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Abstract

A material that resists lead-bismuth eutectic (LBE) attack and retains its strength
at 700°C would be an enabling technology for LBE-cooled reactors. No single alloy
currently exists that can economically meet the required performance criteria of high
strength and corrosion resistance. A Functionally Graded Composite (FGC) was
created with layers engineered to perform these functions. F91 was chosen as the
structural layer of the composite for its strength and radiation resistance. Fe-12Cr-
2Si, an alloy developed from previous work in the Fe-Cr-Si system, was chosen as
the corrosion-resistant cladding layer because of its chemical similarity to F91 and its
superior corrosion resistance in both oxidizing and reducing environments.

Fe-12Cr-2Si experienced minimal corrosion due to its self-passivation in oxidizing
and reducing environments. Extrapolated corrosion rates are below one micron per
year at 700°C. Corrosion of F91 was faster, but predictable and manageable. Diffusion
studies showed that 17 microns of the cladding layer will be diffusionally diluted
during the three year life of fuel cladding. 33 microns must be accounted for during
the sixty year life of coolant piping.

5 cm coolant piping and 6.35 mm fuel cladding were produced on a commercial
scale by weld-overlaying Fe-12Cr-2Si onto F91 billets and co-extruding them, followed
by pilgering. An ASME certified weld was performed followed by the prescribed
quench-and-tempering heat treatment for F91. A minimal heat affected zone was
observed, demonstrating field weldability. Finally, corrosion tests were performed on
the fabricated FGC at 700°C after completely breaching the cladding in a small area
to induce galvanic corrosion at the interface. None was observed.

This FGC has significant impacts on LBE reactor design. The increases in outlet
temperature and coolant velocity allow a large increase in power density, leading to
either a smaller core for the same power rating or more power output for the same
size core. This FGC represents an enabling technology for LBE cooled fast reactors.
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Chapter 1

Introduction

1.1 The Need for Gen. IV Reactors

The current fleet of nuclear reactors in the United States and around the world has
served as a dependable workhorse for baseline power generation, supplying many

‘developed countries with up to 75% of their electricity demand. While numerous
methods exist for energy production, nuclear power is currently the only method that
both produces no greenhouse gases during power production and can reliably supply
baseline electricity.

Traditional fossil fuel-based sources of energy result in large amounts of pollutants
and waste. Producing energy by combustion of anything, be it coal, natural gas,
oil, wood or others, produces large amounts of carbon dioxide, sulfur oxides, and
other greenhouse gases. Recent international agreements, such as the Kyoto Protocol,
mandate that the world rapidly reduce its greenhouse gas emissions. In addition, the
aforementioned combustion-based sources of energy (except for wood) are completely
non-renewable, and theories abound as to when the world will run out of recoverable
sources. While uranium is also a non-renewable resource, the world’s uranium supply
is expected to last much longer than any fossil fuel source at predicted rates of energy
consumption, as shown in Table 1.1.

Renewable energy sources, which include solar, wind, geothermal, hydroelectric

and biomass energy production, have not yet evolved to the point where they can
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L Fuel Source | Coal I il | Natural Gas ] Uranium ]

Estimated Reserves! (ZJ) [25] 290.0 184 15.7 2,500% [26]
World Consumption (ZJ/yr) | 0.134% [27] | 0.18% [28] | 0.115 [29] | 0.02426 |29
Predicted Year of Depletion” 2148 2056 2063 2277

1Total reserves include economically recoverable sources, economically prohibitive
resources and conservative estimates of speculated, undiscovered sources. Actual numbers
may be much lower depending on demand and availability.

2This number includes the use of breeder reactors, which produce more fissile material
from 238U than they consume.

3Converted from 127.548 quadrillion BTU (2006).

“This number corresponds to 30.8 billion barrels per year (2008).

SConverted from 2,976,552 million m3 per year at an average energy value of 37 MJ/m3
(2006).

8Converted from 2,768 TWh produced worldwide per year (2005).

"Calculated by assuming a 3% increase in consumption per year. Code is attached in
Appendix A.

Table 1.1: Estimated worldwide reserves and consumption rates of fuels for large-scale
baseline power generation

reliably supply the baseline energy demand for the United States. This is due to
their intermittent nature, as sources of energy such as wind, solar or tidal motion do
not produce a constant supply of energy at times when they are most needed. Even
hydroelectric energy production plants can be interrupted by periods of drought,
or other depletions of the water reservoirs that power them [30]. Energy storage
mechanisms have not yet evolved to the point where storing energy produced by

wind and/or solar energy would prove economical.

These energy sources are intermittent in nature; solar power only works during
daylight hours, and wind power only produces energy when the wind is blowing.
Hydroelectric power plants, while emission-free, severely disrupt the ecosystems where
they are located by restricting or rerouting the water supply. Geothermal power works
well for saving energy in heating and cooling individual households, but it cannot yet
produce enough energy to meet the baseline power needs of a large, industrialized

country.

The fleet of nuclear reactors currently in service and being constructed — the

Generation III and III+ reactors — have served us well during the past 40 years.
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These reactors have experienced no accidents in the United States which resulted
in premature loss of life to date, and publicly known incidents such as Three Mile
Island are actually examples of the success of reactor safety systems, rather than
failures, due to the ability of the safety systems to safely contain the material in the
containment building during a meltdown.

New reactors have been licensed and construction has begun, but the designs are
largely evolutionary and rely on currently used light water reactor (LWR) technology.
The use of water as a coolant has been successful so far, but the physical and chemical
nature of using water sets an upper bound on the amount of energy that can be
extracted in a thermodynamic cycle. The water must be highly pressurized, and thus
all the components in a reactor that face the coolant must be able to tolerate pressures
up to 25 MPa at temperatures up to 350°C. In addition, water is a relatively poor
conductor of heat, requiring a large flow rate in order to extract enough heat from the
system. Water also boils at a relatively low temperature even when highly pressurized,
making the design of an LWR difficult from both a neutronic and a thermodynamic
standpoint. The fact that water must be treated as a two-phase coolant means the
temperature, pressure and quality of the water must be carefully controlled in order
to extract the most heat while ensuring the safety of fragile components.

A drastic deviation from the evolutionary path of LWR design will soon be re-
quired to meet the ever-rising energy demands of the world in order to more efficiently
extract energy from the same fuel while simultaneously improving safety, reducing the

possibility for proliferation and simplifying reactor design.

1.1.1 Summary of the Goals of the Gen. IV Reactor Program

Commercial nuclear plants operating in the U.S. have been largely evolutionary in
design. Many improvements have been made to the original pressurized water reactor
(PWR) and boiling water reactor (BWR) designs to increase efficiency, improve safety
and simplify plant design. However, they have all evolved from the original basic
designs from reactors that began operation up to forty years ago. [31]. New designs,

such as the European pressurized reactor (EPR) and the AP-1000, are still subject to
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many of the same physical limitations as the old designs because of the choice of light
water as the coolant. In order to make large improvements in the efficiency, safety
and reliability of commercial nuclear reactor systems, a revolutionary, rather than an
evolutionary, approach must be implemented.

These revolutionary approaches will be necessary to achieve the goals of the Gen.

IV nuclear program, paraphrased below [32]:

e Sustainability 1 — Provide sustainable energy production with high fuel utiliza-

tion and minimal environmental effects.

e Sustainability 2 — Minimize and manage nuclear waste and reduce the burden

of maintaining long-lived waste.

e Economics 1 — Clear life-cycle cost advantage over other methods of electricity

production.

e Economics 2 — Level of financial risk will be comparable to other methods of

energy production.
e Safety and Reliability 1 — Excel in safety and reliability.

e Safety and Reliability 2 — Very low likelihood and degree of damage to the

reactor.
e Safety and Reliability 3 — Eliminate or reduce the need for off-site response.

¢ Proliferation Resistance — Provide increased physical protection against terror-
ism, and assure by design that Gen. IV reactors are the least attractive route

for diversion or theft of fissile material.

