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Abstract

The Fluoride Salt-Cooled High-Temperature Reactor (FHR) is a pebble bed nuclear reactor
concept fueled by tristructural isotropic (TRISO) fuel particles embedded in graphite spheres and
cooled by a liquid fluoride salt known as “flibe” ("LiF-BeF,). A system of models was developed
which enabled analyses of the performance of a prototypical pebble bed FHR (PB-FHR) with respect
to tritium production and transport, corrosion, TRISO fuel performance, and materials stability
during both normal and beyond design-basis accident (BDBA) conditions.

A model of TRITium Diffusion EvolutioN and Transport (TRIDENT) was developed and
benchmarked with experimental data. TRIDENT integrates the effects of the chemical redox
potential, tritiurn mass transfer, trittum diffusion through pipe walls, and selective Cr attack by
tritium fluoride. Systems for capturing tritium from the coolant were proposed and simulated with
TRIDENT. A large nickel permeation window reduced the tritium release rate from 2410 to 800
CVEFPD. A large gas stripping system reduced tritium release rates from 2410 to 439 C/EFPD. A
packed bed of graphite located between the reactor core and the heat exchanger reduced peak tritium
release rates from 2410 to 7.5 CYEFPD. Increasing the Li-7 enrichment in flibe from 99.995 to
99.999 wt% reduced both the tritium production rate and the necessary sizes of tritium capture
systems by a factor of 4.

An existing TRISO fuel performance model called TIMCOAT was modified for use with PB-
FHRs. Low failure rates are predicted for modern uranium oxycarbide (UCO) TRISO fuels in a PB-
FHR environment. Post-irradiation examinations of surrogate TRISO particles determined that the
outer pyrolytic carbon layer is susceptible to cracking if flibe were to freeze around the particles.

Chemical thermodynamics calculations demonstrated that common constituents of concrete will
not be stable in the event they contact liquid flibe. The chemical stability of fission products in
reference to the coolant redox potential was determined in the event the TRISO UCO kernel is
exposed to flibe during a BDBA. Noble gases (Kr and Xe) will escape the coolant. Cesium,
strontium, and iodine are retained in the salt. All other important radionuclides are retained in the
kernel or within the coolant system.

Thesis Supervisor: Ronald G. Ballinger
Title: Professor of Nuclear Science and Engineering, and Materials Science and Engineering
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1 Introduction

Forsberg, et. al. have proposed a new type of reactor: one which combines the graphite-matrix,
coated-particle fuel developed for gas-cooled reactors with the fluoride salt coolant used in the
Molten Salt Reactor Experiment [1]. Originally called the Advanced High-Temperature Reactor
(AHTR), this concept is now known as the fluoride salt-cooled high-temperature reactor (FHR).
Interest from the U.S. Department of Energy (DOE) has enabled both universities and national
laboratories to engage in research and development related to the FHR [2,3]. While the FHR has
numerous potential capabilities, configurations, and applications, in order to commercialize it, FHR
proponents must make a compelling economic and technical case if it is to become a viable candidate
for next-generation power systems. The current commercial case for the FHR is that it enables a
nuclear and renewable electric grid and increases revenue by 50% or more compared to base-loaded,
light water reactor (LWR) nuclear plants [3,4].

The FHR possesses a number of appealing characteristics including coolant outlet temperatures
of at least 700 °C and a number of inherent and engineered passive safety features. Major inherent
safety features are due to the design of the coated particle fuel, which is stable to greater than 1600
°C, and the high boiling point of the coolant, which exceeds 1400 °C. These properties would enable
the FHR to operate at atmospheric pressure with hundreds of degrees of margin to fuel damage and
coolant boiling [5]. Major engineered passive safety features include the use of a pool-type vessel
and a natural circulation decay heat removal system passively activated by a fluidic diode. By virtue
of its high outlet temperature, the FHR can couple to an open-air Brayton combined-cycle, provide
high quality steam, and enable efficient hydrogen production.

1.1 Thesis Motivation

No FHR has ever been built, and uncertainties will need to be addressed before either a test or
commercial reactor can be built. The Molten Salt Reactor Experiment (MSRE) operated at Oak
Ridge National Laboratory (ORNL) in the 1960s using uranium fuel dissolved in the LiF-BeF,
coolant [6]. The issue of tritium production in this coolant was only realized at the end of the MSRE
program. Tritium production rates, tritium release rates, and trittum distribution throughout an FHR
are currently unknown. Corrosion rates are uncertain because they are sensitive to the presence of
impurities within the coolant [7]. The accident response of FHRs is unclear. One reason for this
uncertainty is that the FHR is the first reactor to use a TRISO coated particle fuel with a fluoride salt
coolant. Another uncertainty is the response of concrete and pipe insulation in the event of a coolant
leak. Finally, TRISO fuels have been used in gas-cooled reactors, but the FHR temperature range,
power density, and fuel pebble characteristics are different from the existing experience base. Thus
fuel performance in an FHR is also of interest.
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In order to address these uncertainties, a model integrating tritium transport, coolant chemistry,
and corrosion was developed and benchmarked. An existing TRISO fuel performance model was
adapted for use with the FHR in order to simulate TRISO fuel behavior and predict failure rates.
During a beyond design basis accident (BDBA), fuel may be damaged and coolant leaks may occur.
The chemical stability of fission products in the TRISO fuel/flibe system was analyzed. A chemical
thermodynamic analysis was performed in order to determine the chemical stability of common
concrete and insulation constituents in the event they are exposed to flibe. Under normal
circumstances, TRISO particles should never come into contact with salt because they are embedded
in fuel pebbles. If severe fuel damage were to occur during a BDBA, salt-TRISO contact might
occur. Post-irradiation examination (PIE) was performed for TRISO particles after irradiation in
flibe in order to characterize their behavior. The results of this work help build a technical basis for
constructing and operating an FHR.

This chapter will provide important background for FHR technology. Section 1.2 will introduce
the FHR and its major systems. Section 1.3 will introduce the baseline fuel form selected for the
FHR. A brief history of molten salt reactors is given in Section 1.4 in order to describe the various
factors which shaped the early molten-salt reactor concepts and continue to influence modern FHR
design. Section 1.5 will enumerate the desirable properties of a fluoride salt coolant.

1.2 FHR Systems-Level Overview

This thesis addresses FHR fuel, coolant chemistry, tritium transport, and materials compatibility
issues. These topics span many of the FHR systems, and different options may exist within each
system. For example, there are several fuel options: pebble fuel, pin-type fuel, prismatic block fuel,
etc. In this section (Section 1.2), the baseline options selected for the commercial FHR design will
be discussed. The option space for fuels, coolants, and materials selection will be discussed in later
sections.

1.2.1 Reactor Core

In September 2014, UC-Berkeley reported on their initial commercial FHR design, the Mark 1
Pebble-Bed FHR, known as the Mkl PB-FHR [8]. There are a number of potential core
configurations and fuel types that might be compatible with an FHR, but the Mk1 PB-FHR utilizes a
pebble bed core with online refueling. The fuel pebbles consist of sub-millimeter-scale tristructural-
isotropic (TRISO) coated particle fuel embedded in the graphite matrix of the pebble. In this
application, the baseline fuel pebble is 3 cm in diameter. The Mkl PB-FHR design specifies low-
enriched uranium at 19.90 wt. % U-235. A more detailed introduction to TRISO fuel is provided in
Section 1.3. As depicted in Figure 1.1, the reactor core is an annular core featuring a fixed, graphite
central reflector and a fixed, outer graphite reflector. Since fuel pebbles are buoyant in the coolant,
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the pebbles are inserted at the bottom of the core and removed from the top of the core. A group of
un-fueled graphite “blanket” pebbles are located between the fuel pebbles and the outer graphite
reflector in order to reduce neutron dose to the reflector graphite, metal downcomer, and metal
reactor vessel.

«— 350m —>|

Defueling wells (2)

Hot leg nozzle (1)

Vessel outer lid

Vessel inner lid

Support skirt

DHX wells (3)
Shutdown blades (8)
Control rods (8)

Outer radial reflector
Center radial reflector
Graphite blanket pebbles
Fuel pebbles
Downcomer

Lower reflector support

Figure 1.1: Mk1 PB-FHR reactor vessel. From [8].

1.2.2 Power Cycle

As depicted in Figure 1.2, the Mk1 PB-FHR will operate with a nuclear air-Brayton combined
cycle (NACC). This power cycle couples the nuclear reactor to a gas-turbine and a heat recovery
steam generator. The reactor heats a fluoride salt coolant from an inlet temperature of 600 °C to an
outlet temperature of 700 °C. Ambient air is drawn through a filter and into the compressor side of
the gas turbine. The compression step alone raises the air temperature to greater than 400 °C [8].
This is one reason why only high-temperature reactors can effectively couple to Brayton power
cycles: the nuclear heat added to the working fluid in the Brayton cycle must be at a temperature
greater than that of the fluid at the compressor outlet. Two coiled-tube air heaters (CTAH) transfer
heat from the reactor coolant to the air. The heated air turns the turbines to produce electricity. The
air exiting the turbine can then proceed to a steam Rankine cycle in order to produce additional
electricity and increase overall plant efficiency.

One unique feature of the FHR is the ability to inject natural gas to the air stream just prior to
the low pressure stage of the turbine. This further increases electricity output which can be used to
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provide peak-power during times of high grid demand, or for purposes of stabilizing the electrical
grid [3]. Ongoing studies have shown that, utilizing natural gas co-firing, the FHR can boost its
revenue by greater than 40 % over simple baseload operations [9]. A commercial FHR may have
three or more operating modes in which it provides steam, dry air, electricity, or some combination
of the three depending on which product can be sold for the greatest profit at any given point in time
[4,9,10].
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Figure 1.2: FHR systems and flow schematic. From [8].

1.2.3 Core Cooling Systems

All reactors must effectively remove decay heat upon shut down. If decay heat is not removed,
temperatures in the system will rise and may damage reactor structures and/or the fuel. If fuel failure
occurs, radionuclides may be released. As shown in Eq (1.1), the total reactor fission product decay
power (P) can be related to the reactor operating thermal power (P,) prior to shutdown, the time after
shutdown (t; in units of seconds), and the time of reactor operation (t, in units of seconds) [11]. If
the time after shutdown is much smaller than the operating time (t, << 1,), then Eq (1.1) can be
simplified to Eq (1.2). Using Eq (1.2), Figure 1.3 shows the percentage of reactor decay power (100
x P/P,) as a function of time after shutdown. After 1 second, decay power has dropped to about
6.5%, and after 1 day, decay power has dropped to about 0.7%. While 0.7% may seem small, it
represents 1.4 MWt for a reactor which was initially operating at 200 MWt.

P =0.066xP, x|t —(t, +7,) "] {119
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Figure 1.3: Percentage decay power versus time after shutdown. Calculated with Eq (1.2).

As depicted in Figure 1.2, when the coolant pumps are running, salt flows from the bottom of
the reactor to the top. During normal shutdowns, one or both main coolant pumps will operate at
reduced speed, and air will circulate through one or both CTAHs in such a fashion as to maintain
cold leg temperatures at 600 °C [8]. The FHR will use several passive, engineered systems for
rejecting heat during both design basis accidents, and beyond-design-basis accidents. Additionally,
the FHR takes advantage of inherent properties of the fuel, coolant, and construction materials in
order to ensure adequate margins to fuel failure temperatures.

