating
system as a whole must be tested for diffusionvesal resistance, as it is currently unknown
how the interplay of the materials will affect various properties. This is especially true because
the properties of the thin films are dependent on the deposition envirqramemie properties
of each layer machange as an additional coating layer is deposited on top. The wear resistance
may be simply studied using a tribometer, whereas hydrogen diffusion testing will rely on
electrical resistance measurements made in an environment with controlled heatingf. Bo
these projects are currently in the works.

The most important reason for using these materials to coat the stainless steel waste canister
is to minimize the potential fatress corrosion cracking (SCC); the specifics of SCC were
discussed itChapter 2 Traditional SCC testing requires specimen of specific sizes and shapes
for determination of stress intensity factors, and test procedures are classified into three
groupings: constant total strain tests, condtat tests, and constant strain rate t&tecialty

samples need to be fabricated and coated in order to perform any quantitative SCC testing.



167

However, for qualitative testing focusing artomparison between materials (i.e. coated
and norcoated steeltherules pertaining to sample size and geometry may be relgixgote
9-1is a picture of an apparatus designed and built by the precision machine shop at NC State
that can perform constant load SCC experiments. The testing structure allows for simultaneous
|l oading and submersion in a corrosive soluti
have been used for the entirety of this stublyis piece of equment may be used as an
alternative to traditional SCC testing, especially if it is coupled with the electrochemical
methods that were the focus of this research.

Figure9-1: Experimental apparatus forregtant load testing of SCC
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The following chapters- 10, 11, and 12 consist of three
published works that focus on the gammaay shielding of
the coating materials discussed previously, as well as
innovative blends of concrete and glass for enhanced

shielding of waste storage packages.
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CHAPTER 10

STUDY OF THE SHIELDING PROPERTIES OF
PROTECTIVE COATINGS AND CONCRETE
COMPOSITIONS FOR HLW STORAGE

Published in Ann. Nucl . Energy: AShi el di ng g
bl ended concrete compositions for high 1| evel
Winfrey, M. A. Bourham, Ann. Nucl. Energy, Vol. 89, pp. &3, March 2016.
DOI:10.1016/j.anucene.2015.11.026

Various thin film coatings have been proposed to protect staistes! high level waste
(HLW) containers from premature failure due to localized corrosion, hydrogen embrittlement,
and mechanical wear. These coatings include TiN,.ZNDbS, TiO2, and AbOs, to be
deposited either in multiple layers or as a thickerglsilayer composite. Linear attenuation
coefficients of these materials have been simulated using MicroSareld measured
experimentally for various photon energiéglditionally, spent fuel casks with overpacks
made of two different types of concreteresimulated to compare exposure rate at the cask
surface. In the energy range that is significant for high level waste storage all coating materials
possess very similar attenuation behavior. A specialty concrete, containing magngdig (Fe
and lead oxde (PbO), reduces the exposure rate at the outer surface of the overpack by several
orders of magnitude. The high&relements not present in ordinary concrete greatly increase

attenuation of intermediatenergy gammas (0.4 1.0 MeV). The thin film coatigs do not
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affect the shielding capabilities of the HLW packaging, as their total proposed thickness is
nearly three orders of magnitude less than the mean free path (MFP) of the primary photons of

interest.

10.1 Introduction

Storage of spent nuclear fuel from commercial reactors and govereorandlled high
level waste (HLW) is one of the most important issues facing the nuclear industsite@ny
cask storage is the only current long term storage option for commeremlfapl, and thus,
limiting exposure outside of the cask is of high priority. Dry storage casks consist primarily of
a steel canister and concrete overpack, often with a glass layer in bg@jve#idWW canisters
are typically made of stainless steel because of its good mechanical strength and corrosion
resistancgl], [20], [21]. However, stainless steel suffers from intergranular corrosion due to
carbide buildup at grain boundaries and stress corrosion cracking (SCC) due to residual stresses
from welding in the presence of chloride iofs7]. Additionally, mechanical wear and
embrittlement from hydrogen diffusion pose a threat to the long term integrity of spent fuel
caneters. A lack of irsitu monitoring coupled with the relative unpredictability of localized
corrosion and embrittlement from gas diffusion makes canister lifetime difficult to predict. The
US NRC mandates that high level waste containers must remainfort&€0i 1000 years
[163], making materials research for HLW storage imperative.

In order to combat premature failure of stainless steel canisters, variofithtinatings
have been propos¢60]. These coatings include titanium nitride (TiN), molybdenum disulfide
(M0S,), and Zirconia (Zr@), titania (TiO), and alumina (AO3) as an eventual composite,
and have been shown to be good barriers to localized corrosion, hydrogen diffusion, and
mechanical wedi38], [61]. Themiddle coating layer is a composite of the three oxides, and

is commonly referred to as zirconolite.
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Figurel0-1: Multilayer coatings for high level waste storage (not to scale)

If these coatings are to be utilized to protect HLW containers, their attenuation properties
must be knownMass attenuation coefficients provide an adequate measure of the shielding
capabilities of each material. The mass attenuation coefficient is imiieeof density,
allowing for direct comparison he&een materialsA simulation study on thbeavy particle
impact on such muHiayered coatings, as Figure10-1, has shown that 2MeV particles can
cause damage in the firstell of the TiN layer if neutrons leak through cracks seaththe
coatingg164].

Recently there has been interest in specialty concrete for radiation shielding applications.
The composition of concrete can be modified using additives and different forms of aggregates,
making it an ideal material to be tailoréalvard specific uses. A computational study on
various compositions of concrete for gamma attenuation, has shown that adding magnetite
(FesO4) and lead oxide (PbO) in specific concentrations to standard concrete increases
attenuation and greatly reducegesure rate outside the spent fuel cds}{, and a specific
concrete mixture, 6b6efiamrrnnehccitro papedcaovndidethe

ordinary concrete in ther@sent study.
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10.2 Methods

10.2.1 Computational Methods

Linear attenuation coefficients are calculated using MicroShield [@.65]. The mass
attenuation coefficient is calculated from the linear attenuation coefficient divided by the mass

density of the absorber material and is given by the exponential attenuation law:

m—'1Iné1| (10.2)
ro K ge]; '
Wherey is the linear attenuation coefficient (@n, | s dessityfgics), W/ § i s t he me

attenuation coefficient (cffg), x is the absorber thickness (cmy,id the initial photon
intensity, and | is the transmitted photon intensity.