Current commercial power plants employ a “once-through” fuel cycle, where the fuel
is removed from the reactor and treated as waste once it reaches a predetermined
burn-up level. This results in only a few percent of the fissile material in the core
being used to create heat, and a large amount of waste and inefficiency considering the

amount of fuel in the core. Generation IV technologies must either use a closed fuel
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cycle, where the fuel is continuously used and reprocessed throughout the lifetime
of the reactor, or a multiple-pass fuel cycle where the fuel is separated into fissile
material and waste, and the fissile material is refabricated into fresh fuel a fixed

number of times.

Generation III reactor designs must employ active systems to maintain coolant
flow, monitor reactor safety and prevent damage in the case of a thermal transient
or an accident. Each of these systems has a reliability of less than 100%, because
no system is perfect. The more active systems that exist in a plant’s design, the
more complex and expensive it becomes, even if it improves safety. For example, the
Advanced Boiling Water Reactor (ABWR) employs more coolant loops, pumps, heat
exchangers, relief valves, high pressure core spray systems, control rods and vessel
penetrations than conventional BWRs of the same power rating [33]. This both
compromises the economic viability of the plant and creates increased maintenance

work to ensure proper operation.

Generation IV reactors must improve the safety, the operating cost, and the re-
liability of nuclear reactors through design simplification and the implementation of
passive systems. The constraints imposed by using light water as a coolant require
the maintenance of high pressure levels in the cooling systems of the reactor [33].
Doing so puts high stress on mechanical components. In addition, the loss of this
pressure can cause coolant voiding and thermal transients, which in turn can lead to
core damage.

Many Generation IV designs use coolants that remain in a single phase throughout
operation, resulting in more predictable reactor operation. This allows the design to
be simplified. Some single phase coolants do not need conventional LWR components
such as steam dryers, pressurizers or coolant pumps; nor do they need as many active
safety systems. One example of this is the small sealed autonomous transportable
reactor (SSTAR), which uses only passive cooling and safety systems [34]. This
simplified design reduces the anticipated need for off-site response.

Closing the fuel cycle and simplifying the design of a reactor also presents great

advantages against proliferation and terrorism. A reactor whose safety systems are
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more passive, compact and easily controlled is inherently less vulnerable to attack.
Closing the fuel cycle directly results in less waste, less fissile material moving around
and outside the plant, and less of a chance for these materials to be stolen or otherwise
compromised. This will be due to the use of reprocessing schemes other than the
Plutonium Uranium Recovery by Extraction (PUREX) process, which was originally
designed to separate fissile uranium and plutonium for weapons [35]. More advanced
reprocessing schemes will not include a step where separated uranium or plutonium
are present, making them safer to operate from a proliferation point of view.

These factors paint a more favorable economic picture for Generation IV technolo-
gies. The increased efficiency and the capability to provide process heat for hydrogen
production both increase the amount of energy available per unit of fuel. Simpler
designs, passive safety systems and a reduced plant footprint all reduce the materials
cost of the reactor, especially during the initial construction phase when the financial
risk is greatest. Lowering the construction costs decreases both the principal amount
and the payback period of the loan, resulting in lower interest rates due to lower finan-
cial risk. The increased reliability as well as the resistance to proliferation, external
attack and accidents all decrease the risk of building and operating a Generation IV

reactor, and they all have positive, direct impacts on its financing,.

1.1.2 Comparison of the Proposed Coolants for the Gen. IV

Program

Six coolants have been selected by the Department of Energy (DOE) as viable options
for Gen. IV reactor coolants [32]. These coolants are summarized in Table 1.2, along
with the reactor systems in which they will be used. These coolants have been
identified as possessing superior properties to others considered, and they allow for
reactor designs that meet the goals of the Gen. IV program. Each coolant has
specific advantages and disadvantages, all relating to their physical properties, which

are summarized in Table 1.3.

The liquid metals and molten salt have superior heat conductivities and heat
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| Coolant | Reactor(s) | Acronym(s)

Helium GFR, VHTR, | Gas Fast Reactor, Very High Temp. Reactor
PBMR Pebble Bed Modular Reactor
Liquid lead or LBE | LFR, LBE-FR Lead Fast Reactor, LBE Fast Reactor
Liquid sodium SFR Sodium Fast Reactor
Molten salt MSR Molten Salt Reactor
Supercritical water SCWR Supercritical Water Reactor

Table 1.2: Proposed coolants for Gen. IV reactors

Coolant M.P. | Tout | B.P. PCp k Preactor I
(°C) | CO) | CO) | (Fx)' | (3%)' | MPa) | (Pa-s)!
Helium [36) -272 | 950 | -269 | 0.0143 [37] | 0.0357 7.0 4.111-1075
LBE [38] 123.3 | 700 | 1,670 1.37 17.5 0.1 1.0-1073
Lead [38] 327.4 | 700 | 1,737 1.51 19.9 0.1 1.3.1073
Sodium [39] 97.8 | 550 | 892 | 1.03[40] |64.9[41] | 0.1 |2.2-107% [41]
Molten Salt® [39] | 396 | 700 | 2,500 1.72 0.39 0.1 1.18-1073
SC-HyO [42,43] | 0 | 500 | 100 0.225 0.09 22.1 31075

1Selected property is at the given outlet temperature and pressure.
2The salt chosen for this comparison is (3Na — 2K — 5Mg)Cl,.

Table 1.3: Relevant physical properties of selected Gen. IV reactor coolants

capacities relative to the other coolants. The high boiling points of the liquid metals
ensure that the system will not need to be pressurized to remain in the liquid phase.
Instead, an inert cover gas, such as argon, is all that is necessary to exclude air from
the system. This means that structural materials in the reactor do not have to be
able to tolerate a higher operating pressure; they only need to withstand their own
weight and that of the coolant. The liquid metals and molten salt also have higher
atomic masses than the other three proposed coolants, which make them particularly
suitable for fast reactors. This is because they moderate neutrons in the reactor far
less than the other coolants, keeping the spectrum faster. This moderation is most
easily described using the average lethargy gain, which is the average logarithmic
amount of energy loss during an elastic collision. Lethargy (u) is defined as the

logarithmic loss of energy during an elastic collision, given by the following;:

w=ln (%) (1.1)
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Coolant | Atomic & Number of collisions
Mass needed to thermalize
Helium 4 0.425 34
Sodium | 22.99 | 0.0845 172
Lead 207.2 | 0.0096 1507

Table 1.4: Relevant neutronic properties of selected Gen. IV reactor coolants. Smaller
values of & and larger numbers of collisions needed to thermalize are more neutroni-
cally favorable in fast reactor systems.

where E, is the initial energy and E; is the final energy after one collision. The
average lethargy gain (§) of a nucleus with atomic mass A is given by the following

[44]:

2
E=<Au>=1- (A;Al) In (ﬁ J_r 1) (1.2)

This can be used to obtain the average number of collisions needed by a neutron to
“thermalize,” or to decrease in energy from its initial energy, around 2 MeV, to the
thermal range, below 1eV. This is easily computed from the average lethargy gain:
E
In (ﬁ}) In (34¥) 145

< H#>= =

In (_E_L_) § §

E; 1

(1.3)

These three values for three example coolants considered for Gen. IV reactors are

summarized in Table 1.4.

The liquid metals do have some disadvantages. Both oxygenated sodium and LBE
are reactive with the structural materials in a reactor, thus limiting their potential
use as coolants and their maximum temperatures inside the reactor. LBE is corrosive
to many materials through the processes of liquid metal attack and transportation of
dissolved oxygen to the metal surface [45]. Sodium is a powerful reducing agent that
can reduce oxides found on stainless steels. This effect can remove the hardness and
lubrication that passivating oxides normally provide, placing a wastage and erosion
limit on sodium reactor operation [46, 47]. This stands in contrast to helium, which
forms no compounds with any components in the reactor, allowing the outlet tem-

perature of helium cooled/moderated reactors such as the VHTR and the PBMR to
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vastly exceed that of the SFR or the LFR.