If forced convection is lost, the direct reactor auxiliary coolant system (DRACS) activates
automatically and operates passively via natural circulation in order to remove decay heat [8]. This
is made possible by use of a fluidic diode which has no moving parts and which has high resistance
to liquid flow in the upward direction with low resistance to fluid flow in the downward direction.
During a loss of forced circulation (LOFC), i.e. the primary pumps fail or are shut down, hot lower-
density coolant leaves the top of the reactor core, flows down through DRACS, is cooled in the
DRACS heat exchanger (DHX), and circulates back to the bottom of the reactor core. As the
DRACS fluid is heated by reactor coolant in the DHX, it becomes less dense and flows upward to the
thermosiphon-cooled heat exchangers (TCHX). Water in the TCHX loop flows to an air-cooled heat
exchanger where heat is rejected via a combination condenser/chimney. This system is able to
provide passive long-term cooling of the reactor core.
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In a beyond-design-basis-accident (BDBA) where all coolant heat rejection has been lost (i.e.
neither the coolant pumps nor the DRACS are working) the FHR uses a BDBA decay heat removal
system which transfers heat from the reactor core into the silo housing the core where heat can then
escape to the environment [12]. The BDBA system is activated only at the higher temperatures
characteristic of a BDBA. A frozen BDBA salt is incorporated between the reactor vessel and the
silo surrounding the reactor vessel. In the event of a BDBA, the increase in vessel temperature melts
the frozen salt and thermally couples the reactor vessel to the silo wall. Heat can be transferred to the
environment via conduction and radiation to the ground. This is possible due to the large
temperature difference between the reactor coolant (> 700 °C) and the environment (~20 °C).
Additionally, any salt that contacts colder parts of the system may freeze due to its high freezing
point of ~350 °C. By allowing the BDBA salt to freeze, it will plug any cracks or holes that may
have developed in the silo wall during the accident.

1.3 FHR Fuel

FHR fuel will be the tristructural-isotropic (TRISO) coated particle fuel originally developed for
high-temperature gas-cooled reactors (HTGRs) [5]. This fuel has been proven to retain fission
products at temperatures in excess of 1600 °C [13]. Additionally, TRISO fuels have a high degree of
proliferation resistance. Due to the high volume fraction of refractory materials (silicon carbide and
graphite) used in TRISO fuel construction, it is very difficult to separate fissile material from the fuel
[14].

1.3.1 TRISO Coated Particle Fuel

Coated particle fuel has been under development since the 1960s in countries including the
United States, Germany, Japan, the United Kingdom, China, and South Africa [13]. In the earlier
stages of development, both bistructural isotropic (BISO) and TRISO constructions were being
evaluated, but the two-layer BISO designs have ultimately been abandoned in favor of the three-layer
TRISO designs which demonstrate better fission product retention [13,14]. As depicted in Figure
1.4, TRISO fuel consists of multiple layers: the outer pyrolytic carbon layer (OPyC), the silicon
carbide layer (SiC), the inner pyrolytic carbon layer (IPyC), the graphite buffer layer, and the central
fuel kernel. Each layer serves a specific purpose, and depending on the design (fuel enrichment,
kernel stoichiometry, etc.), the dimensions of these layers may vary.

In the center of a TRISO particle is the fuel kernel. Historically, kernels have been made of UO,
(uranium-dioxide), UCO (uranium oxycarbide), a mixed-oxide of fissile/fertile U/ThO,, or a carbide-
oxide mixture of UCO/ThO, [13]. The FHR will use the UCO fuel being qualified in the AGR
program [8]. It has been shown that UCO fuel reduces the oxygen chemical potential in the kernel
and prevents kernel thermal migration (the “amoeba effect”) [15]. A typical UCO kernel has a
density greater than 10.4 g/cm’. The buffer is a porous graphite layer which surrounds the fuel
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kernel. The buffer is intended to contain fission recoils, allow for the volumetric swelling of the
kernel, and provide porosity which can contain fission gases. Typically, the buffer density is about
1.10 g/em’. The IPyC layer is a dense (1.90 g/cm®) pyrolytic carbon layer which protects the kernel
from reactive chemicals used during the chemical vapor deposition (CVD) of the SiC layer. The SiC
layer is the primary structural layer in the TRISO particle. It acts as a pressure vessel, providing
hermeticity and serving as the primary barrier to fission product migration. The OPyC layer is
another dense pyrolytic carbon layer which protects the underlying layers during fuel compacting.

Table 1.1 lists TRISO fuel dimensions for two types of TRISO particles. The EU 2309 TRISO
particle was fabricated between 1981 and 1990 in Germany, and the AGR-1 particle was irradiated
from late 2006 through late 2009 in the first of eight irradiations as part of the advanced gas reactor
(AGR) fuel development and qualification program at the Idaho National Laboratory (INL).

1PyC

Buffer

UCoO or UOZ
Kernel

Figure 1.4: Generalized TRISO fuel schematic.

Table 1.1: Selected TRISO particle dimensions.

EUO 2309 from ref [13] | AGR-1 Baseline from ref [16]

Kernel Type U0, UCy50; 5

Kernel Diameter (pm) 497 350

Buffer Thickness (nm) 93 104

[PyC Thickness (nm) 37 39

SiC Thickness (pum) 51 36

OPyC Thickness (um) 38 41

Particle Overall Diameter (um) 922 800
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1.3.2 TRISO Manufacturing

A brief overview of TRISO production will be given below. A detailed review of TRISO fuel
fabrication is available from both Sawa and Wang [17,18]. TRISO fuel manufacture begins with the
fabrication of the kernel using either external or internal gelation sol-gel techniques. In external
gelation, U;Og powder is processed with aqueous nitric acid (HNOj3) in order to yield an aqueous
solution of UO,(NOs),. After adding polyvinyl-alcohol or tetra-hydro-furfuryl alcohol, this nitric
acid solution is then treated with ammonium hydroxide (NH4OH) in order to form drops of a gel-like
precipitate called ammonium di-uranate (ADU) which has a generalized stoichiometry of
(NH4),U,O. In progressively higher temperature processes, the particles are then aged, washed,
dried (200 °C), and calcined (800 °C) [17,19,20]. In order to produce UO, kernels, ADU particles
are sintered in hydrogen gas (1600 °C) after calcining. In order to produce UCO kernels, carbon is
added to the nitric acid solution prior to particle gelation, and the sintering process is carried out
under COy, in order to achieve the desired C/O stoichiometry [17].

Once the kernel has been fabricated, the buffer, IPyC, SiC, and OPyC layers can be
progressively deposited on the surface of the kernel using a fluidized-bed chemical vapor deposition
process [17,20]. The coating processes are summarized below in Figure 1.5. The porous carbon
buffer layer is deposited from the decomposition of ethene. The high-density pyrocarbon IPyC layer
1s deposited from a mixture of ethene and propene. The SiC layer is deposited from the
decomposition of methyl-trichloro-silane (MTS), CH;SiCl;. The OPyC layer is deposited in the
same fashion as the IPyC layer. By varying the temperatures, reactant gas flow rates, and reactant
gas compositions, the physical properties of the coating can be altered.

Once the coating has been completed, thousands of TRISO particles are then incorporated into a
larger graphite matrix. Two comimon graphiie mairix geomeiries are spheres (for pebble bed
reactors) or right-circular cylinders (for prismatic block reactors). (See Section 1.3.3 for a discussion
of possible fuel forms for TRISO particles). A powder of matrix graphite is prepared by blending a
binder with graphite powder. The TRISO particles are then overcoated with this mixture. The
matrix-overcoated particles are then pressed into spheres or cylindrical compacts by pressing in a die
at elevated temperature. In order to minimize the chance of damaging the TRISO particles during the
pressing/compacting step, the particle packing fraction in the matrix graphite, the temperature, and
the applied force must be carefully controlled. The newly-formed spheres or compacts are then
carbonized at 800 °C in a nitrogen atmosphere in order to remove volatile impurities from the binder
[17,20]. After carbonization, the sphere or cylinder is sintered at 1800 °C in a vacuum.

With the implementation of the AGR TRISO fuel development and qualification program at
INL, pilot-scale production facilities have been constructed at Babcock & Wilcox, and production-
scale facilities have been constructed at General Atomics [20].
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Figure 1.5: TRISO coating deposition processes. From [20].

1.3.3 Fuel Geometry

There are several possible fuel geometries for arranging TRISO particles in a reactor. One
option, as mentioned above, is to embed TRISO particles in a spherical graphite matrix in order to
make a fuel pebble such as that in Figure 1.6. Typical gas-cooled pebble-bed reactor designs utilize a
pebble that is 6 cm in diameter [21]. In comparison, the baseline geometry for the Mk1-PB-FHR is a
fuel pebble of 3 cm diameter with a central graphite annulus as depicted in Figure 1.7. This annular
fuel reduces peak fuel temperatures for a given power density. A major advantage to the use of
pebble fuel is the ability to refuel the reactor online.

Compacts are another common fuel form for TRISO-based fuels. Compacts consist of a right
circular-cylindrical graphite matrix into which TRISO particles are embedded. A typical compact is
about 2.5 cm long and 1.25 cm in diameter [13]. There are two options for fuel compact
arrangements. Compacts can be loaded into a long stack with a central spine (as in the original
American Peach Bottom reactor application) or they can be loaded into fuel holes in a prismatic
block of graphite (as in the Japanese HTTR reactor) [14]. Figure 1.8 shows the relative size of
TRISO particles, compacts, and a graphite prismatic block fuel element. Since fuel compacts are
generally smaller than fuel pebbles, many TRISO fuel irradiations use fuel compacts.

A third type of TRISO fuel geometry is the plate-type fuel element which has been proposed by
Oak Ridge National Laboratory (ORNL) for use in FHRs [22]. Figure 1.9 shows one possible
configuration of a plate-type fuel element. TRISO particles are housed in a plate-shaped graphite
matrix. Several of these plates are aligned parallel to one another and at an angle to other sets of
plates in the same hexagonal-shaped elements. Plate-type fuel has never been constructed or
demonstrated.
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Figure 1.7: Schematic of annular fuel pebble for Mk1-PB-FHR.
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Figure 1.8: Fuel compacts are composed of TRISO particles. Compacts may be used in graphite
prismatic-type fuel elements. From [13].
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Figure 1.9: Plate-type fuel element proposed by ORNL for use with FHRs. From [22].

1.4 A Brief History of Molten Salt Reactors

The original molten salt reactor (MSR) was a reactor in which the fuel was dissolved in the
coolant and circulated throughout the reactor primary circuit. With the advent of the FHR, came the
need to distinguish a reactor with solid fuel and a molten salt coolant (such as the FHR) from a
reactor with fuel dissolved in the molten salt coolant (an MSR). More recently the term “molten salt
reactor” has been used to refer to a reactor in which the fuel is dissolved in a molten salt. The term

“molten salt-cooled reactor” is used to refer to a reactor with solid fuel which is cooled by a molten
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salt. To date, most of the experience with molten salts in nuclear reactors is derived from the Molten
Salt Reactor Experiment (MSRE) at Oak Ridge National Laboratory in the 1960s. This work is well
documented (in the ORNL-XXX and ORNL-TM-XXX series of reports) and is an important
resource for FHR development [23,24].