MicroShield computes the theoretical attenuation coefficient at desiredrpboergies
using material composition and density. It has also been used to assess the exposure rate outside
a typical spent fuel cask, as well as to assess the change in shielding effectiveness using
multilayer protective coatings and magnetite/leadlexi o p e d concr €i3leThBc oncr e
concrete consists of 13.98% cement, 7.63% water, 23.5% aggregate (mai)y3SiT95%
magnetite, and 15.678% lead oxide. The completenmda composition of this proposed
concrete mixture is given ji3].

The cask utilized in this study consists of a cylindrical volume of spent fuel with a height
of 20 ft. and 8.72-ft. radius. The steel canister is 0.27 ft. thick, and the concrete overpack is 2
ft. thick. Three coating layers are added to the outside of the steel canister, which combined
are 50 em thick. The radiation s cframcSearryused i
plant spent fuel depleted using ORIGEN at 38.6 GWd/M@]Jand is given infable 10-1.
The photon activity by energy group is scaled to represent 16 MTU per storage cask. At 0.4 to



173

0.5 MTU per assembly in a typical PWR, this assumes between 32 and 40 assemblies per cask.
This is conservative given that the NRC considers between 2 dozeé dozen assemblies

per cask depending on the tyjié6]. The dose point is taken half way up the cask at the outer
surface as illustrated Figurel10-2.

Dose
Point

Z
Z

Figurel0-2: MicroShield cask geometry elevation (a) and top view (b)
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Table10-1: Sourcespecification for spent fuel cask simulatio88.6 GWdA/MTU Surry

Plant
Mean Photon | Activity/MTU % Energy
Energy (MeV) | (Photons/sec) Activity

0.015 3.08E+09 0.00000
0.02 7.03E+09 0.00000
0.03 1.55E+14 0.31680
0.04 4.67E+13 0.12730
0.05 2.82E+12 0.00960
0.06 4.61E+13 0.18850
0.08 2.38E+12 0.01300
0.10 2.22E+13 0.15130
0.15 1.59E+10 0.00020
0.20 3.74E+12 0.05100
0.30 4.39E+11 0.00900
0.40 7.19E+11 0.01960
0.50 6.34E+11 0.02160
0.60 2.32E+15 94.8505
0.80 2.25E+13 1.22650
1.00 1.53E+13 1.04250
1.50 1.93E+13 1.97260
2.00 2.91E+06 0.00000
Total 2.66E+15
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The source specification for spent fuel cask simulation shows that the 0.6 MeV photon
energy group contributes almost 95% of the energy activity, mostly from the decay 87 Cs
Also of interest are three higher energy groups: 0.8, 1.0, and 1.5 MeV, which have fairly high
activity and are more difficult to shield than the lower energy gammas. These will likely
contribute much of the total exposure rate. There are several energg grdhe tens of keV
range that have high activity, but they are quite easily shielded and will not contribute

significantly to exposure.

10.2.2 ExperimentaMethods

In order to corroborate theoretical calculations using the MicroShield code, gamma
attenuation experiments have been pel3F or med.
Cs 137, and Ce&0 to determine attenuation coefficients at four photon enerdgwéskéV,

661. 7 keV, 1173 keV, and 1332.5 keV, respect
(Nal) scintillator, with builtin photomultiplier tube (PMT) and preamplifier, connected to a

high voltage power supply, shaping amplifier, and multichaanalyzer (MCA). The three

gamma sources are tested separately to avoislseltiing. The detector is placed 60 cm

directly above the source, and the disks are placedhinaeof the way between source and

detector, assuring most photons reaching thectiat pass through the diskigure 10-3

illustrates the experimental set up for gamma attenuation measurements.
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Figure1l0-3: Gamma attenuation experimental setup

The full energy peaks measured using the MCA software are fit to a Gaussian plus linear
background using the curve fit function in MATLAB, such that the fitting function takes the

form:

1o:0r
I O: O

ax-b
C

Pﬁ

!
f(x)=a €xpese 5 dx+ € (10.2)
c :

O

Where a, b, c, d, and e are fitting coefficients and x i848& channel number. E¢10.2) is
then integrated over the entire photopeak to obtain the peak area. Ratios of integrated peak

areas are used to calculate lineenuation coefficients using H4.0.3):
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Qo
>

(10.3)

s
A

Where: Aois the integrated photopeak area with no attenuation sample in place,
A is the integrated photopeak area with the sample present,
And x is the thickness of theteel disk

10.3 Materials

Densities of the materials studied are giveffrigure 10-4, which includes the substrate
materials of type 304 and type 316 stainless steel and the coating materials (BLiNVIZ8:)
TiO2, Al20s and Zirconolite), in addition to the blended concnd the ordinary concrete.
Zirconolite in this study is a stoichiometric combination of ZrOO, and AbOs, although
the relative compositions of each oxide may be altered to create more desirable properties.
The sampl es t est e dsksabotlebare and doatedmidih #m coaings e | d
are achieved using magnetron sputter deposition. The stainless steel substrates are two different
thicknesses: stainless steel type 304 is 0.8975 mm thick and stainless steel type 316 is 1.498
mm thick. Focusg ion beam (FIB) techniques reveal the coatings to be no thicker than several
hundred nanometers. The oxide coatings, which sputter very slowly, are all less than 100 nm
thick, whereas titanium nitride has the fastest deposition rate with a maximum $#isickne
roughly 900 nm.
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Figure10-4: Mass density of materials used in this study

10.4 Results and Discussion
10.4.1 Linear Attenuation Coefficient

The linear attenuation coefficients for the materials studied were calculated from
measurements obtained using the setug-igure 10-3. The attenuation coefficientsea
displayed inFigure 10-5 with 95% confidence bounds, which correspond to the confidence
bounds of the coefficients of the curve fit (E40.2)). Standard error using Poisson statistics

was also determined for each value of linear attenuation, but the curve fitting produces greater
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uncertainty than the experiment itself. 8tass steel type 304 and 316 have very similar
compositions and thus have nearly identical attenuation properties. The attenuation of type 316
stainless steel is presented rather than type 304 because the disks are thicker, allowing for more
precise measement of the linear attenuation coefficient. Moreover, only the titanium nitride
coating on stainless steel type 316 was chosen to represent the coated steels because it is the
thickest coating on the thickest substrate, thus giving the best opportumtgasure a
difference in attenuation from the bare steel.