The higher densities of lead and LBE also require structural components that can
support the weight of the large volume of coolant that is needed to fill the reactor pool.
Finally, there is the fact that the molten coolants’ freezing temperatures are above
room temperature, so there is a possibility that the coolant may freeze if all sources
of heat are lost. However, industry experience with liquid metal cooled reactors such
as EBR-II and Russia’s experience with lead-cooled submarine reactors has shown

that this is not a significant issue given adequate thermal insulation.

Numerous differences arise between the liquid metals that help make a case for or
against either one. From a standpoint of economics, a smaller reactor requires fewer
materials and is therefore less expensive. The lower moderation provided by lead or
LBE (as compared to sodium) results in a smaller reactor, because more neutrons stay
in the fast spectrum. This in turn leads to a higher fast flux (see Table 1.4). LBE’s
higher number density and neutron reflectivity also result in less neutron leakage
in an LBE reactor, leading directly to a higher fast flux and further decreasing the
size of the reactor. Heavy coolants such as lead and LBE are also self-shielding to
gamma radiation, reducing the dose to workers [48, 49]. However, the price of sodium
is lower per pound than for lead, and due to sodium’s far lower density much less
sodium is needed to fill a reactor. In July 2010, the prices for one kilogram of 99.9%
pure sodium was $3.30, one kilogram of lead was $1.74 and one kilogram of bismuth
was $13.40. This leads to a price of $8.15 per kilogram of LBE [50]. The coolant
inventory for an LBE-cooled reactor has been calculated at an average of 8,682 MT
per GWe [51], while that for sodium is 3,407 MT per GWe (SuperPhenix I) [52]. This
translates into a factor of 6.3 lower cost for the coolant in the SFR compared to an
equivalent LFR. It should be noted that the density of LBE is over ten times that of
sodium, so the entire reactor structure would be much smaller while accommodating

the same coolant inventory.

From a safety standpoint, each liquid metal has its own advantages and disadvan-
tages. Sodium does not become activated by neutrons, while the bismuth in LBE will

activate and decay into polonium, which makes the primary coolant highly radioac-
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tive. LBE is safer from the standpoint of chemical reactivity, as it does not react
violently with any material that could be present in or around the reactor. Sodium
reacts explosively with water and oxygen to release hydrogen gas, which leads to
higher safety risks. Liquid metal coolants are not transparent, and therefore direct
observation of materials in the core is not possible without first draining coolant
inventory. There exists a long history of sodium-cooled reactors, such as EBR-II,
that have well-developed fuel handling procedures and an excellent record of keeping
track of materials in the core. Material tracking is therefore not expected to present
a significant challenge to operation and fuel management in a liquid metal-cooled
reactor.

In summary, each coolant has properties that make it preferable for specific ap-
plications. The reasons for a high amount of interest in the development of lead and

lead-bismuth cooled reactors will now be discussed.

1.1.3 The Case for Liquid Lead and LBE as a Reactor Coolant

All six of the coolants mentioned in Table 1.3 have been selected by the DOE as
the most scientifically and commercially viable coolants for reactor designs. This
suggests that the nuclear scientific community as a whole believes that each of the
six technologies can be developed on a commercial scale in a reasonable amount of
time. It is therefore the opinion of the author that the biggest determining factor
as to which coolant is most viable will be the economics of each individual type of
reactor. LBE’s physical and chemical properties lead directly to a more economical
reactor design with equivalent or better safety characteristics.

The high average atomic mass of LBE makes it very good at reflecting neutrons
back into the core without moderating them out of the fast flux region. This results
in a smaller reactor design able to support a given fast flux level, which means that a
lower coolant inventory and fewer structural materials will be required. This feature of
LBE-cooled reactors has allowed designs such as the SSTAR reactor to be developed,
which has a small, long-lived ‘battery’ core at its center [53]. Its high density, thermal

conductivity and high specific heat capacity allow the coolant inventory to be further
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reduced from that in other designs. This leads to a smaller pitch to diameter ratio,
thereby increasing the fissile material density in the core and increasing the power
density.

LBE’s thermodynamic properties also lead to a very useful feature: they can be
cooled via natural convection. LBE’s superior heat removing abilities (surpassed only
by sodium among the candidates in Table 1.3) lower the value of the required flow rate
through the fuel assemblies, allowing the necessary coolant speeds for heat removal
during shutdown to be achieved by natural convection alone. No external pressure
head is needed, and many designs, such as some LFRs and the SSTAR reactor, do

not require electromagnetic pumps to move coolant through the core [53].

Various physical properties of LBE also contribute to its candidacy as a preferred
coolant. Its low melting point of 123.5°C makes reactor startup easy compared to
startup in a reactor cooled by pure lead or certain molten salts. The low melting
point coupled with LBE’s high heat capacity helps to ensure that the coolant will
be less likely to freeze in temporarily cold sections of the reactor, decreasing the
risk of a loss of flow accident (LOFA) due to temperature fluctuations. This has
been identified as a cause for concern for coolants whose melting points exceed room
temperature, including LBE [54]. LBE’s high boiling point of 1,670°C also ensures
that there cannot be a drop in heat flux due to coolant boiling, as might occur in
a situation such as departure from nucleate boiling (DNB) in light water reactors.
Accident scenarios for the LFR show that the peak temperature reached in the core,
even during an accident, is lower than the boiling temperature of LBE by a factor of
1.85 [24].

These properties of LBE coolant make possible a number of reactor concepts and
designs that could not be achieved with other coolants. While all six coolants are
capable of producing power in large, stationary commercial power plants, LBE-cooled
reactors offer a wider range of compact and transportable designs due to its favorable
physical, chemical and neutronic properties. Reactor concepts such as the SSTAR
reactor or other ‘battery’ reactors consist of a fully enclosed, long-lived core that can

be ‘plugged in’ to surrounding power conversion and heat removal equipment. Once

49



the fuel in the battery reactor is extinguished, the core can be disconnected, shipped
back to the vendor or country of origin, and replaced with a fresh one. This allows
countries that do not have the capability to produce nuclear fuel (or those for whom
proliferation is a significant concern) to still have a source of safe and proliferation-
resistant nuclear power.

The high fast flux levels attainable using an LBE-cooled core also lead to systems
better suited to applications where high fluxes and higher power densities are desired.
A reactor with a high fast flux is more suited to burning spent fuel, since a higher
flux directly corresponds to less time needed to achieve the same burn-up. In a fast
reactor, high flux levels also lead to a higher power density, which can be beneficial

when designing reactors where space is at a minimum, such as on a submarine.

1.1.4 Material Compatibility Issues with Lead and LBE

The one major drawback to using lead and/or bismuth as a high temperature coolant
is corrosion. Like many working fluids, oxygen is soluble to some degree in both lead
and LBE. The transport of dissolved oxygen in the working fluid requires materials
either to be protectively coated or to form their own coating via passivation. Many
materials possess the ability to do this, and many working fluids can carry sufficient
oxygen to induce passivation in materials such as stainless steels. The main difference
that makes lead and LBE so incompatible with most materials is its behavior in
environments that are below the potential (a combination of oxygen concentration
and temperature) for forming protective iron oxides.

The behavior of stainless steels in gases such as air or steam is mainly dependent
on the oxygen concentration in the working fluid. These steels have the ability of self
passivation at moderate oxygen potentials, and they are not significantly attacked in
reducing (oxygen poor) environments. The use of a gas such as helium removes this
problem altogether, as it is inert. Liquid sodium is also fairly inert with respect to the
austenitic stainless steels used in reactors, so it does not create a significant corrosion
problem. Its corrosion is also highly predictable at certain temperatures and oxygen

potentials. Lead and LBE present a special case, as corrosion mechanisms change
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completely in the absence of sufficient oxygen to self-passivate.