1.4.1 The Aircraft Nuclear Propulsion Project and the Birth of the Molten Salt
Reactor

World War II saw nuclear power demonstrated in its most fearsome application, the atomic
bomb. Immediately after the war, the U.S. military explored additional uses for nuclear power and
civilian uses for nuclear power were in their nascent stages. In an age before nuclear-powered
submarines and intercontinental ballistic missiles (ICBMs), the U.S. Air Force sought long-range,
supersonic and/or high-subsonic bombers. In 1946, the U.S. Army Air Force (the predecessor to the
U.S. Air Force) initiated a series of feasibility studies in the Nuclear Energy for Propulsion of
Aircraft (NEPA) program [25,26]. Initial aircraft reactor designs focused on the use of solid fuel and
directly or indirectly heating air for use in a jet turbine [25]. In late 1949, about one year before the
NEPA phase of the nuclear aircraft project ended, Oak Ridge National Laboratory (ORNL) was
directed by the U.S. Atomic Energy Commission (AEC) to develop the indirect air heating cycle in
the new Aircraft Nuclear Propulsion (ANP) project [25,26]. NEPA officially ended in January of
1951 and the focus was placed on hardware development through the ANP. In the spring of 1951,
General Electric (GE) replaced the Fairchild Engine and Airplane Corporation in the development of
the direct-air heating cycle option for the ANP. Thus, both the direct and indirect heating of air were
studied in parallel.

In order to power an aircraft, air drawn in through a compressor would be heated either by
passing directly through the reactor core or via a heat exchanger in which liquid sodium transferred
nuclear heat to the air. Once heated, the air would pass through the turbine and produce thrust.
Three direct-air systems called the Heat Transfer Reactor Experiment (HTRE) were constructed by
GE and tested in Idaho. Figure 1.10 shows a schematic for the HTRE-1 GE direct-air heating cycle
which operated a J-47 turbojet at powers up to 18.5 MWt for greater than 100 hours and U-Cr-UO,
fuel temperatures up to 1010 °C [27]. Notice that the HTRE-1 incorporates a fuel burner section
capable of burning jet fuel with or without the addition of nuclear heat. This same feature appears in
the FHR power cycle in Figure 1.2.
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Figure 1.10: Schematic for aircraft nuclear propulsion system HTRE-1. From [27].

The branch of the ANP project at ORNL was referred to internally as the Aircraft Reactor
Experiment (ARE), and the initial ARE design differed substantially from the design which was
ultimately constructed and operated [28]. At the outset of the ARE, ORNL pursued a thermal
spectrum reactor using solid fuel and a liquid sodium coolant. The fuel was to be UQ; in a stainless
steel cladding, and hexagonal blocks of BeO (see Figure 1.11) were to function as the moderator.
The design was changed after calculations showed that a significant xenon instability due to fission
product Xe-135 (a potent neutron poison) could exist at the ARE temperature and power levels, thus
causing a positive temperature coefficient of reactivity [25,28].

In order to circumvent this problem, the ARE switched to the use of a liquid fuel. The initial
concept called for replacing the solid fuel in the BeO moderator with a stagnant molten fluoride salt
containing dissolved uranium [28]. The logic behind this is that a rise in temperature would decrease
the density of the fuel-salt, causing volumetric expansion which would force some of the salt out of
the moderator region, thus reducing reactor power with an increase in temperature. The design was
changed yet again when it was determined that the radial temperature profile in the stagnant, fuel-salt
was so high that the margin to the salt boiling point was not sufficient. In order to maintain suitable
fuel-salt temperatures while achieving the desired power output, a design which used a circulating
fuel-salt and a fixed, solid moderator was adopted [28]. The molten salt reactor (MSR) was born!
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Figure 1.11: BeO moderator blocks with coolant and fuel channels. From [28].

A schematic drawing of the 3 MW molten-salt-fueled ARE that was constructed at ORNL is
shown in Figure 1.12. The ARE first went critical on November 3 and was shut down for the last
time on November 12, 1954 [29]. The fuel-salt in the ARE was comprised of NaF-ZrF,-UF, in 53,
41, and 6 mole percent, respectively. Due in part to the desire to use the BeO moderator blocks
ordered before the design had been completed, the ARE utilized several cooling loops. The fuel-salt
was cooled by transferring heat to helium in an intermediate heat exchanger. This helium was then
cooled by water. The BeO reflector was cooled by liquid sodium which rejected heat first to a
helium loop and then to a water circuit. The final experiment conducted with the ARE was the
measurement of xenon in the salt after a 25 hour run at full power which indicated that fission
product xenon was not appreciably retained by the salt [29].

Designs for a flyable reactor which could couple to jet turbines proceeded in parallel with the
design and construction of the ARE reactor [30]. After the completion of the ARE, focus shifted
toward constructing a new, larger (60 MW) reactor that would determine the feasibility and
challenges of a circulating-fuel aircraft reactor system [31]. This new phase of the project at ORNL
was called the Aircraft Reactor Test (ART). The ART core design is depicted in Figure 1.13 where
the NaF-ZrF;-UF, fuel circulates through the core annulus/reflectors and transfers heat to a sodium-
potassium (NaK) salt via a heat exchanger integral with the reactor vessel. In the concept pictured in
Figure 1.14, the NaK heated by the circulating fuel transfers heat to air after the air passes through
the compressor stage of a turbojet engine [30].

36



Sodium
circulated at 150 gpm

Water

Reflector coolant

Fluoride
circulated at 46 gpm

—

Helium

=

i

Water

|

=
1580°F

Figure 1.12: Schematic of ARE molten-salt reactor operated at ORNL in 1954. From [28].
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1.4.2 The Molten Salt Reactor Experiment (MSRE)

During the ANP project, the potential of molten salt reactors to produce power in civilian
applications was recognized. In 1956, H.G. MacPherson’s group studied both burner (conversion
ratio < 1) and breeder (conversion ratio > 1) molten salt reactors because of their promising resource
utilization and potentially low electricity costs [32]. A molten salt reactor would be capable of online
refueling and continuous processing of fission products and/or bred fuel. Two graphite moderated
concepts were identified. In one concept, the fluoride salt contained a mixture of uranium-233 and
thorium. The second concept utilized a two-fluid system in which a graphite barrier physically
separated the uranium-bearing fuel salt from a fertile blanket comprised of a thorium-bearing fertile
salt [25,32]. In 1959, the U.S. AEC compared several of the liquid fuel reactors and concluded that
the molten salt reactor had the greatest chance of success [25]. ORNL proposed that a molten salt
reactor be constructed in order to study the features that such a reactor must have in order to produce
commercial power. In 1960, following approval by the AEC, the Molten Salt Reactor Experiment
(MSRE) at ORNL began design of a single-fluid molten salt reactor. The single-fluid design was
selected for construction in order to simplify the design and produce conditions similar to those
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expected in the fuel-salt of a two-fluid molten salt breeder reactor [32]. MSRE construction began in
1962, and first criticality was achieved in 1965. From June 1965 through March 1968, the MSRE
operated on U-235. After this period of operation, the U-235 was removed from the salt via
fluorination and volatilization of the UFs produced from the fluorination. In October 1968, the
MSRE went critical on U-233 produced from thorium in a production reactor, making it the first
reactor to use U-233 as a fuel [6,25]. The MSRE was shut down for the last time in December, 1969.

Figure 1.15 shows the MSRE and much of its piping and pumps installed in a pit originally built
to house the ARE and ART reactors at ORNL [6,24]. The MSRE was a graphite moderated, molten
salt reactor with a design power of 10 MW. The fuel salt was chosen for its good fluid properties,
high actinide solubility, chemical compatibility, and low neutron absorption [24]. For operation with
33% enriched U-235, the fuel-salt composition was initially "LiF-BeF,-ZrF,;-UF, (65.0-29.1-5.0-0.9
mole %) [6,24]. Figure 1.16 shows the generalized MSRE facility layout. The fuel-salt flowed
through the critical geometry of the MSRE core, allowing fission to occur. Figure 1.17 shows the
MSRE core and reactor vessel and Figure 1.18 shows the geometry of the MSRE moderator graphite
with its integrated fuel channels. After exiting the core, the fuel-salt flowed up to the heat exchanger
and fuel pump. One novel feature of MSRs is that at least some fraction of the delayed neutrons
(which are an essential part of controlling the nuclear chain reaction) are born outside of the core. By
changing the fuel-salt flow rate, the fraction of delayed neutrons born in the core could be altered. In
the heat exchanger, the fuel-salt transferred heat to a clean coolant-salt comprised only of "LiF-BeF,
(66.7-33.3 mole %). This coolant-salt then transferred heat to air-cooled radiators for ultimate heat
rejection.

The development of several specialized materials and components were critical in the design of
the MSRE. First, the moderator graphite was low-permeability grade CGB graphite produced by
Union Carbide. Since the moderator graphite was unclad and in direct contact with the fuel-salt, low
permeability was a requirement in order to prevent fuel-salt, soluble fission products, and fission
product gases from penetrating the graphite and affecting core reactivity [33]. It was reported that
CGB graphite was produced from petroleum coke bonded with coal-tar pitch which underwent a
series of impregnations and heat treatments at temperatures of 2800 °C minimum [34]. The average
density of CGB graphite was 1.86 g/cm’, accessible porosity was 9.6% and 96% of the accessible
porosity had pore entrance diameters smaller than 0.2 pm. With these properties, it was determined
that a pressure of 4.1 MPa (600 psi) would be required in order to force the coolant salt (which does
not wet the graphite under normal circumstances) into 0.5% of the graphite bulk volume [34].

Next, the core vessel and all of the piping was fabricated from Hastelloy-N (originally called
INOR-8, sometimes called Alloy-N). Hastelloy-N is a nickel-base alloy with a basic composition of
72 wt % Ni, 16 wt % Mo, 7 wt % Cr, and 5 wt % Fe. Coolant chemistry, materials compatibility,
and corrosion will be discussed in greater detail Chapter 3, but for the purposes of introduction, it can
be said that Hastelloy-N showed good corrosion resistance in molten salts with average corrosion
rates of less than 25.4 um (1 mil) per year [6,35]. Some embrittlement of Hastelloy-N was found to
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occur due to fission product tellurium. It was found that the addition of roughly 2 wt % niobium to
Hastelloy-N helped to prevent this embrittlement [36].

Figure 1.15: MSRE reactor vessel fuel pump and primary heat exchanger. ORNL Photo 67051-64
from [25]. For high-resolution image see [37].
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Figure 1.16: MSRE schematic. From [25].
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The fuel pump was another important development for the MSRE. Figure 1.19 shows the
centrifugal, sump-type fuel pump used in the MSRE. Not only did the pump have to reliably
circulate the fuel-salt without allowing salt to freeze in its many ports and orifices, it performed
several other important functions. Some of the fuel was sprayed into the gas space in the pump bowl
so that a helium sparge gas could remove fission product xenon and krypton into an off-gas system
[6]. This helium cover gas also helped to prevent air ingress. The chemical potential of the fuel-salt
was periodically adjusted via insertion of a Be metal rod in order to help control corrosion [6].
Samples of the salt could be removed via the sampler-enricher, and additional fuel in the form of a
eutectic compound of UF4-LiF could be added to the fuel salt through the sampler-enricher [6].

Other seemingly simple, yet crucial components to the successful operation of the MSRE were
valves and flanges. In order to connect piping in the primary system such that the pipes or
components could be replaced by remotely operated tools, freeze flanges were used. Freeze flanges
consisted of an O-ring joint and a frozen salt seal [24]. No mechanical valves were used in MSRE
salt piping. Instead freeze valves were used which were activated by heating or cooling the salt in
flattened sections of the piping in order to open or close the flow. One such freeze valve was located
between the primary system and the fuel-salt dump tanks as depicted in Figure 1.16.
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Figure 1.19: MSRE fuel pump. From [24].
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1.5 FHR Fluoride-Salt Coolant

The FHR will use a fluoride-salt primary coolant. Prolific research from the MSRE provides a
sound basis for selecting “flibe”, "LiF-BeF, (66.7-33.3 mole %), as the baseline coolant in the FHR.
Other fluoride salts may also be attractive for different reasons. This section will enumerate the key
criteria for selecting a fluoride salt for use in an FHR or MSR. The reasoning behind selecting flibe
will be discussed in light of its thermophysical properties and experimental experience. Alternative
candidate salt coolants will also be briefly discussed.