9.50E-01

—8— 55316 - experimental

8.50E-01 == TiN/316 - experimental

7.50E-01 : =L} =55316 -theoretical

6.50E-01

5.50E-01

4.50E-01

3.50E-01

2.50E-01

Linear Attenuation Coefficient [cm™)

1.50E-01
300 500 700 900 1100 1300

Gamma Energy (keV)

Figure10-5: Comparison of experimental linear attenuation coefficients as a function of
incident gamma energy for bare and Jabated stainlessteel 316 with theoretical values
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Experimental linear attenuation coefficients for stainless steel type 316 at four distinct
incident photon energies are similar to predicted values. In all but one case, the theoretical
value lies within the 95%onfidence band of the experimental value. It lies outside the
confidence range for the 1332.5 keV-6@ gamma ray. Higher energy gammas require greater
thickness to accurately measure the attenuation. The attenuation value for 662 keV gammas is
both accuate and precise because the photopeak suffers neither from lowtseigioée ratio
(as with the Ce60 peaks) nor having other peaks close by to convolute the analysis. The
titanium nitride coating, as well as all other coating materials, does not cagniji affect the
attenuation of the stainless steel substrate. It was not possible to measure the attenuation of the
TiN separate from the steel because of the film thickness. The theoretical linear attenuation
coefficient for TiN is 0.392 crh for 661.7 keV gammas. Calculating this value from
experimental data for a dm-thick coating amounts to a difference of less than 0.004%

between photopeak areas, which is well within the uncertainty bounds for radiation detection.

10.4.2 Mass Attenuation Coefficient aiMean Free Path

The mass attenuation coefficients for the coatings based on MicroShield calculations are
given in Figure 10-6. As expected, over most of the energycépen the mass attenuation
coefficient for each coating compound decreases monotonically. The increase in mass
attenuation coefficient of Zr2and MoS in the low energy range corresponds to thedge.

The K shell binding energies for Zr and Mo are 18 ka\d 20 keV, respectivelji67].
Photoelectric absorption becomes more efficient when the incident photon energy approaches
the binding energy of the appropriate electron shell, which causes the observed peak in
attenuation coefficient. The othelements present (Ti, Al, O, and N) haveskell binding
energies in the feweV range. Mass attenuation coefficients are very similar among coating

materials in the energy range of interest for nuclear waste applications.
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Figurel0-6: Mass attenuation coefficient as a function of energy for coating materials

Based on the predicted attenuation coefficients, the mean free path (MFP) in each material
as a function of incident photon energy has been caédclind is shown iRigurel10-7. The
minimum MFP in any of the coating materials isr80, which occurs for 0.025 MeV (25 keV)
photons in zirconia. The entire multilrycoating system is proposed to berdthick, so the
coatings together will constitute less than a single MFP for even the lowest energy photons. A
majority of the source activity stems from photons with a mean energy of 600Tkb\é (

10-1). The MFP for these photons is between 2 and 3.5 cm depending on the material. This is
nearly 1000 times larger than the total multilayer coating thickness, thus it is safart® ass

that buildup will not be an issue for these coating materials.
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Figurel0-7: Mean free path in coating materials as a function of energy

10.4.3 Exposure Rate

The exposure rate, in mR/hr, taken at the outer surface of the storage cask is several orders
of magnitude lower using 2 ft. of concrédeather than ordinary concrete, as is sedfigare
10-8. The attenuation of concreeis much better than ordinary concrete, especially above 0.3
MeV incident photon energy. The high&relements not present in ordinary concrete greatly
increase attenuation of intermediaieergy @mmas (0.4 1.0 MeV).Figure10-9 shows that
the effectiveness of concrefeover ordinary concrete is maximized for photons between 0.4
and 0.6 MeV, which is whettée ratio of exposure rate between the two overpack materials is
at a minimum. This is the energy range into which a majority of photons emitted from spent

fuel fall, according tolTable 10-1. The coatings proposed for the outer surface of the steel
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canister have a negligible impact on the exposure rate. The total coating thickness of 50 pum is
several orders of magnitude less than the MFP of the gammas of interess, disaussed in
the previous section.

Concrete6 proves to be increasingly more effective at shielding gammas than ordinary
concrete as the thickness of the dry cask overpack increases. An overpack thickness of 5 ft. of
ordinary concrete is necessaryeduce the exposure rate outside the cask to the same level as
2.5 ft. of concreté. The total exposure rate as a function of the overpack thickness is shown
in Figure10-10.
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Figure10-8: Exposure rate at cask surface as a function of incident photon énswggrete
comparison
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10.5 Conclusion

The shielding properties of thin films tme deposited on stainless steel for protection
against localized corrosion, hydrogen diffusion, and mechanical wear have been investigated.
Microshield calculations showed mass attenuation coefficients to be nearly identical among
coating materials in thenergy range of interest for shielding (0.4 M&V1.5 MeV).
Experimental measurements show good agreement with predicted attenuation coefficients,
based on material properties, for the bare stainless steel type 316. Coated steels show very
similar attenuabn to the bare substrate, which is expected based on thmistdn thickness
of each singldayer coating. The MFP of 0.6 MeV gammas in these materials is between 2 and
3.5 cm, and buildup in the coatings is negligible based on the proposed thickBégsrof
Based on full cask simulatis using Micro8ield, the five coating materials discussed
previously (TiN, ZrQ, TiO, Al20O3, and MoS) do not affect the exposure rate outside the cask
to any measurable degree. Whereas these coatings do not provtamaldshielding, they
can be utilized for HLW storage without adversely affecting the shielding properties of the
storage container.

Also in this study, a specialized type of concrete (con@etmntaining F€0s and PbO,
introduced in a published wor{13], was compared to ordinary concrete as an overpack
material. Based on simulations, conctétis able to decrease the total exposure rate outside a
typical spent fuel cask hyearly three orders of magnitude. Double the thickness of ordinary
concrete is required to achieve the same exposure rate as c@deeten that there has yet
to be a permanent storage solution for HLW and commercial spent nuclear fuel, a specialty
conaete similar to concreté warrants additional investigation into the feasibility of its use as

shielding for HLW containers.
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CHAPTER 11

STUDY OF GAMMA -RAY SHIELDING OF OXIDE
GLASS SHIELDING MATERIALS

Published i n Ann. -Nwynaks. atteBuaten cgefficientraichalf medue
| ayer factor of some oxi-Xda Waly, MsAs Fusch, MeA. di ng
Bourham, Vol. 96, pp. 260, October 2016, DOI10.1016/j.anucene.2016.05.028

The variation in dosimetric parameters such as mass attenuation coefficient, half value
layer factor, exposure buildup factor, and the photon mean free path for different ogg#s gla
for the incident gamma energy range 0:053VleV has been studied using MicroShield v5.03.
It has been inferred that the addition of PbO an®Bimproves the gamma ray shielding
properties. Thus, the effect of chemical composition on these paransaterestigated in the
form of six different glass compositions, which are compared with specialty concrete for
nucl ear radiation shielding. The compositi o
mass attenuation and the smallest half value laper may have potential applications in
radiation shielding. An example dry storage cask utilizing an additional layer of Glass 6 as an
intermediate shielding layer, simulated in MicroShield, is capable of reducing the exposure
rate at the cask surface byer 20 orders of magnitude compared to the case without a glass
layer. Based on this study, Glass 6 shows promise as a geaynshielding material,

particularly for dry cask storage.
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11.1 Introduction

Due to the overwhelming concern about releasadibnuclides from various sources, as
well as the increasing use of gamma-eayitting isotopes in industry, medicine, and
agriculture, it has become necessary to study the shielding properties of new and improved
materials. There is always a need to d®venew materials that can be used under the
potentially harsh conditions of radiation exposure and act as shielding materials for extended
periods of time.