Many metals have high solubilities in lead and LBE. Without an oxide layer
protecting the surface of the metal, materials are free to dissolve into the working
fluid. Nickel has a particularly high solubility of 4.8 wt.% in LBE at 700°C [55].
Alloys with even a few percent nickel are subject to severe liquid metal attack and
dissolution in lead and LBE systems. This problem is further aggravated by the fact
that the coolant is flowing in a thermal loop. In this situation, materials in the hot
leg dissolve faster and precipitate out of solution in the cold leg, reintroducing the
capability for dissolution as the working fluid returns to the hot leg. This creates
a transport cycle, where formerly structural material in the hot leg is removed and
deposited in the cold leg, simultaneously weakening the hot leg structural materials

and clogging the pipes in the cold leg.

Pure iron oxide is a poor barrier to corrosion over the potential temperature
range of operation (600 - 700°C), due to a phase transformation from magnetite to
wiistite at 570°C [3]. Wiistite is a porous, brittle oxide phase that does not protect
the underlying metal. Typical nickel-containing austenitic stainless steels therefore
cannot be used in lead or LBE systems above this temperature, as without a protective
iron oxide layer, the working fluid can leach nickel from both the base metal and any

nickel bearing oxides, leading to porosity and further attack.

Both of the situations described above would lead to accelerated corrosion in
regions where oxygen has been depleted, such as in pits or crevices, which function
as powerful corrosion accelerators for materials in lead or LBE. As oxygen inside a
pit, crack or crevice is consumed, it is not replenished by oxygen-bearing fluid from
outside the crevice, as there is no way for fresh fluid to flow into the crevice. As
a result, the oxygen potential can drop dramatically inside the crevice, thinning or
even eliminating the protective passive oxide layer (if one exists) and leaving bare
metal exposed to a very reducing environment. This causes crevices or pits to grow,

resulting in stress concentrators and localized wall thinning,

Any material expected to perform well in LBE must be able to remain protected

in such a severe case of crevice corrosion, as many crevices will exist in any reactor
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by design. These crevices will exist at any location where two materials are touching
or nearly touching. This can be accomplished by means of either an external coating,
which would be applied to the part before service, or an intrinsic coating grown by
the material itself. There exist a number of coatings that have performed very well
at protecting the base metal, such as the Gepultse Elektronen Strahl Anlage (GESA)
process developed by Miiller et al. [56]. This coating will be discussed in the next
chapter.

It is much more desirable from standpoints of economics, maintenance and reactor
longevity to have a material that can create and regenerate its own coating in even
the most reducing environments. Such a material must be able to form a fully dense
oxide layer at extremely low potentials, and that layer must remain stable should the

potential temporarily drop below the level required to reform it.

1.1.5 One Solution - A Functionally Graded Composite (FGC)

A review of work on materials for lead and LBE to date reveals no single material
that can both resist corrosion and withstand operating stresses at temperatures up to
700°C and compete economically. Rather than develop one single alloy with a complex
composition or microstructure, a composite material whose layers satisfy requirements
individually can function effectively as a system in the harsh environment of lead or
LBE at 700°C.

This composite would require a corrosion-resistant layer to prevent liquid metal
attack or oxidation in all environments and a structural layer to provide strength. The
corrosion-resistant layer will rely on chromium and silicon to form a highly protective
scale. It must be able to protect the composite from liquid metal attack or oxidation in
a large range of oxygen potentials. These oxygen concentrations could be high enough
to form lead or bismuth oxides, and low enough so that chromium oxide cannot form.
However, the corrosion-resistant layer will not be capable of being structural, as it
will be susceptible to radiation embrittlement. Therefore a structural layer must act
as the backbone of the composite, providing the tensile strength, creep resistance

and radiation resistance to keep its shape over the lifetime of the reactor. Finally,
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these two layers must be microstructurally similar enough to form a tightly-bound
interface, keeping the corrosion-resistant layer attached to the structural layer.

This approach has been widely used in the nuclear industry. Light water reactors
typically use this composite approach in two places: the pressure vessel and the fuel
cladding. Pressure vessels are made of thick carbon steel, which acts as the structural
layer that hold the pressure. This is clad with a liner of stainless steel, applied by
weld overlaying, which serves as the corrosion-resistant layer of the pressure vessel
[57]. In fuel cladding tubes, which hold the fissile fuel in a reactor, tubes made of a
zirconium alloy, such as Zircaloy-4 (Zr-1.5Sn-0.2Fe [58]), are clad on the inside with
pure zirconium [59]. The pure zirconium acts as the corrosion-resistant layer, while
the zircaloy acts as the structural layer. The zirconium liner on the inside of this type
of fuel cladding, known as barrier fuel, helps prevent fuel-clad interaction [60]. These
two groups of materials are not suitable for high-temperature fast reactor applications,
so while the concepts may be similar, the choices for materials and dimensions must

change.

1.1.6 General System Description

The proposed FGC relies on a thin corrosion-resistant layer based on the Fe-Cr-Si
system. The presence of enough chromium and silicon creates a synergistic effect
that forms an extremely thin, dense and corrosion-resistant scale on the surface of
the metal. This oxide layer will be able to resist corrosion from both liquid metal
attack (dissolution) and internal oxidation at any oxygen potential that could be
encountered in an LBE-cooled reactor. The scale will do so by acting as a diffusion
barrier to both oxygen ingress and metal dissolution, eliminating the problem of
corrosion in these systems.

This corrosion-resistant layer will be supported by a structural layer made of a
ferritic/martensitic material with a similar composition. A ferritic/martensitic mi-
crostructure was chosen for its superior resistance to radiation and its lack of change
in physical properties at high dose rates [16]. This structural layer will posses supe-

rior resistance to creep resistance and radiation resistance, as backed up by extensive
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industry experience and data. The corrosion-resistant layer will be weld-overlaid onto
the structural layer to provide excellent interface characteristics, and ensure a smooth
microstructural transition between the layers. The structural layer will also excel in
corrosion resistance when compared to austenitic stainless steels, which have been
shown to undergo severe attack above the wiistite formation temperature [61]. In
the event of total cladding breach, the structural layer will corrode at a manageable,
well-understood rate, as compared to the rapid, unpredictable nature of corrosion of

austenitic stainless steels in LBE above 600°C.

1.2 Research Objectives and Thesis Goals

The main goal of this thesis is to design, produce and evaluate the effectiveness of an
FGC material that will be successful at eliminating the problem of accelerated corro-
sion in lead- and LBE-cooled reactors and other systems, such as spallation sources.
A graded material allows for the use of materials with specific advantages (corrosion
resistance, strength, etc.) in a systems approach to achieve the maximum perfor-
mance. However, a composite material presents a number of additional challenges
when compared to a single alloy, as the interface between two different materials is

often the weakest point in the FGC from a number of standpoints.

1.2.1 Performance Requirements of the FGC

The FGC proposed in this thesis must show highly favorable behavior as a complete

system in the following areas:

o Corrosion Resistance - The layer of the FGC that faces the liquid metal coolant

must be able to resist corrosion over its entire lifetime. This layer must be able
to form its own passive coating upon exposure to LBE, even at very low oxygen
potentials. This will ensure that should the protective film be breached for any
reason, it can be reformed by the material even in the low oxygen environment

of a crevice.
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e Diffusional Stability - Joining the layers of the composite will result in diffu-

sional mixing, due to differences in chemical potentials across the interface. The
concentrations of corrosion resistant elements will be higher in the layer facing
the liquid metal than in the underlying structural layer. This will result in a
dilution layer at the interface, where the concentrations of one or more corrosion
resistant elements could drop below the level necessary to reform the protective
passivating layer. The thickness of this dilution layer will increase with time
and higher temperatures. The evolution of the diffusional dilution layer must
therefore be well understood, and its thickness must be measured as functions
of time and temperature. This will allow for selection of a cladding layer thick-
ness that does not compromise the corrosion resistance of the surface in contact

with the lead or LBE.

e Microstructural Mixing - The two layers of the FGC must be in excellent me-

chanical contact, with little stress resulting from a microstructural mismatch.
This requires that the two layers of the FGC have the same base microstructure;
a ferritic layer joined to an austenitic layer would present mismatch probléms.
A sudden change in microstructure could result in accelerated corrosion should
the cladding be completely breached. A mechanically and microstructurally
sound interface will be the key to success during the various processing steps,
where the two layers will be subject to immense forces. This will ensure that

the layers stay bound during processing.

e Radiation Resistance - The composite as a whole, as well as the two individ-

ual layers, must be resistant to radiation swelling and embrittlement. Crystal
structures and elemental concentrations must be designed with this in mind.
The radiation embrittlement resistance of the cladding layer will not be quite
as important, as an extremely thin, well-bonded layer will not be structural
in any way. The interface will be of particular importance, as it has been
shown that irradiation of composite materials accelerates diffusion (known as

irradiation induced mixing) [62]. This property is most important for in-core
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applications, such as fuel cladding. Radiation resistance is not a significant

concern for ex-core applications, such as coolant piping.

e Mechanical Properties - The composite must be able to perform its necessary

structural function as both coolant piping and fuel cladding for the lifetime of
the reactor. Long, thin tubes of fuel cladding must be resistant to thermal creep
and radiation induced creep. This places limits on the structural base layer of

the FGC, as it must bear all the forces placed on the composite.