1.5.1 Criteria for selecting a salt coolant

In 1967, Grimes summarized much of the research and development on molten salt coolants and
fuel-salts since the early 1950s [39]. The following is a list of criteria for selecting a suitable molten
salt. Much of this list is derived from Grimes’ discussion. Certain criteria have been grouped
according to their applicability to FHRs or MSRs. The FHR uses solid fuel and a clean (un-fueled)
fluoride-salt coolant. MSRs (such as the MSRE), on the other hand, utilize a fuel-salt where the
primary coolant is a liquid salt in which the fuel is dissolved.

General criteria applicable to both FHRs and MSRs:

e Salt constituents must have low neutron capture cross sections in the neutron energy
spectrum of the reactor.

e Salt must have low vapor pressure.

e Salt must possess suitable heat transfer and fluid properties appropriate for a reactor
coolant.

e The ideal salt would have a low melting point and a high boiling point in order to enable
high core outlet temperatures while allowing operation at atmospheric pressure.

e Salt must be chemically compatible with other system materials used in the piping,
moderator, etc.

e The ideal salt should not react violently with air or water.

e Salt must be chemically stable (resistant to radiolysis) in a neutron field.

e The ideal salt should not be expensive or difficult to obtain.

Criteria applicable to MSRs only:

e Salt must have good solubility for fissionable material.

e Salt must be able to accommodate fission products without appreciable degradation of
other properties.

e The ability to apply certain chemical processes to the fuel-salt may also apply. For
example if the reactor is to be a molten-salt breeder reactor (MSBR), the ability to
recover fissile isotopes from the salt may be a requirement.
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1.5.2 Flibe as the FHR baseline coolant

Recall from Section 1.4.2 that the fuel-salt from the MSRE was 'LiF-BeF,-ZrF,-UF, (65.0-29.1-
5.0-0.9 mole %). The MSRE used this particular fuel-salt composition because it fulfilled most of
the criteria listed in Section 1.5.1. Because the fuel, UF,, melts at 1035 °C, diluent salts are required
in order to attain a salt with a suitably low melting point (< 500 °C). In order to help determine
suitable diluent salts, Grimes compiled a list (annotated by Williams, and reproduced in Table 1.2) of
elements that might be suitable for use as a fuel salt. In Table 1.2, all salts listed as “OK” in bold-
type form fluoride salts and are ranked according to their thermal neutron capture cross sections. A
salt comprised of LiF and BeF, makes the most neutronically favorable salt. LiF and BeF, are two of
the most chemically stable fluorides. As shown in Table 1.3, LiF-BeF, salts have favorable
thermophysical properties compared to other candidate salts. (Table 1.4 lists the compositions and
formula weights for the salts listed in Table 1.3.) Furthermore, this salt has a suitably low melting
point. Thus, it was determined that 'LiF and BeF, were the preferred diluent fluorides. The
LiF/BeF, portion of this fuel-salt acted as the solvent in which UF, was dissolved and comprised
roughly 94 mole % of the total fuel-salt composition. ZrF, acted as an oxygen getter. In the event
moisture or oxygen infiltrated the system, the ZrF, would react to form ZrO, before any UO, could
form. Although the solubility limit for UO, is 1000 ppm, the ZrF, getter would protect against UO,
precipitation and possible criticality accidents [6].

The secondary coolant for the MSRE was a clean (un-fueled) salt consisting of 0.667 mole
fraction 'LiF and 0.333 mole fraction BeF,. This specific mixture of LiF and BeF, is called “flibe”
and represents the baseline coolant choice for the FHR. There a several ways in which flibe having
this molar composition is represented in the literature. The first way is to write flibe as 0.667 LiF-

+ TAavilata 4l | o
0.333 BeF,. If the reader were to calculate the molar

mass from this representation, the correct value
of 32.96 g/mol would be obtained. The second common way to represent flibe with this molar
composition is to write 2LiF-BeF,. A third common representation is to write Li,BeF,. If the molar
mass of is calculated from the second and third representations, an incorrect value of 98.89 g/mol is
obtained. Thus, in this thesis, the term “flibe” is used to refer specifically to salt that is 0.667 mole
fraction in LiF and 0.333 mole in fraction BeF,. The shorthand notation of 2LiF-BeF, and Li,BeF,
will not be used here.

Flibe possesses a number of appealing characteristics. Besides being the most neutronically
favorable salt, flibe is chemically compatible with graphite and structural metals, is optically
transparent, has the best coolant properties of all candidate salts (see Table 1.3), and possesses a
relatively low melting point. Table 1.3 lists the boiling points for several salts for which boiling
points are available. Williams lists the boiling point for flibe at about 1400 °C based on
extrapolations from lower temperature data; however, Ingersoll et. al. list flibe’s boiling point at 1430
°C [40,41]. Despite the volume of research completed on molten salts, there are still significant

uncertainties in some measurements of thermophysical properties such as the thermal conductivity.
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In Figure 1.21, the phase diagram for LiF-BeF,; salts shows two eutectic points: one at 32.8 mole
% BeF; and Tper = 456 °C, and one at 51.7 mole % BeF; and Ty, = 363 °C [42]. Pure LiF, on the
other hand, has a melting point of 845 °C [43]. Thus, adding BeF; to LiF reduces the melting point
of the salt. However, one must be mindful of the BeF, fraction in the salt because increasing the
BeF, fraction increases the viscosity of LiF-BeF, melts [40,42]. This is due to the fact that BeF; is a
Lewis acid which readily accepts an electron pair from a Lewis base, such as F. When BeF, melts, it
retains some molecular order. Solid BeF, has a molecular structure like that of SiO, where Be?" ions
are surrounded by four F™ ions to form a tetrahedral structure which forms a larger 3D network.
Liquid BeF; is believed to have a similar polymeric structure [44]. LiF is a typical ionic salt which
melts into Li" and F* ions. Generally, alkali metal fluorides (such as LiF) readily give up their
fluoride (F") ions. F ions act as Lewis bases by donating an electron pair to a Lewis acid such as
BeF; [40]. As LiF is added to BeF,, the viscosity is reduced because the fluoride linkages between
neighboring Be?* ions are disrupted, as illustrated in Figure 1.20.
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Figure 1.20: Polymeric structure of BeF, melts. As LiF is added, F" linkages are disrupted. From
[44].

It is interesting to note that the thermodynamically optimized phase diagram of Benes and
Konings (Figure 1.21) differs slightly from the original phase diagram reported by ORNL in Figure
1.22. Both report a eutectic phase at about 52 mole % BeF, with a melting point of about 360 °C.
However, they report slightly different phase equilibria around the mole composition of flibe in the
FHR (66.7 LiF-33.3 BeF,). Figure 1.22 shows a peritectic point at 33.3 mole % BeF, and Ty = 458
C. At this peritectic point, Figure 1.22 shows that 66.7 LiF-33.3 BeF, melts incongruently to a liquid
mixture plus LiF. Figure 1.21, on the other hand, reports a eutectic point at 32.8 mole % BeF, where
67.2 LiF-32.8 BeF, will melt congruently into a homogenous liquid at 456 °C. Despite this apparent
discrepancy, it is generally held that flibe has a eutectic composition of 66.7 LiF-33.3 BeF, with a
melting point of 460 °C [40,45].

As with any technology, one must confront engineering trade-offs. The choice of a primary
coolant for the FHR is no different. The main disadvantage of flibe is that neutron transmutation in
flibe produces tritium (*H), a radioactive isotope of hydrogen. This tritium is a radiological concern
because tritium can readily diffuse through and escape from most metals at FHR temperatures.
Tritium is also a corrosion concern because the tritium generated is initially in the form of tritium
fluoride. Like hydrogen fluoride, tritium fluoride is a strong oxidant and represents the principle
corrosion concern in the FHR. The use of a salt enriched in "Li reduces parasitic neutron absorption
from °Li, but having to enrich the salt in "Li makes the salt more expensive. Another drawback to the
use of flibe is that beryllium poses health risks due to the toxicity of beryllium metal.
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Table 1.2 List of suitable salt constituent elements (bold) for use in a nuclear reactor. All suitable

salts in bold below make fluoride salts. From [40].

46

Neutron Capture Cross Section Reason for Exclusion from

Element or [sotope . .
(barns, at 0.025eV) Consideration

Nitrogen-15 0.000024 Stability and compatibility
Oxygen 0.0002 Stability and compatibility
Deuterium 0.00057 Stability and compatibility
Hydrogen 0.33
Carbon 0.0033 No thermo-stable liquids
Fluorine 0.009 OK - suitable salts exist
Beryllium 0.010 OK - suitable salts exist
Bismuth 0.032 Not compatible with alloys
Lithium-7 0.033 OK - suitable salts exist
Boron-11 0.05 OK - suitable salts exist
Magnesium 0.063 No low-melting salts exist
Silicon 0.13 Not compatible with alloys
Lead 0.17 Not compatible with alloys
Zirconium 0.18 OK - suitable salts exist
Phosphorus 0.21 Stability and compatibility
Aluminum 0.23 No low-melting nonvolatile salts
Rubidium 0.37 OK - suitable salts exist
Calcium 0.43 No low-melting salts exist
Sulfur 0.49 Stability and compatibility
Sodium 0.53 OK - suitable salts exist
Chlorine-37 0.56 Less attractive than F; requires 'Li
Tin 0.6 Not compatible with alloys
Cerium 0.7 No low-melting salts exist
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Figure 1.21: Calculated phase diagram for LiF-BeF,. From [42].
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Table 1.3: Summary of properties for flibe and other candidate salts at 700 °C. Modified from Williams, 2006.

*C
. o P . Neutron
Melting Boiling Vapor Pressure p Volumetric . . Thermal )
B . b . Viscosity .. Capture Moderating
Salt Point Point at 900 C Density Heat 3 Conductivity . e
3 ) (10” Pa-s) Relative to Ratio
O (°C) (Pa) (g/cm’) Capacity (W/m-K) .
3 Graphite
(J/em’-°C)
LiF-BeF2 460 1459 160 1.94 4.68 5.6 1.0 8 60
NaF-BeF2 340 ~1400 187 2.01 4.39 7 0.87 28 15
LiF-ZrF4 509 - 10265 3.09 3.76 >5.1 0.48 9 29
NaF-ZrF4 500 ~1350 667 3.14 3.68 5.1 0.49 24 10
KF-ZrF4 390 - -- 2.80 2.93 <5.1 0.45 67 3
RbF-ZrF4 410 ~1450 173 3.22 2.68 5.1 0.39 14 13
LiF-NaF-KF 454 1570 93 2.02 3.80 2.9 0.92 90 2
“Salt compositions listed below in Table 1.4
® The boiling point for some salts is not well known. The boiling point for flibe (LiF-BeF,) is 1430 °C according to Ingersoll, 2004.
“ A figure-of-merit for relating the effectiveness of moderation versus parasitic neutron capture. Higher values are better.
Table 1.4: Compositions for salts listed in Table 1.3. From Williams, 2006.
) Formula Weight
mole % LiF | mole % BeF, | mole % NaF | mole % ZrF; | mole % KF | mole % RbF (e/mol)
mol
LiF-BeF
o 67 33 . - - - 33.0
(“flibe™)
NaF-BeF, - 43 57 - - - 44.1
LiF-ZrF, 51 - - 49 - - 95.2
NaF-ZrF, - - 59.5 40.5 - - 92.7
KF-ZrF, - - - 42 58 - 103.9
RbF-ZrF, - - - 42 - 58 132.9
LiF-NaF-KF
e 46.5 - 1.5 . 42 , 413
(“flinak™)
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2 Tritium production, diffusion, and absorption

In order to develop a model of tritium transport in an FHR, tritium production rates, tritium
behavior in the salt, trittum behavior on graphite, and tritium diffusion in structural metals must be
considered. This chapter reviews, collects, processes, and selects data for use in the tritium transport
model developed in Chapter 5.