The most conventional material used for the purpose of radiation shielding for nuclear
reactors anchuclear waste storage is concrete. It is a mixture of light nuclei (primarily
hydrogen) and heavy nuclei, giving it the ability to be an effective shield against neutron and
gamma radiation. Concrete is relatively inexpensive and easy to cast in maey ahadgizes,
in addition to being strong and structurally sturdy. However, prolonged exposure to nuclear
radiation results in heating of the concrete, which causes a decrease in density and a possible
loss of cooling water and/or gas. Another drawbac&ooicrete is that it is not transparent to
visible light, and one cannot see through the concrete to monitor what goes on inside.

As an alternative to concrete, glasses can also act as effective shielding materials. They are
typically transparent to visibléght and their properties can be modified significantly by
changing composition and adopting variations in preparation techritRle$168]. During
recent years, there has been increasing interest in the synthesis, structure, and physical
properties of heavy metal oxide glasses due to their high ig&actdex, high infrared
transparency, high density, and good shielding of gamma [t&y&[18], [169]i[171]. In
particular, lead oxide and bismuth oxide have been used as additives in several silicate and
borate glasses in order to achieve superior physical and shielding proi&iziggl 74].

The presenwork has been undertaken to evaluate different types of glass systems as
gammaray shields, which include changes in chemical composition. These glasses will be

compared to a specialty concrete composition for radiation shielding applications.



188

Additionaly, dry storage casks utilizing thin layers of these glass compositions are simulated

computationally to determine changes in exposure rate.

11.2 Computational Methods and Materials

Linear attenuation coefficients are calculated from the exponential attenlzav:

| =1,exp( %) (112)

Where s the initial intensity, | is the transmitted intensity, X is the penetration depth, and

m is the total linear attenuation coefficient at a specific photon energy. The mass attenuation

coefficient is defined as:

Qo
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Wherer is the mass density and t is the absorber thickness. The mass attenuation

coefficient for a miture of materials is:

am 6 —aw il (11.3)
& 0~ i .
(;f total : g

Where the total mass attenuaticmefficient @ir )wotal is the sum of the mass attenuation
coefficient of the individual componentsi(); multiplied by the weight fraction wof
component i. Finally, the half value layer (HVL), which is the thickness at which the
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transmitted intensity isne-half the initial intensity, is determined from Ef1.1) and depends

only on the linear attenuation coefficient:
In(2
HVL = L (11.4)
m

The MicroShield v5.03 software packdd&5] is used as the principle computational tool
in this study. MicroShielluses properties of individual materials to compute theoretical mass
attenuation coefficients using E{.1.3), as well as exposure buildup factorsds on input
material composition and density. The program can handle many different geometries,
including a cylindrical spent fuel cask, which is of primary interest. Mass attenuation
coefficients and buildup factors are computed for each composite ahaterdss a photon
energy range of 15 keV to 15 MeV.

Six compositions of glass for radiation shielding composed of various metal oxides are
considered in this study. The relevant properties of the metal oxides used to simulate the
compositions of glass amprovided inTable11-1. The composition of each of the six glasses
is given inTable11-2, along with its resulting mass density. Each of the glass compositions
contains at least 25% PbO by weight, as lead absorbs photons very efficiently based on its high
atomic number and density. Clearly the density of the glass increasesamtent of either
PbO, BpOs, or CdO increases because of the high density of dadile 11-3 shows the
composition of the spec.il a3l tsgdastoeroverpack neateriat e r me
in the simulation of the waste storage cask. The cement in the concrete is Portland and the
aggregate is 80% Syland 20% CaC® Densities for the materials describedTiable
11-1,Table11-2, andTable11-3 are exhibited ifFigure11-1.
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Tablel11-1: Physical properties of relevant metal oxides

Glass oxide M (g/mol) Z (g/cn?) V (cm3/mol)
PbO 223.2 9.53 23.421
Bi20s3 465.95 8.9 52.36

Cdo 128.41 8.15 15.76
Al203 101.96 3.95 25.81

SIiO2 60.08 2.65 22.67

B203 69.62 2.46 28.3

Where M is the molar mass,is the mass density, and V is the molar volume jM/

Table11-2: Chemical composition (% by weight) and mass density of glasses simulated in

this work

Glass Composition Density

Type PbO Al203 B203 SiO2 CdO Bi203 (g/cn)
Glass1| 0.25 0.1 0.65 --- --- --- 4.3765
Glass2 | 0.45 0.1 0.45 --- --- --- 5.7905
Glass 3 0.5 0.1 --- 0.4 --- --- 6.22
Glass 4 0.3 --- 0.2 --- 0.5 --- 7.726
Glass5| 0.3 0.2 0.5 7.801
Glass6 0.8 0.1 --- 0.1 --- --- 8.284
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Chemical composition (%
Concrete 6 Composition
Cement Water | Aggregate Additive Density
39.195% magnetite
13.98% 7.63% | 23.517% (FesOq) 4.64
15.678% lead oxide (Pb(
Composition CaO SiO2 Al203 Fe20s3 MgO SGs
Weight Rercent | 8.8074 21.8892 0.4194 0.699 0.4194 | 0.4194
Na2O K20 H20 CaCOs | FesOa PbO
0.04194| 0.09786 7.63 47034 | 39.195 | 15.678

Mass Density (g/crf)
(@) = N w AN (&) (o)) ~ (o) ©

Concrete 685lass 1 Glass 2 Glass 3 Glass 4 Glass 5 Glass 6
Figure11-1: Mass density of materials investigated

by wei gh
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11.3 Results and Discussion

11.3.1 Mass Attenuation Coefficient

The mass attenuation coefficient as a function of incident photon energy for the six
compositions of gl as Figaeld2 Thephatoo enertygggedndy i s g
be divided into three regions based on the type of interaction that dominates. In the low energy
region, which extends from 15 keV to several hundred keV, attenuation decreases sharply with
increasing energy. Photoelectric absorption is the damimteraction mechanism for low
energy gammas, which has a strong dependence on atomic number. A higher effective atomic
number of the medium means photons are more likely to be absorbed as there are more
electrons with which to interact. The increasatitenuation is attributable to the Pbkeldge.