While it is notable just to create a new material that provides exceptional resistance
to lead and LBE corrosion, in the end it doesn’t mean much for future reactor de-
signs if it cannot be fabricated on a commercial scale. A number of studies have
been performed that evaluate the excellent corrosion resistances of many new, exotic
alloys such as HCM12A [63], Kanthal-22 [64] and others [65, 66, 67], as well as the
resistances of coatings designed to resist lead and LBE corrosion [68]. However, the
majority of the alloys that show the most favorable results are not currently made
in significant quantities (more than a few kg) by any commercial entity in the world
today. This leaves much work to be done in order to rationalize using lead or LBE as
a Gen. IV reactor coolant with these new materials, especially as the U.S. DOE has
broadened its main focus away from gas-cooled reactors. It is currently reconsidering
all the originally proposed Gen. IV coolants equally for reasons of re-evaluating the

effectiveness of each one based on new research [32].

1.2.2 Impact of Success of the FGC

The immediate implications for the success of the proposed composite material are:
¢ An increased thermodynamic efficiency due to a higher outlet temperature

e A higher hydrogen production efficiency due to more heat at higher tempera-

tures

e An increased power density due to a higher permissible coolant speed
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e A decreased core size, vessel size and plant footprint due to increased power

density

e A safer design due to a drastic decrease in corrosion during an accident scenario

These advantages illustrate the need for such as composite. They also indicate just
how much more viable lead and LBE become as potential reactor coolants should the

corrosion problem be solved.

The successful development of this FGC represents an enabling technology for lead
and LBE-cooled reactors, as well as other systems, such as neutron spallation sources.
The success of this FGC means that oxygen control need not be as stringent, as the
FGC will resist corrosion equally well at a wide range of oxygen concentrations. This
completely removes the concern for catastrophic fuel cladding failure due to liquid
metal attack, increasing the possible outlet temperature of these reactors from 550°C
(the current limit) to 700°C. The new limit on outlet temperature will therefore be
a function of the structural integrity of other reactor materials, not corrosion. This
vastly increased outlet temperature represents huge gains in efficiency, both for ther-
mal to electrical energy conversion as well as thermal energy to hydrogen production.
This new system causes lead- and LBE-cooled reactors to become the most viable

Gen. IV technology from standpoints of engineering feasibility and economics.

This sentiment has been echoed in very recent reports about the viability of compa-
rable Gen. IV fast reactor technologies. The most recent MIT/EPRI/NEI advanced

fuel cycle report states the following:
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«

. structural material corrosion has limited the actual peak coolant tem-
peratures of LFRs to levels lower than SFRs resulting in lower thermal-
to-electricity efficiency. Corrosion problems also limit the velocity of lead
coolant through the reactor core, resulting in larger, more costly, reactor
cores. New high-temperature metal alloys that are corrosion resistant in lead
have been developed in the laboratory but have not been tested under the full
set of credible reactor conditions. If the corrosion resistant characteristics of
these alloys are confirmed for realistic reactor conditions and assuming that
there are no other unexpected challenges, LFRs could become an attractive

alternative to SFRs.” [69]

1.3 Outline

Chapter 2 presents the background information necessary to understand various as-
pects of this thesis insofar as the design of a corrosion-resistant composite for use in
lead and LBE reactors is concerned. The characteristics of corrosion due to liquid
lead and LBE will be discussed. Both the mechanisms by which corrosion occurs,
as well as the effects of this corrosion on the underlying structural material, will
be considered. Methods of corrosion control will be discussed, including control of
molten metal chemistry (including oxygen), control over other aspects of the corro-
sive environment, and finally, the engineering of a corrosion resistant material. With
these in mind, the selection of the alloy compositions, thicknesses, microstructures
and layers comprising the composite will be derived using relevant data from the liter-
ature as well as thermodynamic calculations, known properties and phase diagrams.
The specific dimensions of the composite will be chosen based on the intended uses,
thermal-hydraulic constraints in the reactor, strength requirements, radiation embrit-
tlement limits, corrosion limits, and finally the diffusional stability of the composite.

Chapter 3 summarizes the experimental methods used to fabricate the composite,
test its properties and evaluate ité effectiveness at meeting the required criteria. First,
a description of the static corrosion setup will illustrate how the resistance of each

alloy to liquid LBE at various times, temperatures and in different environments was
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determined. Next, methods of testing the diffusional stability of the composite, as
well as extrapolation to longer times, will be discussed. Fabrication of the samples as
well as the effects of fabrication on the test results will be considered. A description of
steps undertaken at commercial facilities to produce meaningful amounts of the FGC
will be detailed. Relevant parameters from each step will be explained with the aim
of illustrating how these parameters affect the integrity and performance of the FGC,
both during subsequent processing steps as well as during operation. Following this
will be descriptions of auxiliary tests performed on the FGC to evaluate the viability
of further commercial steps, such as welding pipes made from the composite. Finally,
a brief description of each analysis method will be given along with the relevant

information that each method yields for evaluating the effectiveness of the FGC.

Chapter 4 summarizes the results from each group of experiments. Data and mi-
crographs from the corrosion studies will be presented to demonstrate the corrosion
resistance of the cladding layer, as well as what could be expected to happen should
that outer corrosion resistant cladding be breached. This will yield to an expected cor-
rosion zone thickness that must be accounted for when choosing the final dimensions
of the composite. Electron microprobe analysis (EMPA) results from the diffusion
studies will detail the degree of diffusion of Cr and Si from the cladding to the base
material, as well as carbon from the base material into the cladding. Chromium and
silicon must remain at high enough levels to continue to protect the FGC. Carbon
diffusion will increase the hardness of the corrosion-resistant layer, both during pro-
cessing and during operation. Microstructures and hardness data will shed light on
microstructural changes in the composite, both in the bulk as well as at the inter-
face between the two layers. Detailed microstructures and hardness profiles will show
how the composite properties changed during each processing step. A preliminary
tungsten inert gas (TIG) welding study demonstrates what happens to the first three
weld overlay layers, while an ASME certified FGC welding study shows how welding
the FGC in the field would take place, as well as the microstructural changes that
arise from the welding process. Finally, a composite breach study shows what would

happen should the cladding be completely breached from a standpoint of accelerated
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galvanic corrosion and anodic dissolution into oxygen-deprived LBE.

Chapter 5 presents a discussion evaluating the overall effectiveness of this com-
posite at raising the temperature limit on lead and LBE reactors. The corrosion
resistance of each layer will be discussed based on the results, and extrapolations
for corrosion resistance at the end of life of each product form will be made based
on the data in this thesis. Diffusional characteristics will then be explained, and a
model for extrapolating critical diffusion distances over the lifetime of the composite
will be presented. The successes and shortcomings of each processing step will be
detailed, and suggestions to improve each process will be given based on measured
data and the literature. Special attention will be given to tailoring each processing
step to ensure success with the next, as the FGC must exit each processing step at
optimal conditions for the next one to begin. Following this will be a discussion on
the quality of the ASME certified weld, along with implications on how to perform
these welds in the field. Finally, the implications of this composite from standpoints
of both reactor design and economics will be discussed, as this composite represents
an enabling technology for lead- and LBE-cooled reactors.