Tritium (H, also referred to as T) is a radioactive isotope of hydrogen. It can be produced due
to human activity and reactions of cosmic rays in the atmosphere and in the ocean [47]. It has been
estimated that between 4 and 8 megacuries of tritium are produced naturally per year on earth [47].
Chemically, tritium behaves like protium ('H) but the kinetics of T diffusion and certain chemical
reactions may be reduced compared to 'H due to the kinetic isotope effect which arises from T’s
higher molar mass (3.016 g/mol) [47]. Tritium decays with a half-life of 12.3 years to 3He via the
emission of a beta particle having an average energy of 5.69 keV and a maximum energy of 18.6 keV
[48]. The specific activity of tritium is 3.59x10"* Bg/g or 9703 Ci/g or 29263.8 Ci/mol T [49].

Any fluoride salt reactor coolant will generate tritium due to neutron transmutation. Tritium is
an important issue for FHRs for two reasons. First, tritium is a corrosion concern because tritium
generated in the salt is initially in the form of tritium fluoride (TF). Like hydrogen fluoride (HF),
tritium fluoride is a strong oxidant and represents the principle corrosion concern in the FHR.
Tritium may also exist in the reactor as T, depending on the chemical redox potential in the salt
and/or the occurrence of chemical reactions. Second, tritium is a radiological concern. Both TF and
T, can be absorbed on graphite, which represents a significant sink for tritium [50]. Tritium in the
form of TF does not diffuse through metals [51]. However, tritium can present an off-site concern
even under normal operating conditions because tritium in the form of T, can readily diffuse through
and escape from most metals at FHR temperatures (~700 °C) [51,52]. Since the FHR will operate
with an open-air Brayton power cycle, tritium diffusion through heat-exchangers must be limited.
The use of a salt enriched in 'Li reduces parasitic neutron absorption and tritium production from SLi,
but this does not eliminate tritium production.

2.1 Tritium production reactions

Egs (2.1) through (2.5) show the major production pathways for tritium in flibe. Figure 2.1
shows the neutron cross sections for the neutron transmutation reactions in Eqs (2.1) through (2.4).
Although the FHR intends to use flibe enriched to 99.995 wt % in Li-7, the remaining 0.005 wt % Li-
6 poses a significant problem because it produces tritium via an n,o reaction with thermal neutrons.
The Li-6 cross section for this reaction follows a 1/v dependence and reaches nearly 5,000 barns at
low neutron energies. The Li-7 n,n’ reaction is a fast neutron reaction occurring only with neutron
energies above 0.546 MeV. The reaction in F-19 only occurs for neutron energies greater than 9.5
MeV; thus the contribution from this reaction is minimal in MSRs and especially minimal in FHRs
[41,50]. The n,o reaction in Be-9 does not generate T directly; however, it does generate He-6,
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which decays with a 0.8 second half-life into new Li-6. Thus, the initial 0.005 wt % of Li-6 in flibe
can be consumed by neutron transmutation, but additional Li-6 is continually produced by neutron
transmutation in Be-9. This means that the rate of tritium production will vary through the reactor
life (assuming the coolant is not replaced with fresh flibe).

As Eqgs (2.1) and (2.2) show, tritium is produced in flibe as tritium fluoride [53-56]. TF can
dissolve in flibe as T and F" ions. The solubility of TF in flibe goes according to Henry’s law of
solubility for gases [57]. See Figure 2.21, Eq (2.12), and the associated discussion in Section 2.5 for
information about TF solubility and its Henry’s law constant in flibe. As discussed in Section 3.1,
TF is chemically oxidizing toward structural metals and represents the principle oxidative species
and corrosion concern in FHRs. If TF undergoes a chemical reaction, it can be converted to Tag)-
This type of reaction occurs when TF oxidizes metal or if it is reduced to T, by any redox control
methods used in the FHR coolant. Tritium as Ty, also follows Henry’s law for solubility in flibe
(see Figure 2.22 and Eq (2.13) for the Henry’s law constant for H,) and represents a radiological
concern because of its high permeability through structural metals.

°LiF +n — iHe+ 'HF Q2.1
"LiF+n— {He+ HF +n' (2.2)
SF+n— {0+ H (2.3)
:BeF, +n— He+ He +2F (2.4)
SHe— jLi+e +v, (r% :O.SSec) (2.5)
1.0E+04 -
1.0E+03 +——
2 1.0E+02
L
<
)
g 1.0E+0I
3
% 1.OE+00
g
o
1.0E-01 -
1.0E-02 +——— oo+ iy T — e N
1.0E-0 1.0E-07 1.0E-05 1.0E-03 1.0E-01 1.OE+01

Neutron Energy (MeV)

Figure 2.1: Nuclear cross sections for major tritium-producing reactions. Data for Li-6 from
CENDL-3.1. Data for Li-7 from ENDF/B-VIIIL.0. Data for Be-9 and F-19 from ENDF/B-VII.1.
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2.2 Tritium production rate comparison

All reactors produce tritium from termary fission and reactions in the coolant and/or neutron
poisons. Light-water reactors produce tritium in B-10 and the lithium used for water chemistry
control. Graphite moderated reactors produce tritium due to impurities in the graphite [58]. Gas-
cooled reactors produce tritium from He-3. Tritium produced from ternary fission in TRISO fuel is
well retained in the fuel [59,60]. The tritium production rate in flibe depends on several factors:
neutron spectrum, neutron flux, total salt inventory, core salt inventory, and Li-7 enrichment.
Several estimates of tritium production rates in salt-cooled reactors have been made over the years,
but only 1 set of measurements have been made. In 1969, during planning for the molten-salt
breeder reactor (MSBR), shortly before the MSRE was shut down for the last time, the importance of
tritium production and distribution in large salt-cooled reactors was realized [61]. At full power, the
MSRE (a molten-salt reactor where the fuel is dissolved in the coolant) produced about 7.3 MWt and
the total tritium production rate was 54 Ci/d [S50]. In 2004, it was estimated that a 2400 MWt FHR
(known at the time as an Advanced High Temperature Reactor, or AHTR) would produce 5000 Ci of
T per day at the beginning of life and 500 Ci of T per day at equilibrium [41]. If this estimate is
normalized by reactor power, it predicts that an FHR should produce 2083 Ci T/GWt/d.

Another way to calculate the tritium production rate in an FHR as a function of time is by use of
Eq (2.6) from ref [62]. The first term accounts for tritium production from Li-7, assuming the
number density of Li-7 remains constant. The second term accounts for the production of tritium due
to transmutation in Li-6 while accounting for Li-6 burnup. The third term accounts for production of
Li-6 from transmutation in Be-9 and the subsequent destruction of this Li-6 by either tritium
production or neutron absorption. The symbols in Eq (2.6) are defined below. Table 2.1 shows the
flux and cross sections required for calculating tritium production using Eq (2.6) for a PB-FHR.
From the specifications for the 236 MWt Mk1 PB-FHR, Ve = 7.2 m’ and Vo= 46.82 m®. Using
these volumes and the values in Table 2.1, the tritium production rate can be calculated as a function
of reactor operating time (effective full power years, EFPY) normalized by the reactor thermal
output, as shown in Figure 2.2. Initially, when the flibe coolant is fresh, the tritium production rate is
10,000 Ci/GWt/d. Once the initial 0.005 wt % Li-6 has been reduced and the rate of Li-6 destruction
is balanced by the rate of Li-6 production from Be-9, the tritium production rate is about 3000
Ci/GWt/d after 15 EFPD. Table 2.2 summarizes the BOL and equilibrium rates of tritium production
in a prototypical PB-FHR and compares them with the tritium generation rates in different reactor

types.

T(r) = tritium production rate at time # of reactor operation (atoms T/cm’-s)
¢t = cumulative reactor operating time (s)

¢ = neutron flux (n/cm?-s)

ol = microscopic cross section for tritium production in Li-7 (barn)

Nii.7 = number density of Li-7 in flibe at a given temperature (atoms/cm3)
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Table

Tritium Production Rate (Ci/GWt/d)

o '1i.6 = microscopic cross section for tritium production in Li-6 (barn)

N7 = initial number density of Li-6 in flibe at a given temperature (atoms/cm3)

Veore = volume of flibe in reactor core (m?)

Vieop = total volume of flibe in reactor primary system (m®)

o T microscopic absorption cross section in Li-6 (barn)

6"pe-9 = microscopic cross section for He-6 production from n,a reaction in in Be-9 (barn)

Npe.o = number density of Be-9 in flibe at a given temperature (amms/cm3 )

abs
Li-6

Veore 4 _abs Veore 4 abs
o —S ot @ N — oyt
T(t)=¢o,, N, ,+¢o, (| Nj, e ol + Phe-sNpes [] g ] (2.6)

2.1: PB-FHR energy and volume-averaged flux in the coolant. One-group cross sections.
From |62].
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Figure 2.2: Tritium production rate (Ci/GWt/d) for Mk1 PB-FHR using flibe enriched to 99.995
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Table 2.2: Tritium production rates in various reactors compared to FHRs. *Calculated from data
in ref [63]. FHR values calculated from Eq (2.6) and Table 2.1.

Total Tritium Production Rates [Ci/GWt/d]

BWR* 12.3

PWR* 13.9

GCR* 18.0
HTGR* 18.5

FBR* 249

HWR* 1176

BOL: 10129
FHR EQ: 2931

Among other things, Eq (2.6) depends on the ratio of the core coolant volume to the total loop
coolant volume. In a PB-FHR, the pebble packing fraction is 0.60. This means that 40 % of the core
volume is occupied by the coolant. In an MSR, the volume of fuel-salt existing in the core is a much
smaller fraction of the core volume. Figure 1.18 shows the relatively small fuel-salt channels in the
graphite moderator of the MSRE. Thus, it may be possible to reduce the tritium production rate in an
FHR by altering the core layout (fuel form, geometry, erc.) in order to have a smaller fraction of salt
in the core.

2.3 Tritium release rate comparison

Table 2.3 summarizes typical tritium release rates (Ci/GWt/d) for various reactor types.
Because no FHR has been built, no data exist for FHR tritium release rates. In order to address this
uncertainty, a model has been developed in order to predict tritium release rates from FHRs. The
development of this model and the simulations performed with it will be discussed in detail in
Chapters 5 and 6. Tritium release rates depend on several main factors: trittum production rate,
system temperature, tritium chemical form, materials used for system boundaries, location of tritium
production within the system, and the power cycle. The higher the temperature, the higher the rate
of tritium diffusion in a given material. In an LWR or heavy water reactor (HWR), coolant
temperatures are generally between 260 and 330 °C. Gas cooled reactors have inlet temperatures of
about 300 °C and outlet temperatures of about 700 °C. Sodium-cooled fast reactors have coolant
temperatures between about 400 and 550 °C [11]. In an FHR, coolant temperature varies between
600 and 700 °C.