The K shell binding energy of lead is approximately 88 KE&7], which results in an increase
in absorption efficiency for photons of incident energy slightly higher the binding energy.

The interméiate energy range covers a region from 0.5 MeV to several MeV, over which
Compton scattering is the predominant interaction mechanism for gamma rays. The cross
section for Compton scattering has a very weak dependence on atomic number, which is why
all 7 materials converge to similar values for the mass attenuation coefficient. In this energy
range, attenuation still decreases monotonically with increasing photon energy, albeit more
slowly than in the low energy region.

The high energy range compriseggginmas with energy above several MeV{&-1deV).

Pair production becomes dominant for high energy photons. Unlike the other two interaction
mechanisms, the pair production cross section increases with increasing photon energy. This
accounts for the slighupturn in mass attenuation at high energy. Also, pair production
increases slightly with increasing atomic number, giving rise to the minor spread in attenuation

among the simulated materials at the end of the energy spectrum.
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Figurell-2: Mass attenuation coefficient versus incident photon energy

11.3.2 Half Value Layer

The half value thickness is calculated from attenuation coefficients usirigjlt). Table
11-4 contains HVL values over a range of photon energiesFagute 11-3 presentsTable
11-4 graphically. The HVL is seen to increase as photon energy increases, as is expected based
on the attenuation coefficientskigure11-2. The half value thickness is smaller for the glass
compared to Concrete 6 with the exception of Glass 1, which is the only glass composition
with a smaller mass density than the concrete. HVL roughly scalesdemsity considering

that Glass 6 is nearly twice as dense as Concrete 6, and its HVL is approximately half that of
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Concrete 6 for most of the photon energies. The much larger difference between Concrete 6
and Glasses-8 for 0.1 MeV photons may be adwd to the larger concentration of lead in

each of the glass compositions, which has an absorption increase for photon energies in the
vicinity its K-edge (0.088 MeV).

Tablel11-4: Half Value Layer (cm) foresveral photon energies (0.1, 0.5, 1, 3, and 5 MeV)

Energy | Concrete 6| Glass 1| Glass 2| Glass 3| Glass 4 | Glass 5| Glass 6
5 MeV 4.72 5.179 | 3.571 | 3.185 2.669 2.307 | 2.153
3 MeV 3.999 4322 | 3.152 | 2.869 2.469 2.203 | 2.070
1 MeV 2.347 2.488 | 1.846 | 1.696 1.508 1.32 1.248
0.5 MeV 1.556 1575 | 1.061 | 0.954 0.886 0.657 | 0.621
0.1 MeV 0.153 0.117 | 0.052 | 0.043 0.043 0.022 | 0.021
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5 MeV =3 MeV
5 - 1 MeV = 0.5 MeV
m 0.1 MeV

HVL thickness (cm)

O i
Concrete 6Glass 1 Glass 2 Glass3 Glass4 Glass 5 Glass 6

Figurel1-3: Half value layer at different photon energies (0.1, 0.5, 1, 3, and 5 MeV)

11.3.3 Exposure Buildup Factor

The variation of the exposure buildup factor with incident photon energy at fixed
penetration depths of 0.5, 5, 10, 15, 25, and 30 mean free paths (MFP) for Glass 1 is shown in
Figurell-4. The buildup factor peaks for incident photons with mean energy of 0.5 MeV. This
is explained with the photon interaction mechanisms. Compton scattering dominates in the
intermediate energy range, leading tgyr@ater proportion of scattering interactions over
absorption. This causes a degradation of photon energy without complete removal of the
photon, hence the higher buildup factor and increased escape probability. The low energy range
where photoelectric @orption dominates shows very small buildup factors because scattering
is minimal. For energies above several MeV the buildup factors are smaller than at the peak,
but they are still significant. Pair production generates two 511 keV gammas, whicheMll lik

undergo Compton scattering based on the relative cross sections of the three main interaction
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mechanisms at that energy. This generates a larger exposure buildup factor than in the low
energy region, where absorption does not lead to the productamidibional photons.

Figure11-5 shows the exposure buildup factor as a function of penetration depth in MFP
of the six glass compositions and Concrete 6 for an intjoleoton energy of 15 MeV. The
buildup factors follow the trends of the mass attenuation coefficieigsreé11-2) at 15 MeV,
and the difference between the glagsetyis larger as the material thickness increases. Pair
production scales with atomic number and Compton scattering scales with mass density, which
accounts for the grouping of material$igure11-5. The combination of hig elements and

high mass density accounts for the very high buildup factors for Glass 5 and Glass 6.

120
—a—0.5 MFP
100 - —#—5 MFP
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= 80 - —=—25 MFP
k] —4—30 MFP
@ 60
o
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S 40
L
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0
0.015 0.15 15

15
Energy (MeV)

Figurel1-4: Exposure buildup factor versuident photon energy at different mean free
paths (0.5, 5, 10, 15, 25, and 30 MFR3lass 1
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Figurell-5: Dependence of exposure buildup factor on penetration depth for glasses and
concrete afixed incident photon energy of 15 MeV

11.3.4 Exposure Raté Dry Cask

The compositions of glass ifable11-2 may be put to practical application by utilizing
them as shielding layers for dry casks for spent fuel storage. The cross sectional view of the
cylindrical cask geometry for the MicroShielsnsilation is depicted ifrigure11-6. Case 1
has a two layer shield: an inner 303cu steel canister shell of 0.27 ft. thickness anthiak ft.
Concrete 6 overpaclCase 2 implements a 0.2-fhick glass shield between the steel and

concrete, and the thickness of Concrete 6 is decreased to 1.8 ft. to maintain the same total cask
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diameter. The thin glass layer provides increased shielding without significantly ingreas
buildup.

Source (235U, 238U — 100 Ci)

303cu Steel Canister

Glass Layer

Concrete 6

Case 1: Source with two layer shield Case 2: Source with three layer shield

Figurell-6: Cross sectional cask geometry for two cdsesth and without glass shielding
layer; dose point is noted on the cask surface

Dose
Point

Z

Figurel1-7: MicroShield cask geometiyside view
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The source is a combination‘dfU and?38U with total activity of 100 Ci and is 20 ft. high
with an 8.727 ft. radius. The dose location at which exposure rate is calculated isidl® ft. h
(half cask height) on the outer surface of the cask. The dose location is noted by an orange
circle from the top view ifrigure11-6 and from the side view iRigure11-7.