Chapter 6 will summarize the results of this thesis, mainly with respect to the
performance and processing of the FGC. Future work necessary for further evaluating
the success and ultimate performance abilities of the composite will be discussed. This
will include additional testing, radiation damage testing and recommendations for the

next iteration of the composite.
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Chapter 2

Background

2.1 Characteristics of Liquid Metal Corrosion

Liquid metals exhibit key differences in corrosion characteristics when compared with
familiar coolants such as water and inert gases. Without accounting for dissolved
species (such as chlorides in seawater), the corrosion rates of many working fluids on
most steels are mainly functions of oxygen concentration. High oxygen concentra-
tions will rapidly corrode materials, such as wrought iron, by general corrosion, in
which oxygen combines with iron to produce iron oxides, the familiar “rust” that one
observes. This rust is not structural and flakes away easily, exposing fresh metal and
beginning the corrosion process again. Stainless steels resist this corrosion by form-
ing a passive oxide layer, whereby chromium oxide or mixed iron-chromium spinel
oxides form rapidly in the presence of oxygen, creating a physical barrier that pre-
vents further attack [11]. Decreasing the oxygen potential reduces the corrosion rate
of non-passivating materials, while doing so for passivating materials can prevent the
formation of the passive layer, as can be seen in the Pourbaix diagrams for passivating
elements such as iron and chromium (see Figure 2-1). If this happens, the bare metal
becomes subject to dissolution by the liquid metal, thus accelerating corrosion if the
passive layer becomes unstable.

Liquid metals have the added disadvantage that the working fluid itself is highly

corrosive, in addition to effects of the dissolved oxygen and other species the fluid

61



Eh &Vohs) Fo - H20 - System at 25.00 C Eh &vam) Cr - H20 - System at 25.00 C
.0 .
15 Fe203 15
7 | Fe(+3a) o
o] - 1.0 B )
. T3 7
05 - "7»;» | 0.5 Cr(+3a) - -
0.0~ _ N N 00~ N H20 Limits
05 Fera Fe304 0.5 T —— /
-0 ~ -1.0
Fe
- -1.5
1.3 or
-2.0 -2.0
0 4 6 8 12 14 0 2 4 6 8 10 12 14
C:\HSCS\EPH\FE25.IEP pH C:\HSCS\EPH\CR25.IEP pH
ELEMENTS Molality o ELEMENTS Motality Prossurc
Fe 1.000E-06 1.000E+00 Cr 1.600E-06 1.000E+00

(a) Pourbaix diagram for pure Fe
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Figure 2-1: Pourbaix diagrams for pure Fe and pure Cr showing oxide stability zones
in water as functions of pH and potential. Diagrams were generated using the HSC
chemistry software package, version 5.1, by Outokumpu, Inc. Analogous regions exist
for these metals in LBE. Zones where the pure metal is stable in LBE are subject to
corrosion via dissolution.

may contain. Liquid metals such as lead, bismuth and LBE, can dissolve significant
amounts of other metallic elements and have the ability to form alloys with the
underlying steels. This adds rapid dissolution to the list of methods of corrosion.
Any oxides present in the liquid metal, including PbO and Bi;O3 from high oxygen
concentrations, can circulate in the system and severely erode structural components,

resulting in erosion-corrosion.

2.1.1 Thermodynamic Basis for Liquid Metal Attack by Lead
and LBE

The thermodynamic basis for liquid metal attack of a self-passivating material mainly
follows two methods, which are functions of the amount of dissolved oxygen in the
liquid metal, the temperature, the stress levels in the material (both static and cyclic),
the actual liquid metal and the composition of the material being corroded. The
main difference between these processes is whether or not a passivating oxide layer
is able to form. This potential for passive layer formation delineates whether or not

the environment is considered oxidizing or reducing with respect to the passivating
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layer. Oxidizing environments will encourage the formation of the passive layer,
while reducing environments inhibit it. The presence of the passive layer introduces
additional complications, while its absence opens the door for other accelerated forms
of corrosion.

For most steels, this delineation can be determined from the Ellingham diagram,
which identifies regions of metal/metal oxide stability as functions of temperature
and Gibbs free energy. The relevant Ellingham diagram for the steels considered in
this thesis is shown in Figure 2-2 [1]. In this diagram, the metal oxide is more stable
above the solid line for a particular oxide, while the reduced metal is more stable
below the solid line. The specific line to use when determining whether or not an
environment is oxidizing or reducing for the material depends on which oxide(s) form

thin, fully dense, passivating films.

2.1.1.1 Oxidizing Environments

In oxidizing environments, dissolved oxygen present in the liquid metal rapidly forms
oxides. For purposes of maximum protection, the most protective oxides are those
that are stable at lower oxygen potentials, in particular those containing chromium
and silicon. This causes passive layers containing CryO3, SiO,, Fe (Fe,Cra_y) O4 and
Fe (Fe,Sip_4) O4 to form first, as opposed to iron oxides, resulting in an iron oxide
layer outside the iron-chromium-silicon mixed oxide layer [45]. This passivating layer
resists further corrosion by two methods. First, it physically prevents any liquid metal
from coming into contact with the underlying base metal, where the liquid metal could
attack the base metal by dissolution. Second, it acts as an effective barrier against
oxygen diffusion into the metal, cutting the corrosion current down by several orders
of magnitude as compared to exposed metal. Comparison of diffusion coefficients by
Bowen et al. and Hagel et al. for chromium in iron vs. chromium in CryO; illustrates
this effect very well [70, 71]. The presence of a passivating oxide layer inhibits liquid
metal dissolution by the same mechanism, as diffusion coefficients of metals in metal
oxides are many orders of magnitude lower than those in metals. A compilation of

relevant diffusion data from the literature show a number of experimental correla-
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tions for the diffusion of oxygen and various metals in the FeCrSiAl-LBE system.
These values, the temperature ranges for which they are valid and the references are
summarized in Table 2.1. Figure 2-3 portrays this information in graphical form for
easier comparison. This figure shows how passive layers prevent both oxidation and
dissolution by acting as a diffusion barrier. The passive layer does grow over time, as
the corrosion current and oxygen diffusion coefficients are not zero. However, because
the interdiffusivities are so low in oxides, layer growth is extremely slow compared
to growth in the absence of oxides. Dissolution is also extremely slow, as once the
first few atomic layers of a metal oxide are exposed to the liquid metal, others cannot
easily diffuse to the surface to take their place. The corrosion current for passive films
can be approximated as zero as compared to the corrosion current on exposed metal.

A determination as to whether or not a passivating layer of a certain composition
will be stable in liquid lead or LBE can be made by considering the Gibbs free energies
of the metal alloying elements in the oxides as opposed to those of those metals in
liquid lead or LBE as a function of temperature. The stability of oxygen in these
oxides is always higher than in the liquid metal, as has already been shown in the

Ellingham diagram in Figure 2-2.