The tritium chemical form plays a large role in the mobility of tritium within a system. In an
FHR, tritium exists either as T, or TF. T, can diffuse through metals and has a low solubility in the
salt. TF cannot diffuse through metals, and has a higher salt-solubility than T, [64]. If H; is added to
the FHR system, tritium may exist as HT when isotopic exchange occurs [55]. This HT would
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behave in much the same way as T, or H,. In heavy water reactors (HWRs), tritium is formed from
neutron capture in deuterium and exists as T,O, DTO, or HTO, which are simply forms of water and
do not diffuse through metals. HTO may be an attractive chemical form for storing tritium [52]. If
hydrocarbon grease (such as would be used for pump lubrication) were to contaminate the primary
coolant, tritium may also replace protium in those compounds.

Most, if not all, primary system boundaries in any reactor are made of metal. Different metals
have different permeabilities for tritium. For example, Pd has a permeability roughly 1000 times
higher than austenitic stainless steel. The presence of an oxide layer on the metal can reduce the
permeability of the tritium by up to several orders of magnitude. Other coolant-facing materials such
as the fuel and moderator may also play an important role. Graphite, for example, is an effective sink
for tritium in various chemical forms. The location of tritium production within the system
determines how many barriers it must pass through before it can escape the system. Tritium
produced in the fuel kernel of a TRISO particle must first diffuse out of the particle, then out of the
graphite matrix and into the coolant. From the coolant it must then diffuse through a metal vessel.

The type of power cycle is also an important factor influencing the escape of tritium from a
reactor system. A closed-power cycle never exhausts the working fluid into the environment. The
FHR intends to use an open-air Brayton power cycle in which air is heated by salt in a heat
exchanger. This air is then exhausted either directly to the environment or exhausted to the
environment after passing through a Rankine bottoming cycle. Fluoride salts tend to dissolve metal
oxides, thus a metal oxide layer on a salt-facing surface will not be stable; however, an oxide layer
on the side of an air-facing pipe would be stable and would be able to reduce tritium permeation.

Table 2.3: Tritium release rates for different reactor types. 1=Calculated from data in ref [63].

Gaseous Effluent* | Liquid Effiuent* Total Tritium Escape*
BWR 0.04 0.09 0.13
PWR. 0.09 0.65 0.74
GCR 0.22 0.33 0.56
HWR. 16.05 4.01 20.07

*Units: Ci/GWtEFPD

A summary of regulatory limits for tritium emissions is given in Table 2.4. A concise
discussion of the meaning and significance of these limits is given by Sherman and Adams [65]. In
the context of a conceptual reactor, Sherman and Adams suggest the use of the ALARA limits
outlined in Table 2.4. The ALARA annual radiation dose limits are for whole-body exposure to the
general public due to air or water contaminated with tritium. The calculated effluent concentration
limits do not limit the amount of tritium that can be released, but only limit the concentration of the
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effluent. Thus some benefit may be gained by sufficiently diluting any tritium releases. One should
also be aware of the social component to managing tritium in a new reactor such as the FHR. This
most likely means that the FHR should not release a higher absolute amount of tritium than other

reactor types, regardless of how well it is diluted.

Table 2.4: Regulatory limits for tritium emissions in the United States. From reference [65].

Annual Radiation Effluent Concentration
Dose Air Water
Regulation (mrem) | (mSv) | (uCi/ml) (Bg/ml) (uCi/ml) | (Bg/ml)
Limit 10 CFR 20.1301(a)l 100 | - - - -
Table 2 of Appendix B 50 0.5 1E-7 3.7E-3 1E-3 37
to 10 CFR 20
Standard | 10 CFR 20.1301(e) 25 0.25 | (5E-8)" | (1.85E-3)" (5E-4)" (18.5)"
ALARA | Appendix I to 20 (B,air) 0.20 | (4E-8)" | (1.48E-3)" - -
10 CFR 50
3 (water) 0.03 - - 1.5E-5 0.56
Drinking | EPA standard 4 0.04 - - 2E-5 0.74
Water
a. Calculated by assuming the linear relationship between the annual dose of 50 mrem and the values in
Table 2 of Appendix B of 10 CFR 20.
ALARA = as low as reasonably achievable
CFR = Code of Federal Regulations

2.4 Tritium sorption/desorption from graphite

Near the close of MSRE operations, it was found that the moderator graphite was a significant
sink for tritium [50]. Since the FHR uses pebble bed fuel, the graphite surface area per unit reactor
power in the FHR will be larger than that in the MSRE, and the effect of tritium sorption on graphite
will be important for determining tritium transport.

2.4.1 Tritium behavior on MSRE graphite
A 64.5 inch long graphite moderator “stringer” from the MSRE was analyzed for its tritium

content after the MSRE had been shut down [66]. It was found that the tritium surface concentration
was 1x10'" disintegrations/minute/gram, and at a depth of 1/16 inches, the concentration was about
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1x10° dis/min-g. Based on the tritium content of this stringer, it was determined that about 15% of
the total tritium produced during the lifetime of MSRE operations had been captured on the graphite
moderator. Several specimens of POCO graphite having large, uniform pores which had been
exposed to the MSRE salt for the final 1786 hours of operation were also analyzed. The exterior
trititum concentrations were about 4.5x10'" dis/min-g and the interior concentrations were below
1x10® dis/min-g.' This suggested that the graphite surface saturates relatively quickly compared to
the time it takes for tritium to diffuse into the graphite bulk [66].

The major forms of tritium in the MSRE were T, and TF, with the relative amounts of T, and TF
being affected by the chemical redox potential in the salt [67]. Measurements and observations from
the MSRE indicate both TF and T, are absorbed on graphite [50,61,64]. Given that such a
substantial amount of tritium was found on the MSRE graphite, ORNL calculations from that era
assumed that any T, or TF reaching the graphite surface was retained by the graphite [50]. This has
implications for capturing tritium and possibly controlling coolant chemistry in an FHR where, if no
redox control is applied, TF and T, are the two species dictating the chemical potential. (See Section
3.2 for a discussion of redox control, corrosion, etc.)

2.4.2 Experimental data for hydrogen sorption on graphite

The importance of obtaining data about the solubility of hydrogen, permeability of hydrogen in
metals, the capacity of graphite for hydrogen, and the reaction rates of hydrogen fluoride dissolved in
salt with metals was recognized in a 1974 report [68], but it would seem that the MSBR program
(which came after the MSRE) was terminated (in 1976) before the data could be obtained [69].
Thus, most of the available data for hydrogen behavior on graphite come from more recent work of a
variety of researchers. The data are still limited in several ways. Experimental temperatures are
often near room temperature (for studying carbon as a storage medium for hydrogen) or at high
temperatures (for understanding hydrogen behavior on graphite for nuclear fusion applications). For
the development of a tritium transport model for FHRs, the mechanisms and rates of tritium sorption
on graphite, the graphite capacity for tritium, and the temperature and pressure dependence of the
capacity will be important.

2.4.2.1 Mechanistic behavior of hydrogen in graphite

Generally speaking, the higher the Brunauer-Emmett-Teller (BET) surface of a material (also
known as specific surface area), the higher the specific hydrogen capacity (atoms/cm? or atoms/g)
[70]. A direct, linear dependence of specific hydrogen capacity with specific surface area has been
observed [70,71]. Typical nuclear-grade graphites have specific surface areas between 0.25 and 1.0

" This unit is tritium disintegrations per gram graphite per minute. 4.5x10' dis/g-min = 2.09x10° g T/g graphite.
1x10® dis/g-m = 4.6x10” g T/g graphite
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m?%g [71,72]. However, numerous other types of graphite have much higher BET surface areas.
Activated graphite such as AX-21, GX-31, and Maxsorb have BET surface areas up to about 4000
m?/g [70]. The generally held mechanism of hydrogen adsorption is by chemisorption where
hydrogen is adsorbed on the surface of graphite and a weak chemical bond (of strength ~ 0.5 eV)
between the hydrogen and the carbon is established [59,73-77]. A preference for adsorption on
graphite crystallite (subgrain) edge-sites (on the graphite prism plane rather than on the basal plane)
has been noted [74,76]. Depending on the temperature of the chemisorption, it may either be
molecular chemisorption or dissociative chemisorption. There is some discrepancy as to when
molecular or dissociative chemisorption occurs on graphite. For pressures between 0.5 and 100 Pa
and temperatures between 293 and 983 K, it has been shown that hydrogen can pass through graphite
in molecular form [78]. At a graphite surface, molecular hydrogen does not dissociate into atomic
hydrogen unless temperatures are above approximately 1000 K [71]. However, catalytic hydrogen
dissociation has been observed on graphene, which also demonstrates higher specific hydrogen
capacity than its BET surface area would predict [70]. At 1023 K and a T, pressure of 0.14 Pa,
Strehlow measured the specific capacity of three types of graphite (A681, CGB, and POCO AXF-
5QBG) [79]. He proposed dissociative chemisorption as the adsorption mechanism under these
conditions. Strehlow notes that the specific capacity follows a square root dependence on the tritium
pressure, which is said to indicate a dissociative adsorption mechanism [79]. In support of the
dissociative chemisorption mechanism, Stehlow cites work by Yang et. al. who suggested
dissociative H, chemisorption at temperatures as low as 973 K [80,81]. However, this work was
done in the presence of H,O and CO,, and oxygen can help promote hydrogen dissociation at carbon
surfaces [74]. On the other hand, Atsumi et. al. noticed that data obtained for the hydrogen sorption
on ISO-88 graphite at 973 K do not exactly follow a square root dependence on the pressure [82].
Because of this deviation, they propose a sorption mechanism involving molecular hydrogen [82].

Since higher temperatures are required for hydrogen dissociation on graphite, this implies that
molecular hydrogen can be retained on carbon at lower temperatures. At lower temperatures,
hydrogen may diffuse and adsorb along and on graphite surfaces. At higher temperatures (> 1000
K), hydrogen solubility, diffusion, and trapping processes in carbon grains is significant [71]. At
these higher temperatures, the atomic hydrogen can adsorb at chemically active sites on the surface-
facing grain boundaries of graphite grains or along the edges of subgrains [71]. Atomic hydrogen
may migrate along subgrain boundaries and enter the interior of a grain. In another high-temperature
process separate from hydrogen “solubility” in graphite, hydrogen may also be trapped at active sites
with a measureable binding energy [71].

2.4.2.2 Graphite specific capacity for hydrogen

A number of studies have collected data on the hydrogen capacity of graphite for various grades
of graphite, at different pressures and at different temperatures. As far as the data relevance to FHR
conditions, few experimental data cover the temperature and low hydrogen pressure regimes
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expected in the FHR. In some cases, it may be possible to extrapolate existing data; however,
besides the limited data collected at the end of MSRE operations, no data have ever been collected
for graphite in contact with fluoride salt containing hydrogen or hydrogen fluoride. In this section, a
brief summary of relevant data on graphite hydrogen capacity will be given, and the most useful set
of data for FHR purposes will be highlighted.

Progressing chronologically, in 1960, Redmond and Walker measured hydrogen sorption on
TSP nuclear graphite as shown in Figure 2.3. The TSP graphite samples had measured density and
BET surface area of 1.70 g/cm’ and 0.3 m?g, respectively. For a fixed pressure, the hydrogen
capacity appears to increase, reach a maximum, and then decrease as the temperature is increased.
This is likely due to the temperature dependence of trapping effects. At lower temperatures, traps are
not activated or the hydrogen takes a long time to diffuse to the traps, but at high temperatures, the
hydrogen is more mobile, allowing it to migrate to and escape from traps [71]. The data were
converted into more contemporary units for reporting in Figure 2.4. By representing the data as
isotherms in Figure 2.4, one can see that the capacity begins to reach saturation at higher pressures.
This is due to the fact that a finite trap density and/or available surface area exists in the graphite
[71].