The exposure rate (mR/hr) at the dose point showrigare 11-6 and Figure 11-7 is
compared between case 1 (no glass layer) and case 2 with each of the six different glass
compositions.Figure 11-8 shows the exposure rate comparison for the 0.2214 iy
photon. Each composition of glass provides greater shielding than the case with only concrete
because of the higher mass attenuation. Glass 6 provides the greatest reduct®withdos
exposure rate of 6.16FE6 mR/hr compared to 1.733 mR/hr for case 1. A 2.4 inch thick
layer of Glass 6, which is composed of 80% PbO, is capable of decreasing the exposure rate
by more than 20 orders of magnitude.

1.00E-52 4 1.73E-53
1.00E-55 -
1.00E-58 -
= 1.00E-61 -
=
£
% 1.00E-84 -
-
1]
o
L 1.00E-67 -
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Q
S
=5 1.00E-70 -
1.00E-73 -
6.16E-76
1.00E-76 . : . : . — .
No Glass Glass 1 Glass 2 Glass 3 Glass 4 Glass 5 Glass 6

Figurel11-8: Variation of exposure rate (mR/hr) for storage casks with and without a glass
shielding layeii 0.2214 MeV photons
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11.4 Conclusion

From the present investigations, different compositions of glasses, especially those with
higher content of PbO and £d;, have been shown to be promising gamma ray shielding
materials. Mass attenuation coefficients for each of the six glass compositions are observed to
be higher than the specialty shielding concrete (Concrete 6) over a rangeaf phergies
from 15 keV to 15 MeV. The high attenuation of the glass compositions allows for a thin wall
of glass to enhance photon absorption without significantly altering buildup. As can be seen in
Fig. 5, the exposure buildup factors for the prinydebd and bismutkcontaining glasses can
become very large depending on the thickness. However, for photon energies of interest, the
0.2 ft. glass layer is less than 10 MFPs thick. For the case of 0.2214 MeV photons, a layer of
Glass 6 is able to redutlee exposure rate outside of an example spent fuel cask by over 20
orders of magnitude without increasing the overall dimensions of the cask.

It is worth noting that Concrete 6 has previously been shown to greatly reduce the exposure
rate outside a spent fuel cask over a range of photon energies from 15 keV to 2 MeV, with its
effectiveness peaking between 0.4 and 0.6 MeV, where a majority tdnshemitted from
spent fuel lig[7]. Introduction of a glass shielding layer in tandem with specialty radiation
shielding concrete allows the overpack thickness to be reduced substantially without
sacrificing shielding efficiency. This prales a lighter cask, which may be particularly useful
during transport of spent fuel or other high level waste.

As was mentioned previously, these glass compositions have the added benefit of being
transparent to visible light. This is particularly usdéwlshielding applications in which being

in view of the radiation source is advantageous.
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CHAPTER 12

IMPACT OF SPECIALTY GLASS AND
CONCRETE ON GAMMA SHIELDING IN MULTI -
LAYERED PWR DRY CASKS

Article Publishedin Prog.  Nu c | . Impactefspgeygialty giass and concrete on gamma
shielding in multi-layered PWR dry caskso -S.EA. Waly, M. A.Fusco, M. A. Bourham,
Vol. A, pp.64-70, January 2017 DOI: 10.1016/jpnucene.2016.9.017

There is a strong likelihood that dry caskll be relied upon for many decadesd¢ome as
the storage system for nuclear spler highlevel waste (HLW), which places importance
on robust shielding materials for cask constructimry cask with multilayered shielding
has been simulated in MicroShield v9.05 to determine expos@® date to gammiays at
the outer cask surface. The cask consists of a 0.27 ft. thick stainless steel type 303Cu waste
basket, a 0.2 ft. thick lead oxide glass shielding layer (named as Glass 6), and a 1.8 ft. thick
overpack made of a specialty high depsibncrete (named as Concrete 6). Three spent fuel
configurations have been used as photon sources, which include one high burnup (72
GWd/MTU) and two medium burnup (38.6 GWd/MTU) fuels. The cumulative exposure rate
over all photon energies from 15 keVadeV is 6.81E6 mR/hr at the outer cask surface for
the high burnup spent fuel. This is roughly one order of magnitude smaller than if the glass
layer were replaced with an equivalent thickness of Concrete 6 antlosd@rs of magnitude
smaller than rdpcing the specialty concrete with ordinary, standard density concrete. Varying

the ratio of the glass thickness to the concrete thickness significantly impacts the shielding
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effectiveness, which should be considered along with structural and thermitlysiabdry

cask designs.

12.1 Introduction

Spent fuel pools at many of the commercial nuclear power plants across the United States
are reaching their capagingoltmi timncrease wi
assemblies that can be safely stbrCurrently, the only available option following removal
from pool storage is for the assemblies to be placed in dry cask systems. The spent fuel
assemblies are left in pool storage to cool for several years after removal from the reactor
before they ar@laced in dry storage containers and storedit? In some cases, they may
instead be transported to a more centralized storage facility.

Based on the high levels of radiation emitted from spent fuel, it must be transported and
stored in very sturdy cdainers that provide complete containment, physical protection,
shielding, heat removal, and criticality safety. The International Atomic Energy Agency
(IAEA) has compiled and published a list of cask manufacturers and models that are in use
around the wad [176], from which it is clear that there are many combinations of materials
and cask configurations that are adequate for spent fuel storage. Typical dry casks employ a
stainless steel inner canister with a concrete overpack, which may beeielb@rced, ad/or
an outer steel shell, along with a neutron shielding layer consisting of a high density material
with low effective atomic number. Exposure due to gamnaya is of primary concern for
spent fuel storage and must be minimized, whereas neutron enfresiospent fuel is low
and can be shielded quite easily. With this in mind, more efficient shielding configurations for
dry casks may be able to simultaneously reduce gamma exposure and cask volume, thus saving

on construction, transportation, and monngrcosts.
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In this study, the shielding properties of a midiiered spent fuel cask using specialty
gammaray shielding materials are investigated using computational simulations. The cask
consists of three layers: the inner waste package canister mat®l type 303Cu stainless
steel, an intermediate shielding layer of a specialty-dighn si t y gl ass named a:
the work of Waly et al[177], and a concrete overpack consisting of a material named as
6Concrete 606 from thegl3work of Waly and Bourh

12.1.1 Materials

Stainless steel type 303Cu is an austeniti® Hainless steel, meaning that it nominally
contains 18% Cr and 8% Ni by weight, which is common among the&0€s stainless steels.

The O6Cubd designation i ndi-3.8% eoppertbyhaetght.iThe 1 s a
addition of copper to austenitgtainless steels has been shown to significantly increase
machinability and ductility178].