2.1.1.2 Reducing Environments

In reducing environments with respect to the protective oxide, there is no passivating
film present to protect the underlying base metal. The metal is therefore subject to
extremely fast liquid metal attack, the degree of which is determined by the solubility
of a particular element, plus kinetics if the material is part of a thermal loop. Liquid
metals attack many materials by dissolution. In this process, the liquid metals form
liquid solutions with different elements present in the base metal, leaching them out
and weakening the underlying structural material. The speed at which a large volume
of liquid metal will dissolve a material is dependent on the solubility of that element
in the liquid metal, which is in turn determined by the binary phase diagram between
the liquid metal and that element. Relevant phase diagrams for elements in typical

stainless steels in LBE are shown in Figure 2-4 [2, 3, 4, 5]. The most important
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Solute  Solvent Diffusion Correlation (D)!  Cited Temp. (°C) Ref.
Fe a-Fe 3.09x 10~ %e(Z#r ) 790 - 920 [72]
Fe Fe-9Cr 9.3x10~4e(T#") 496 - 1,198 (73]
Fe  Fe11.83Cr 2.9%10-3e(ZH") 660 - 890 [74]
Fe FeSi 3x10~4(20Ng;)el 77 740 - 1,100 [75]
Fe  FegoO 8.6x10~7e(TH") 700 - 1,340 [76]
Fe Fe30, 5.2x10~4e(ZHF*) 699 - 983 [77]
Fe Cr20; 7x10~-8e(FRT™) 700- 1,100  [7§]

Fet3 SiO, 6x10-7e(7RT™) 500 - 1,000 [79]
Fe LBE 4.9x1077e(5) Not Cited 180]
Cr a-Fe 8.52x 10-3¢( 7RT) 797 - 877 [70]
Cr  Fel2Cr 1.29% 10~ 3¢(TRF™® 797 - 1,402 [81]
Cr Cry042 1.37x10-5e( TR 1,045 - 1,550  [71]
Cr  Pb-l17Li 8x10-11 500 82]
Si a-Fe 1.7x10~4e(FRr" 496 - 1,198 73]
Si  FeSij_x 7.35x1075(1 + 12.4Ng;)e( 7T ) 900 - 1,450 [83]
Si Si0, 8x10-%e(="r) 1,250 [84]
Al a-Fe 1.8x10~4e(Fr™ 496 - 1,198 [73]
Al Al,053 1.52x10~22¢(=%) 1,333- 1818  [85]
O  BCCFe 3.7x10-0e( "R Not Cited [86]
0 Fe;0, 4.3x10 (") 505 - 650 87]
0 Cr203 6.9x10-1%¢(7Rr™) 800 - 900 [88]
0 Si0,* 2.1x10-14e(RF™) 706 - 1,018 [89]
0 Al,O4 1.12x10-7el 7#7*) 1,500 - 1,770 [90]
0 Pb 1.48x 10~ 7e(FFr) 880 - 1,135 [01]
0 Pb 6.62x10~% (%) 800-1,100  [92]
0 LBE 2. 39><10 ~6e(TRr" 200 - 1,000 93]

1Dy is in units of m?/sec, E, is in units of =5

, T is the absolute temperature.

2D.g for Crz03 film averaging both bulk and gram boundary diffusion
3Data for Al diffusion in Al;O3 were obtained by simulation rather than by experiment.

4This value is for crystalline 3-SiO5. Data are one order of magnitude lower for network glasses

[89).

Table 2.1: Summary of relevant diffusion data for oxidation and dissolution processes

in the FeCrSiAl-LBE system
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Figure 2-3: Examples of diffusion coefficients for metals and oxygen in relevant met-
als and oxides. Data are plotted over cited temperature ranges given in Table 2.1.
Markers for metals are solid, while those for oxides are hollow. Note how much lower
diffusion coefficients are for chromium and silicon oxides.
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Figure 2-4: Relevant phase diagrams for stainless steels in liquid LBE [2, 3, 4, 5].
The most important features to note on these phase diagrams are the stability lines

between the liquid phase and the two phase region on the high-Pb or the high-Bi side
of each binary phase diagram.
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features to note on these phase diagrams are the stability lines between the liquid
phase and the two phase region on the high-Pb or the high-Bi side of each binary phase
diagram. Iron and silicon exhibit very low solubilities in both lead and bismuth, as
can be seen in Figures 2-4c, 2-4g, 2-4d & 2-4h. In these phase diagrams, the solubility
line is so close to pure liquid lead or bismuth at relevant temperatures (<700°C) that
it is not discernible from the phase diagram.

This stands in stark contrast to binary phase diagrams for chromium and nickel
(see Figures 2-4a, 2-4e, 2-4b & 2-4f), where the single phase region clearly exists
far away from the pure liquid metal.The solubility of chromium in LBE (43 ppm wt.
[94]) is much lower than that of Ni (46,132 ppmwt. [94]), but still noticeably higher
than the solubilities of iron (32ppmwt. [94]) or silicon (7ppmwt. [95]). This is
not expected to affect the material, because chromium bound in a passivating layer
will not be as susceptible to liquid metal attack. This layer will partially form in
air before ever being exposed to liquid lead or LBE. It is unlikely that the oxygen
potential will ever fall below the potential necessary for Cr,O3 formation, except in

a crevice, where the oxygen concentration will quickly become depleted.

2.1.2 Mechanisms of Corrosion in Liquid Lead and LBE

A number of corrosion mechanisms are likely to occur in a composite used in a reactor
that uses liquid lead or LBE as a coolant. Each one will be described here, even though
the successful development of the proposed FGC will prevent many of these corrosion
mechanisms from occurring.

General Corrosion / Wastage - A material that does not form a passivating
layer in an oxidizing environment is subject to the rapid formation of oxides, followed
by subsequent oxide separation from the metal surface. A good example of this is
pure iron, which does not form a passivating layer at temperatures above 570°C.
An examination of the iron-oxygen phase diagram shown in Figure 2-5 shows that
at 570°C, the stable oxide phase changes from magnetite (Fe3O4) to wiistite (Fe,O,
x=0.85-0.95) [96]. Studies have observed that magnetite forms a relatively dense

oxide layer [67], which forms an effective barrier to further corrosion by preventing
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oxygen diffusion into the metal from the coolant and by physically preventing contact
between the base metal and the liquid metal. Wiistite, however, has been shown to
form thick, porous layers of oxide that easily spall off in the presence of compressive
stresses that form during oxidation [97]. These stresses could be caused by external
forces, lattice mismatch stress due to thermal expansion between the metal and the
oxide [98], and shear stress due to coolant flow, all of which will be present in a
liquid metal cooled reactor. In addition, wiistite forms with a high degree of porosity
above 570°C. This is due to a widely variable stoichiometry as can be seen in the
Fe-O phase diagram in Figure 2-5, where different chemistries have different thermal
expansions as temperature increases. This would allow liquid mixing and capillary
action to draw LBE into the oxide layer, making contact with the underlying metal.
The result would be the formation of a myriad of mini-crevices inside these capillary
channels, where oxygen would be quickly consumed and the reducing liquid metal
would rapidly attack the bare metal. Previous studies of non-passivating iron alloys
have shown extremely rapid corrosion due to LBE penetration beneath the oxide layer
and subsequent attack of the base metal [7]. Finally, it has already been shown in
Figure 2-3 that the diffusion coefficient of iron is orders of magnitude higher in FeO
than in Fe3Oy, indicating that should solid wiistite form, it will prove ineffective at

slowing down diffusion.

Anodic Dissolution / Galvanic Corrosion - For a passivating material in an
oxidizing environment, fracture of the passivating film can lead to disastrous con-
sequences if the film cannot quickly reform. This inability to repassivate could be
caused by two different factors, both of which lead to the same end result. First, if
the initial formation of the passive film caused the underlying material to become
depleted in protective elements such as chromium and silicon, then exposure of the
underlying base metal would not result in repassivation due to a lack of beneficial
elements directly underneath the passive layer. This effect has been shown to occur
in a number of different environments, both oxidizing and reducing with respect to
iron oxides [99]. Second, if the composite is diffusionally unstable (diffusional dilution

occurs very quickly), the underlying base metal can become depleted in passivating
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alloying elements via migration away from the surface down a chemical potential gra-
dient. This could occur if the diffusion coefficient for that alloying element in the
composite was too large, or if the cladding layer of the composite were too thin. Ei-
ther way, both of fhese scenarios result in the inability of the composite to reform its

protective oxide layer.

The effects of this inability to repassivate would be disastrous. The corrosion
potential for a bare metal is far lower than that of its passivating oxide, as evidenced
by the high reduction potentials of passivating metals (such as Cr or Al) as compared
to those for Pb or Fe [11]. This in effect sets up a localized electrochemical cell, in
which a voltage difference provides the driving force for both the dissolution of the
anode (exposed base metal) and oxygen gas formation on the cathode (passivated
region). Furthermore, conservation of charge requires that the current that leaves the
anode must be equal to that which enters the cathode. The surface area of the exposed
anode is far smaller than that of the cathode, so the amount of dissolution per unit
of surface area required to sustain conservation of charge is proportional to the factor
of surface area difference between the cathode and the anode. The “electrolyte” in
this electrochemical cell is extremely conductive, being a liquid metal. This situation
would lead to drastically accelerated corrosion at any location where the passive film

would be breached. A diagram that illustrates this process is shown in Figure 2-6.