In 1979, Causey et. al. measured deuterium solubility in laminar pyrolytic carbon over the
temperature range from 900 to 1500 °C [83]. In this type of carbon, over this temperature range, the
deuterium solubility decreased with increasing temperature. The solubility data were originally
reported in units of atoms D/atom C-atm®™’. Using the density of the laminar pyrolytic carbon (1.89
g/cm’), the units reported in Figure 9 of ref [83] were converted to the units reported in Figure 2.5.

The 1986 experiments by Strehlow reported specific tritium capacities and BET surface areas
for several different grades of graphite at several temperatures and two pressures [79]. Some
samples were oxidized with T;O prior to exposure to Ty, Interestingly, the tritium capacity of
oxidized graphite was higher than that of un-oxidized graphite by up to an order of magnitude.
Several different samples of each type of graphite were used for the measurements. The measured
BET surface areas differed somewhat within each sample set. For example, for the measurement at
0.14 Pa, the BET surface of A681 was 0.203 m%g, but the sample used for the measurement at 0.04
Pa had a BET of 0.506 m*/g. The BET for CGB graphite varied from 0.218 to 0.319, and the BET
for AFX-5QBG varied from 0.205 to 0.280 m%g. The results for the un-oxidized samples are
reported in Figure 2.6.

In two separate 1986 reports, Causey and co-workers reported the retention of deuterium in
Papyex and POCO graphites [84,85]. Some data were reported for graphite exposed to deuterium
gas only, and other data were reported for graphite exposed to 100 eV deuterium ions. Figure 2.7
summarizes data converted into the current units from Figure 4 in ref [84]. Here, Papyex graphite of
density 1.1 g/cm’ and BET surface area 20 m%g was exposed to deuterium gas at 0.66 Pa for 1.5
hours. At temperatures below 973 K, it is reported that hydrogen isotopes can migrate into graphite
only by surface diffusion along internal porosity [84]. A set of data for graphite exposed to both
deuterium ion implantation and deuterium gas (Figure 1 in ref [84]) shows a reduction in capacity as
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temperature increases from 373 to 900 K. As Figure 2.7 shows, at 973 K, the capacity begins to
increase again. Above 1000 K, it is theorized that processes other than surface adsorption and
surface diffusion take place and account for the peak near 1250 K. These processes are transgranular
diffusion of deuterium in the bulk graphite and the occupation of trapping sites in the bulk graphite
[84]. Above 1250 K, the traps begin to “thermally depopulate” and the total capacity is reduced.

The same experiment described in the preceding paragraph was also carried out on POCO AXF-
5Q graphite (BET: 1 m?%/g, density: 1.84 g/cm®) where the same temperature-dependent behavior was
observed and attributed to the same mechanistic behavior [85]. Figure 2.8 summarizes data from this
experiment.

For the temperature and pressure-dependent specific capacity of hydrogen on graphite, the set of
data that will be used in this thesis comes from an article published in 1988 by Atsumi et. al [86].
These data were also used by Causey in formulating a best estimate for hydrogen diffusivity in
graphite [71]. The graphite investigated by Atsumi was Toyo Tanso ISO-88 having a density of 1.90
g/em®. Figure 2.9 shows the deuterium solubility in ISO-88 as a function of the square root of the
deuterium pressure for temperatures from 850 to 1050 °C. As shown in Eq (2.7), Atsumi et. al.
provided an equation for the solubility of deuterium in ISO-88 in units of cm’ Dy/g carbon at STP.
Here P is the pressure in Pa, R is the universal gas constant in units of kJ/mol-K, and T is
temperature in K. Using the ideal gas law, this equation can be converted into units of moles D/g
carbon according to Eq (2.8). Figure 2.10 plots Eq (2.8) over a range of pressures for temperatures
from 700 to 1050 °C.

Although the data from ref [86] will serve as the baseline data for tritium uptake in FHRs, ISO-
88 is not an exact match for the IG-110U graphite used in the central and radial reflectors in the Mk1
PB-FHR. Limited reviews of hydrogen solubility in graphite are available. First, Tanabe and
Atsumi summarized hydrogen solubility in a number of types of graphite (see Figure 2.11), and
noticed that the hydrogen solubility decreases with increasing degree of graphitization (crystallinity)
[87]. Second, Atsumi et. al. measured the hydrogen capacity of many types of graphite at 1000 °C
and 101 kPa (see Figure 2.12). For data specific to IG-110U, refer to ref [88] where the hydrogen
retention in Toyo Tanso IG-110U and other nuclear-grade graphites was analyzed. Assuming a
density of 1.77 g/cm’ for IG-110U (from ref [89]), the data extracted from ref [88] were converted
from units of atom ppm to units of atoms H/g IG-110U. The results are plotted in Figure 2.13. At
1273 K, they found that the hydrogen capacity obeyed a square root of pressure dependence below
10 kPa. Beyond 10 kPa, the graphite capacity saturated. Note that the hydrogen capacity of 1G-
110U in Figure 2.13 is comparable to the hydrogen capacity of ISO-88 in Figure 2.10.
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Figure 2.13: 1G-110U hydrogen capacity versus the square root of applied hydrogen pressure at
1273 K. Units converted to Atoms H/g graphite from atomic ppm. Original data from ref [88].

2.4.2.3 Radiation effect on graphite hydrogen capacity

The graphite capacity for hydrogen can vary with a number of variables. The preceding section
focused mainly on variations with pressure and temperature, but other factors are also important.
Graphite specific hydrogen capacity increases with increasing BET surface area [70]. Capacity
decreases with increasing degree of graphitization [87]. Capacity can decrease with increasing
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crystallite size, but increase with increasing grain size [88,90]. In some cases the difference may be
two orders of magnitude.

Radiation damage can also affect the hydrogen capacity in graphite [87,90-93]. Causey et. al.
reported on the effects of neutron and ion irradiation on the concentration of tritium trapping sites in
Great Lakes H-451 and Graphnol N3M graphite [91]. The original plot from this work is shown in
Figure 2.14. The initial trap concentration for un-irradiated N3M is about 2 atom ppm (appm). After
neutron irradiation at 600 °C to 10 displacements per atoms (dpa), the trap concentration in N3M
increased to about 2000 appm. The trap concentration in N3M after irradiation at 875 °C and 10 dpa
was about 400 appm. Comparing the measured trap concentrations at 875 °C with that at 600 °C
indicates an annealing effect which reduces the number of traps generated from radiation damage
[91].

The data from Figure 2.14 were extracted using the DataThief program and a fit was applied to
the data from the ion irradiation only. The equation for the fit is given as a function of dpa in Eq
(2.9) and is plotted in Figure 2.15 in order to provide some predictive information.

Atsumi et. al. measured the effect of irradiation on hydrogen capacity in IG-430U and ISO-
880U graphites [92]. They observed two types of hydrogen trapping sites: “trap 1” and “trap 2”.
Trap 1 sites are clusters of interstitial loops with a binding energy of 4.4 eV, and trap 2 sites are
dangling carbon bonds at the edge of crystallites with a binding energy of 2.6 eV. Atsumi et. al.
found that at low neutron fluences, trap 2 sites are created, but at higher fluences, trap 1 sites are
created. Some of the new trapping sites (particularly the trap 2 sites) can be subsequently annealed,
resulting in a substantial decrease (by about 50%) in peak hydrogen retention when compared to the
same irradiated graphite prior to the anneal [93]. Additionally, the temperature range over which

peak retention is achieved is reduced by annealing effects.
After r‘nnvm’hqo the r\rl(nn';ll data from Atsumi et al into units of atoms H Tn_4'20]T the

G iUk Uinals U w (991w

hydrogen capacity due to each trap type as a function of dpa is plotted in Figure 2.16. This plot
illustrates not only the increase in hydrogen capacity with dpa, but also the fact that trap 1 sites are
generated more at higher fluences before saturating after about 0.2 dpa. At 0.65 dpa, the hydrogen
retention is 140 times higher than in the un-irradiated case. This graphite had been irradiated at 1273
K and the hydrogen capacity was measured by exposing the samples to a saturating hydrogen
pressure of 10 kPa. Figure 2.17 shows the hydrogen retention of both 1G-430U and ISO-880U
irradiated at 1273 K to 0.047 dpa. To construct Figure 2.17, data were extracted from Fig 2 in ref
[92]. Then, using the densities of 1G-430U and ISO-880U (1.82 g/cm’ and 1.9 g/cm’ respectively),
the extracted data were converted into units of atoms H/g graphite. The increase in the hydrogen
capacity after irradiation to 0.047 dpa is about a factor of 25 in the case of IG-430U and a factor of
20 for ISO-880U.
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Number of Tritium TrappingSites (appm) = 230.91In(dpa) + 1201 (2.9)
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2.4.2.4 Graphite hydrogen uptake Kinetics

The rate at which graphite adsorbs hydrogen is also an important factor and is affected by a
number of different variables such as pressure, temperature, graphite microstructure, and irradiation.
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For example, the absorption rate can decrease with increasing grain size. The hydrogen absorption
rates in 8 types of graphite and 1 carbon fiber composite (CFC) were measured at 1273 K and 10 kPa
[88]. The reported absorption rate “D/r*” has units of inverse seconds where D is the hydrogen
diffusion coefficient in graphite and r is the grain radius [92]. Although this rate metric is not well
explained in the article, the results allow for relative comparisons in the plot reproduced in Figure
2.18. Here, the absorption rates decrease with increasing grain size as the reported grain size is 5 um
for ISO-880U, 14 pm for IG-110U and 40 um for ETP-10. In the same article, a plot of the
hydrogen absorption rate in IG-110U is shown to increase with increasing hydrogen pressure until
leveling off at about 30 kPa.

Figure 2.19 reproduces absorption rates in graphite as a function of temperature and pressure.
The author shows that the slope of the adsorption rate plots remains virtually constant with
temperature and pressure. This indicates that the diffusion process controlling hydrogen absorption
is the same at both high and low pressures [94].

The hydrogen diffusion coefficient in graphite increases with temperature, but it also varies with
irradiation, and this has implications for the rates of hydrogen uptake on graphite [90,92,93,95]. In
the previous section, it was explained that radiation damage can increase the capacity of graphite for
hydrogen; however, radiation damage reduces the rate at which this hydrogen is absorbed. An
example of the impact of neutron irradiation on the hydrogen diffusion coefficient in graphite is
shown in Figure 2.20. The authors observed an increase in the time it took to reach saturation, and
attributed this to the reduction of the diffusion coefficient with irradiation [93].
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Figure 2.18: Hydrogen absorption rates in graphite and the CFC CX-2002U. T=1273 Kand P =
10 kPa. From [88].
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2.5 Tritium solubility and diffusion in fluoride salts

As Section 3.2 discusses, the chemical redox potential in molten salt mixtures determines the
chemical state in which tritium will exist. Whether tritium exists in the fluoride salt as TF or T, will
impact its behavior in terms of its solubility, diffusivity, permeability, and corrosivity [54,96,97].
This can make interpreting experimental H, diffusivity and solubility data from the literature
somewhat difficult because some tests employ redox control (in order to ensure that most hydrogen
exists as H, in flibe) and others do not (which means that some hydrogen will exist as HF and some
will exist as H,). As will be discussed, the experimental apparatus used for the measurements may
also affect the results. Relatively little data are available for the diffusivity and mass-transfer of
hydrogen isotopes in flibe from the MSRE experiments. Most recent studies for hydrogen behavior
in molten fluoride salts were undertaken mainly from a perspective of the use of fluoride salts as a
breeder blanket in fusion reactors.