There has been much interest recently in specialty compositions of glass oxides for
radiation shielding15]i [18], [170]. Glass oxides have the advaggaf being transparent to
visible light, and with the proper composition may be made with very high density and high
thermal stability, both of which are important for radiation shielding applications. It is also
simple to create glass that is an effeetheutron shield by adding boron to the composition,
which is already a prevalent ingredient of standard glass mixtures. Augmenting the dry casks
with an appropriate glass layer could remove a portion of the thermal burden from the concrete
overpack, whichs prone to thermal stresses and cracking from prolonged radiation absorption
[179].

Lead oxide (PbO) glasses have received significant attention based on the very high gamma
ray interaction cross sections and high density of lead. Glasses with substantial concentrations
of PbO have been prepared for study by several researchers, tyysoadjyhe melt quenching
technique[18], [179]i [181]. The addition of upa 60 mol% PbO in glass mixtures has been



204

shown to improve thermal stabilif¥81]. However, high PbO concentrations may bring about

a decrease in the rigidity of the glass [10,11], though this also depends on the other components
of the glass. Téd composition and density of the named Glass 6 used in this study may be found
in Table12-1, which has been determined to provide very effective ganaynahieldind177].

Table 12-1: Chemical composition and density of Glad& 57].

Glass type Composition (%) Density (g/cm?)
PbO Al20s3 SiOz
Glass6 80 10 10 8.284

Concrete has proven itself to be an extremely versatile material, particularly in structural
and shielding applications, based on the ability to tailor the concrete additives for specific
purposes. Adding high density and high atomic number coentsras aggregates in concrete
to increase shielding effectiveness has been sufficiently well docunmi@2fed14], [182]

[187]. This is especially important for spent nuclear stefage and transportation. The ability

to decrease the overpack thickness without sacrificing desirable radiation shielding and
structural properties is essential for increasing the efficiency of cask design. Decreasing the
volume of the spent fuel caskuwd decrease transpatitn, loading, and storage costs, along

with a decrease in the space required for placement of dry casks. With that goal in mind, a
specialty concrete with substantial concentrations of magnetite and lead oxide additives was
presened by Waly and Bourhafi3]. The composition and density are givemable12-2.
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Table12-2: Chemical composition and density of Concrefé3d.

Material Concrete6 Composition

density

Cement | Water Aggregate Additi ve
39.195%magnetitg(FexOs)
15.678%ead oxidg(PbO)

4.64 g/lcni | 13.98% | 7.63% 23.517%

12.1.2 PWR Spent Fuel Composition

The radionuclide concentration and corresponding activity of spent fuel from two sample
pressurized water reactors (PWRs) was calculated to support proposed spent fuel ratio (SFR)
experiments at Sandia National Laboratof@s The high burnup isotopic composition for
spent fuel from the H. B. Robinson nuclear plant and the medium burnup data for the Surry
plant spent fuel are used in this study. The depletion calculations were perfosingd
ORIGEN2 and ORIGEMARP, both of which are codes developed at Oak Ridge National
Laboratory[188]. The H. B. Robinson spent fuel was depleted according to a 72 GWd/MTU
burnup followed by an 8 year decay, whereas the Surry spent fuel depletion was calculated for
a 38.6 GWd/MTU burnup also folleed by an 8 year decay. The Surry spent fuel calculations
were performed assuming both an average reactor power and a realistic power profile. A total
of three different spent fuel compositions are used for this study, all of which may be found in
detail n Sandia National Laboratoriesport[6]. The composition for the 72 GWd/MTU H. B.
Robinson spent fuel is presentedamble12-3. The majority of the activity in the spent fuel is
from Sr90, Y-90, Cs137, Bal37m, and P41 and will be the most important isotopes to
consider for shielding purposes. A comparative study of the three spent fuel cases is presented

in this paper to dermine the effectiveness of the selected shielding materials.
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Table12-3: All nuclides for 72 GWD/MTU H. B. Robinson spent flieDRIGEN2 [21].

Nuclide 8.0YR Decay, Nuclide 8.0YR Decay,
Activity (Ci/MTU) Activity (Ci/MTU)
H-3 7.24E+02 Pm148m 9.69E18
Be-10 1.04E05 Pm-148 5.46E19
C-14 1.42E+00 Eu-150 1.36E04
Si-32 6.89E08 Sm151 5.20E+02
P-32 6.89E08 Eu-152 1.15E+01
S35 1.81E09 Gd-152 4.30E18
Cl-36 2.63E02 Gad-153 7.33E02
Ar-37 3.47E26 Eu-154 1.67E+04
Ar-39 1.72E04 Eu-155 6.74E+03
K-42 1.59E12 Tbh-160 2.36E09
Ca4dl 4.52E04 Ho-166m 5.68E02
Ca45 1.41E06 Tm-170 1.44E07
Sc46 2.19E12 Tm-171 1.60E03
V-50 8.66E16 Ta182 1.33E09
Cr-51 2.86E31 W-181 1.23E08
Mn-54 2.21E03 W-185 1.70E11
Fe55 1.01E+00 Re-188 3.57E14
Fe59 1.58E20 Ir-192 1.94E07
Co-58 5.39E12 Ir-192m 1.94E07
Co-60 3.59E+01 Ir-194 3.62E09
Ni-59 2.15E02 Pt193 5.14E06
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Nuclide 8.0YR Decay, Nuclide 8.0YR Decay,
Activity (Ci/MTU) Activity (Ci/MTU)