Stress Corrosion Cracking (SCC) - In the case that the metal can repassi-
vate itself, the composite will still be subject to SCC in the presence of a sufficient
static stress. During SCC, a stress high enough to fracture the oxide layer results in
rapid repassivation of the exposed material. The formerly cracked region has healed
itself; however, the discontinuity in the oxide layer morphology as a result of this
healing process forms a region of stress concentration in that layer. Continued stress
application can cause more fracture/repassivation cycles at that initial point. This
can lead to accelerated crack propagation through what superficially appears to be
corrosion-free material, as the site of SCC initiation will continue to fracture deeper

and deeper while the rest of the oxide layer remains untouched.

The initiation and propagation of stress corrosion cracking requires the combina-
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Figure 2-6: Diagram showing how passive layer breaching would lead to accelerated
anodic dissolution. The zones beneath the oxide have been depleted in passivating
metals, leading to accelerated dissolution and liquid metal attack. The deepest part
of the crevice lacks sufficient oxygen to passivate, and is attacked by liquid metal
dissolution.

tion of a sufficient stress, a corrosive environment and a material susceptible to this
mode of cracking. In the case of the stainless steels used in lead and LBE reactors,
this corrosive environment is always present. Corrosion is possible as long as suffi-
cient oxygen exists, and the material will always be susceptible to corrosion unless it
becomes depleted in passivating alloying elements, at which point it would become
more susceptible to anodic dissolution or general corrosion. The main factor that can
initiate SCC given the materials in the proposed FGC is therefore the presence of a
tensile stress. The main causes of these stresses in the oxide layer are differences in
thermal expansion and deformation of the underlying base metal, assuming a properly
adherent oxide layer. Large stresses with differences in thermal expansion or density
can cause the oxide layer to separate from the metal surface, more greatly affecting

the general corrosion resistance of the FGC.

The difference in thermal expansion between the oxide and the base metal results

in a stress that is dependent on a number of factors, as derived by Tien and Davidson
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Material a x 10% (K™') Temp. Range (°C) E (GPa)! v

FeO 12.2 100 - 1,000 128 0.36

Fe3O4 12 - 25 0 - 600 190 0.29

Crq03 7.3 100 - 1,000 280 0.29
FeCry04 9-28 ' 0 - 600 233 0.31

Si04 7.4 -30.3 0-730 87 0.07

AL, Os 5.1-938 28 - 1,165 380 0.24

Fe 15.3 0-900 183 0.29

F91 (Fe-9Cr-1Mo) [19] 10.6 - 12.7 50 - 650 215 0.33
HT-9 [101] 12.7 20 - 780 2157 0.33?

!Elastic moduli are given at room temperature.
2Data not available, values for F91 were used instead.

Table 2.2: Physical parameters for oxides and metals considered for the proposed
FGC [12]

[100]:
—EozideAT(ametal - aoa:ide)

gme‘ml ttme;al (1 - Umetal) + (1 + Vom‘de)

(2.1)

Oozide =

where F is the Young’s modulus, AT is the change in temperature from the tem-
perature at which the oxide formed, « is the coefficient of thermal expansion, ¢ is
the thickness and v is Poisson’s ratio. In this particular FGC, the thickness of the
oxide layer must be very small to avoid significant corrosion or underlying element

depletion, so the ratio ttﬂ-'ﬁ is approximately zero, and Equation 2.1 simplifies to:

_Eowi AT Ometal — Qozide
Oozide = de 1 ‘|(‘ y et'dl vid ) (22)

The values of the properties used in Equation 2.2 for the relevant oxides that are
considered for the proposed FGC are summarized in Table 2.2. In order to account
for the total stress that can propagate SCC through the material, the stress on the
interface caused by thermal expansion must be added to the static stress placed on
the part as a result of design. The most extreme stress experienced by this material
during normal operation will be during plant shutdown, when the part is at its coldest,
because oxides will grow the most during the highest temperature operation of the

reactor. Temperature differences could be as high as 700°C in this case. Sound design
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will result in the total stress being smaller than that the amount that is necessary
for SCC propagation by a wide margin. This is because liquid metal reactors do not

require high pressures to operate.

Liquid Metal Embrittlement (LME) - LME is more of a concern than SCC,
given the combination of high stress and hot liquid metal that parts in an LBE-
cooled reactor will be subject to. LME occurs when a metal is in contact with a
liquid metal while simultaneously undergoing a tensile stress [11]. This would be a
constant concern for fuel cladding, as pressure from fission gases could build up inside
the cladding at tens to hundreds of MPa. Plenum pressures in fuel pins in EBR-II
were measured at up to 15 MPa, and a commercial-size reactor would experience an
even higher burnup [102]. Liquid metals, such as LBE, can diffuse quickly along grain
boundaries or preferentially dissolve them, causing rapid and severe embrittlement
of the material. This has been shown to occur in alloy F91 by Long and Dai [103].
Again, LME requires the maintenance of a tensile stress to propagate, like SCC. A
material that cannot support enough tensile stress to propagate LME would be more

resistant to this failure mechanism.

Corrosion Fatigue Cracking (CFC) - This mechanism is similar to that of
SCC, but it involves a cyclic stress instead of a static one. CFC can cause very
rapid part failure in the event of a high cyclic stress frequency as a stress that cannot
initiate SCC superimposed with a cyclic stress can propagate a crack. This can occur
as a result of vibrations or resonances in the reactor design. If this superposition of
stresses occurs, it can exceed the propagation stress for CFC, especially with a pre-
existing flaw acting as a stress concentrator. These flaws could exist due to defects
from processing, scratches or abrasions incurred during plant operation, or, in the

case of the fuel cladding, from void creation and radiation swelling.

The main difference between CFC and SCC is the presence of corrosion products
in the crack. CFC is more likely to occur in systems such as liquid LBE, as LBE
ingress into the crack can cause dissolution, with the fastest mass flux at the crack
tip. This is because the tip of the crack would be the most depleted in oxygen,

resulting in the lowest stability (or lack of stability) of a passive oxide layer. As a
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result, the fractures tend to be transgranular, while those of SCC are intergranular
[11]. Cyclic stresses could be present in LBE-cooled reactors due to pumping of the
coolant, where pressure variations can cause crack propagation. In addition, thermal

expansion stresses from startup and shutdown can contribute to low-frequency CFC.

Dissolution / Flow Assisted Corrosion (FAC) / Mass Transport - For
materials that do not form a passive film, due to a lack of beneficial alloying elements
or absence of a reducing environment, the liquid metal is free to alloy with the material
and dissolve it. The thermodynamic basis for this was shown in the binary phase
diagrams in Figure 2-4. In static environments, liquid lead and bismuth can quickly
saturate with soluble alloying elements, especially if those elements have particularly
low solubilities, such as iron and silicon. However, a reactor that uses lead or LBE
as a coolant would have large mass flows and temperature gradients, paving the way

for accelerated dissolution and mass transport.

Materials that form an unstable film that can be easily dissolved in flowing coolant,
such as wiistite in LBE, are subject to accelerated corrosion rates by FAC. In this
scenario, the unstable film is simultaneously formed and dissolved into the flowing
coolant, exposing fresh metal for more film formation. This process can lead to higher

corrosion rates than those from dissolution alone.

As can be seen on the binary phase diagrams and the solubility curves in Figure
2-7, the solubilities of alloying elements in liquid lead, bismuth and LBE are strongly
dependent on temperature. The difference in temperature between the hot leg and
the cold leg of a reactor becomes the driving force in a mass transport loop, as the
material dissolves more easily in the hot leg. Upon entering the cold