Ni-63 3.44E+00 TI-206 4.57E08
Zn-65 2.60E02 Pb-204 1.72E16
Se79 8.29E01 Bi-208 7.43E08
Kr-85 5.43E+03 Bi-210 4.58E08
Sr-89 1.13E12 Po-210 1.49E08
Sr-90 7.77E+04 TI-208 4.73E02
Y-90 7.77E+04 Pb212 1.32E01
Y-91 3.94E10 Bi-212 1.32E01
Zr-93 3.29E+00 Po212 8.43E02
Nb-93m 1.94E+00 Po216 1.32E01
Mo-93 1.76E03 Rn-220 1.32E01
Nb-94 4.19E04 Ra224 1.32E01
Zr-95 1.39E08 Th-228 1.31E01
Nb-95 3.08E08 Th-230 1.20E04
Nb-95m 1.03E10 Th-231 1.95E03
Tc-99 2.30E+01 Th-234 3.04E01
Rh-102 4.33E01 Pa231 5.10E05
Ru-103 4.29E17 Pa233 5.98E01
Rh-103m 3.87E17 Pa234m 3.04E01
Ru-106 2.52E+03 Pa234 3.96E04
Rh-106 2.52E+03 U-232 1.44E01
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Nuclide 8.0 YR Decay, Nuclide 8.0 YR Decay,
Activity (Ci/MTU) Activity (Ci/MTU)
Pd107 3.89E01 U-233 4.32E05
Ag-108 2.39E03 U-234 9.53E01
Ag-108m 2.69E02 U-235 1.95E03
Ag-109m 1.60E02 U-236 2.44E01
Cd-109 1.60E02 U-237 3.58E+00
Ag-110 5.03E02 U-238 3.04E01
Ag-110m 3.78E+00 U-240 8.98E06
Cd-113m 1.30E+02 Np-235 9.18E05
INn-113m 1.61E08 Np-237 5.98E01
Sn113 1.61E08 Np-238 2.21E01
In-114 9.82E17 Np-239 1.51E+02
In-114m 1.03E16 Np-240m 8.98E06
Cd-115m 2.72E17 Pu236 2.76E01
In-115 2.62E14 Pu237 6.32E19
INn-115m 1.89E21 Pu238 1.58E+04
Sn119m 7.26E02 Pu239 3.69E+02
Sn121m 4.81E01 Pu240 7.54E+02
Sn123 4.07E04 Pu241 1.46E+05
Te-123m 4.38E06 Pu242 6.92E+00
Sb124 6.92E12 Pu243 3.60E05
Sb-125 6.92E12 Am-241 2.92E+03
Te-125m 4.42E+02 Am-242m 4.41E+01
Sn126 2.06E+00 Am-242 4.39E+01




Table12-3. Continued
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Nuclide 8.0 YR Decay, Nuclide 8.0 YR Decay,
Activity (Ci/MTU) Activity (Ci/MTU)
Sb-126 2.88E01 Am-243 5.06E+01
Sb126m 2.06E+00 Am-245 3.91E08
Te-127 9.10E05 Cm241 3.61E26
Te-127m 9.29E05 Cm-242 3.77E+01
Xe-127 2.47E25 Cm-243 3.58E+02
Te-129 1.30E22 Cm-244 3.74E+04
Te-129m 2.00E22 Cm-245 6.92E+00
[-129 7.21E02 Cm-246 4.63E+00
Cs134 2.33E+04 Cm-247 3.60E05
Cs135 9.39E01 Cm-248 2.68E04
Cs137 1.54E+05 Bk-249 2.69E03
Ba137m 1.46E+05 Bk-250 8.27E08
Cel4l 7.46E22 Cf-249 5.00E03
Cel42 5.57E05 Cf-250 1.83E02
Cel44 4.98E+02 Cf-251 2.12E04
Pr144 4.98E+02 Cf-252 1.42E02
Pr-144m 5.98E+00 Es254 8.26E08
P a0 110500 Total 7.30E+05
Pm147 1.10E+04
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12.2 Computational Methods

MicroShield v9.05165] has been used to compute the photon activity from the isotopic
breakdown of the three spent fuel cases discussed in the previous section, as well as to perform
shielding assessments and calculate attenuation coefficientthd shielding materials.
MicroShield is a deterministic code used for a variety of gammagyahielding applications in
industry including in three licensing applications for new U.S. reactor designs submitted to the
U.S. NRC in 2007189]i [191]. Being a deterministic ci®, it must employ some assumptions,
particularly in the buildup, which are not well documented. Despite this, MicroShield has been
shown to closely match MCNP calculations for all but the lowest energy gaaysg 92].

Low energy photons (~ < 0.15 MeV) can deviate substantially from Monte Carlo calculations
based on the treatment of buildup in MicroShield, particularly in the vicinity ofealdé.
However, photon emgies greater than 0.4 MeV are less affected by buildup calculations,

which represents the energy range of interest for dry cask storageafde&2-4).

12.2.1 Multi-Layered Cask Geometry

The dry storage cask for this work is modeled as a cylindrical source of radiation (spent
fuel) surrounded by concentric cylinders acting as containers and/or shielding layers. The
design of the multlayered cask geometry is dispdal inFigurel2-1. The source dimensions
are 8.727 ft. radius and 20 ft. height for a total source volume of 478%13365E+8 crf).

The innermost layer consists of 0.27 ft. of stainless steel type 303Cu, followed by a 0.2 ft. thick
layer of the Glass 6, which is an oxide glass previously studied for shigldin Finally, the
outer layer is the Concrete 6 overpack that is 1.8 ft. thick, which is a form of blended concrete
with magnetite and lead oxide additives with high shielding efficiency for gammal&iys

This will also be compared to the case of a 2 ft. thick concrete overpack with no glass layer to
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conserve the total shielding thickness. The dose is measured at the outer surface of the cask 10

ft. from the bottom (half way up the cask).

Source (spent fuel)
SS 303Cu

Glass 6 ‘
Concrete 6

‘.

X

p“_“x
Figurel2-1: Multi-layered spent fuel dry caskMicroShield geometry. Cylindrical source
surrounded by three concentric cylindrical shielding layers

z
Z

12.2.2 PhotonActivity of Spent Fuel

Gammarays are the primary source of radiation exposure from-eig nuclear waste.
Neutrons are also of concern, though the emission levels are much lower, and they may be
efficiently shielded using highensity, lowZ materials As such, only photons emitted from
spent fuel will be considered in shielding calculations.

The spent fuel compositions found in R@j} are used as inputs to MicroShield to build
photon activities binned by energy group for each burnup configuration. The calculated photon
activities may then be used as source terms for shielding calculations. Gaynativity for
the 72 GWd/MTU H. B. Robinson spent fuel and for the 38.6 GWd/MTUyS&pent fuel
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(average and realistic power) is providedrable12-4 andTable12-5 for 18 energy groups
from 0.015 MeV to 2 MeV. The total source volume used for activity calculation is 4785.3
cubic feet; as indicated in the previous section for the Hayléred dry cask geometry.

Photon activities fronTTable 12-4 and Table 12-5 are plotted inFigure 12-2. The 72
GWd/MTU H. B. Robinson spent fuel has higher photon activity ataikidered energies
from 0.015 to 2.0MeV. This is expected because the higher burnup produces higher
concentrations of fission products, which emit a majority of the radiation from spent fuel. The
activity is dominated by the 0.6 MeV average energy phaot@up, which is primarily
composed of the 662 keV gamma ray emitted following the decay-d8Tto the metastable
state of Bal37. The high burnup H. B. Robinson fuel also has a significant contribution from
the photon group with average energy of 0.8\Wimaking up roughly 16.4% of the energy

activity.
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Figurel2-2: Photon activity by average group energy for three spent fuel burnup profiles







