All literature sources agree that the solubility of TF and T, in fluoride salts is according to
Henry’s law [57,98—101]. Henry’s law, expressed in Eq (2.10), states that the concentration ¢ of a
gas in a liquid solution is proportional to the product of the partial pressure p of that gas over the
solution with the Henry’s law constant k., at a given temperature. Where some of these reports
differ is on the chemical form in which the hydrogen is dissolved in the salts in the experiments. All
reports indicate that H, dissolves as the H, molecule in flinak [54,99,102]. It has also been
suggested that flinak (LiF-NaF-KF) is more easily maintained in a reducing condition than flibe
(LiF-BeF,) [54]. However, other sources explain that salts (such as flinak) which lack a Lewis acid
component (such as BeF;) will be more corrosive because they do not have a Lewis acid to capture
free F~ ions [103]. This might account for the strong redox effects in experiments with flibe. Most
reports contend that H, dissolves in flibe as molecular hydrogen (H»), but insufficiently reducing
conditions can cause H, to react and become HF [51,53,54,98,99,101,102,104-106]. One report
contends that, in flibe, H, dissolves in the salt as ionic hydrogen_(H+) even under reducing redox
control [100]. This assertion may be due to either incomplete redox control or an effect having to do
with the measurement apparatus. If the argon cover gas in the experiment was not dry, moisture will
generate HF in flibe. Also, the experimental apparatus used in ref [100] was different than that used
by Malinauskas et. al. [98,106] in that it required hydrogen recombination at a Ni/flibe interface prior
to its diffusion in flibe.

Virtually the only data for HF solubility in flibe come from Field and Shaffer [57]. The Henry’s
law constant from Field and Shaffer was converted to units of [mol HF/m® flibe-Pa] using the molar
mass (32.89 g/mol) and density of flibe. Eq (2.11) shows the correlation for the density of flibe
versus temperature used in this conversion [45]. Here pgie 1s in units of kg/m® and T is units of
Kelvin. Figure 2.21 shows the three data points from Field and Shaffer after conversion to the
current units. An exponential fit was applied to these data points in order to yield Eq (2.12), the
Henry’s law constant (in units of mol HF/m® flibe-Pa) for HF in flibe as a function of temperature
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(°C) from 500 to 700 °C. Here, it is approximated that the Henry’s law constant for TF, kenry 1
should be nearly the same as that for HF, kpeney,uir.

The most reliable data for true H, solubility (not influenced by HF production) is that from
Malinauskas and co-workers [98,106]. Others have reported the solubility for H, in flibe, but they
acknowledge that their data more closely reflect the solubility for HF in flibe rather than for H,
[53,100,104]. The Ostwald constant for the solubility of H, in flibe from Malinauskas and
Richardson (ref [98]) was converted to a Henry’s law constant in units of [mol Ho/m® flibe-Pa] and
these points are plotted in Figure 2.22. An exponential best-fit for these data produced the
expression in Eq (2.13) for the Henry’s law constant of H; in flibe from 500 to 800 °C. In this
equation Kienry,12 has units of mol H,/m’ flibe-Pa and T is in degrees Celsius. Here, it is assumed that
the solubility of T, in flibe should be roughly the same as that for H, such that kpenrym2 = Attenry.ii2-
Figure 2.21 and Figure 2.22 show that the solubility of HF in flibe is about 1000 times greater than
the solubility of H,. Additionally, the solubility of HF decreases with increasing temperature, but the
solubility of H, increases with increasing temperature. In flinak, the Henry’s law constant for H, is
given by Eq (2.14) in units of mol Hy/m® flinak-Pa [99]. The activation energy in the exponent was
corrected from the erroneous value of 34.4 J/mol to 34400 J/mol. In this equation, R is the universal
gas constant (J/mol-K) and T is in Celsius. The H; solubility in flinak is 1000 + times higher than the
H, solubility in flibe, and decreases with increasing temperature. The HF solubility in flibe is up to
1000 times higher than the H, solubility in flibe.

c=pxky,, (2.10)

Pire = 2415.6-0.49072xT (2.11)

kHenry,ﬂibe,H}‘ =1.707x107 #2007 (2.12)

Koy e, = 2-714x 1078 #2007 (2.13)
4.4x10°

kHenry,ﬂinak,H: =3.98x107 exp(%j (2.14)
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was applied.

The diffusivity of T, in flibe was measured by Calderoni et. al. and the diffusivity of H, in flinak

was measured by Fukada and Morisaki [99,100]. Oishi et. al. measured the diffusivity of TF in flibe,
and the diffusivity of D, in flibe was measured by Anderl et. al. [53,105]. The empirical equation
determined by Calderoni and co-workers for T diffusivity (m”/s) in flibe is given in Eq (2.15). Here,
T is in K and R is the universal gas constant in J/mol-K. The equation given by Fukada and Morisaki
for the diffusivity of H, in flinak is not correct. It does not match the correct data plotted in Figure 5
of reference [99]. A program was used to extract the values of the original fit from Fukada and
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Morisaki’s Figure 5. A power fit was then applied to these extracted data in order to arrive at Eq
(2.16), where Dy, ginak 1s in units of m?/s and T is temperature in K. A program was used to extract
the data published by Oishi et. al. for TF diffusivity in flibe [105]. These data were then fit with a
power function given in Eq (2.17) where T is temperature in Kelvin and the diffusivity is in units of
m?/s. Typical forms for the temperature dependence of the diffusivity are given by Arrhenius-type
equations. A power fit was used here simply because it fits the extracted data more exactly.

3
DT)v_ﬂ.'h(' =9.3X10 7exp[i§}£} (215)
DH: , Minak = 2"4537 X 10729 Tﬁgsgg (2. ] 6)
Dy e = 6.4854%107°T>7 (2.17)

For comparison purposes, the equations above are plotted in Figure 2.23. It is evident that the
diffusivity in flinak is higher than the diffusivity in flibe, even when the isotope effect is accounted
for. The cause of this stems from the fact that flibe maintains some structure even when molten. As
was discussed in Section 1.5.2, when molten, the BeF> component of flibe arranges in a polymeric
type structure amounting to tetrahedra of BeFs> [101]. This structure may inhibit the free movement
of dissolved species in flibe. Flinak lacks any long-range ordering. Assuming the difference
between the TF diffusivity from Oishi and the T, diffusivity from Calderoni is larger than the
experimental uncertainty, TF might display a higher diffusivity than T, because TF dissolves in flibe
as the T" and F ions. A T ion would be roughly half the size of a T> molecule, enabling it to move
more easily through flibe.
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Figure 2.23: Diffusivity of T;, D, and TF in flibe. Diffusivity of H, in flinak. Plotted from
Equations (2.15), (2.16), and (2.17).
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2.6 Tritium solubility and diffusion in metals and metal oxides

Much of the data for hydrogen (especially tritium) diffusion in metals originates with nuclear
fusion programs which use tritium and/or deuterium as fuel, and several good data reviews are
available in the literature. Hydrogen diffusion through metals begins with dissociation on the metal
surface and subsequent dissolution of the atomic hydrogen in the metal [71]. In the presence of a
concentration gradient, the atomic hydrogen diffuses down the concentration gradient and through
the metal lattice to the opposite face of the metal. After passing through the metal, atomic hydrogen
can recombine into molecular form on the free surface of the metal.

The diffusion coefficient (denoted as D with common units of m?%s) generally adheres to an
Arrhenius dependence on temperature as depicted in Eq (2.18) where D, is the constant pre-
exponential factor, £ is the diffusion activation energy, R is the universal gas constant, and T is the
temperature. For hydrogen in metals, the solubility (also called the Sievert’s law constant) follows
an Arrhenius dependence as in Eq (2.19). Here, K, is constant and 4H; is the heat of solution. The
Sievert’s law constant K, (commonly in units of mol Ho/m® metal-MPa®?) can be used to determine
the concentration (cp2) at equilibrium of hydrogen in metal at a given temperature for an applied
partial pressure of hydrogen (py2) above the metal according to Eq (2.20). The permeability of
hydrogen through metal is defined as the steady-state diffusional transport of hydrogen through a
material which has a hydrogen partial pressure gradient across its thickness [71]. Mathematically,
permeability (@) is the product of solubility K, with the diffusion coefficient D as expressed in Eq
(2.21). At equilibrium, the steady-state flux of hydrogen across a metal membrane is a function of
the partial pressure of hydrogen on each side of the membrane according to Eq (2.22). In this
equation, D and K; are the diffusion coefficient and solubility of hydrogen in metal, respectively.
The partial pressure of hydrogen at side “a” of the metal membrane is given by p;,. The partial
pressure of hydrogen at side “b” of the metal membrane is given by pg; 5, and x is the thickness of the
metal membrane. With the partial pressures in units of MPa, x in units of meters, and D and K, with
the units prescribe above, j;; has units of moles Hy/m*s. Classical rate theory predicts an isotope
effect such that the ratio of the diffusivities of hydrogen isotopes is related according to Eq (2.23).
For T compared to H, the tritium diffusivity should be about 60% of the protium diffusivity.

D=D, exp[_E%T) (2.18)

K. =K, exp(_AH%T) (2.19)

¢y, =K Py, (2.20)
®=K,D,exp(—(AH, +E,)/RT) (2.21)

Tty as = %(\’pllz,a - \/sz,b ) (2.22)
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A number of studies have measured and compared the available data for the solubility, diffusion
and permeation of hydrogen through various metals. The data compiled in four such studies are
given in Table 2.5 through Table 2.8. Additional data are available from other journal articles
[107,108]. In each case, the pre-exponential constants and the exponential constants are given such
that the Arrhenius equations can be used to calculate the permeability, diffusivity, or solubility as a
function of temperature. In Table 2.5, the units for “D™ and the Arrhenius equation for diffusivity
were corrected from mistakes in ref [109].

Between these studies, the diffusion coefficient for Type 316 SS, for example, may vary by a
factor of two or three, and the isotope effect lies within the data scatter. After comparing data from
different reports, the data from Tanabe (ref [110]) will be used for Type 316 SS in the tritium
transport model developed in this thesis.

Certain metals, such as tungsten and beryllium, have much lower hydrogen permeabilities than
austenitic stainless steels. From the data in Table 2.8, at 700 °C, W and Be have hydrogen
permeabilities of 1.0E-11 and 7.4E-12 mol Hy/m-s-MPa’”’, respectively. From the data in Table 2.6,
at 700 °C, Type 316 SS and Ni have permeabilities of 1.3E-7 and 8.1E-7 mol Hy/m-s-MPa"’,
respectively. Palladium has one of the highest hydrogen permeabilities among metals. At 700 °C,
Pd has a hydrogen permeability of 3.2E-5 mol Hy/m-s-MPa®’ [111]. This suggests that if the goal is
to contain tritium, metals with a low permeability (W, stainless steel, etc.) are better for this purpose.
On the other hand, if the goal is to remove tritium from a specific part of the system, metals with a
high-permeability (such as Pd) could be used as permeation windows such that the tritium
preferentially exits the system through the window. The effect of permeation windows on tritium
transport in FHRs will be investigated using the model developed herein.

If using permeation windows in order to deliberately remove tritium from specified parts of an
FHR might be desirable, using permeation barriers to prevent un-wanted tritium escape through FHR
piping would also be desirable. In the preceding paragraph it was shown that W and Be have
hydrogen permeabilities 4 or 5 orders of magnitude lower than Type 316 SS. While Be metal is not
thermodynamically stable in flibe, W would be. Metal oxides are also renowned for their low
hydrogen permeabilities [71]. A term called the permeation reduction factor (PRF) is used as a
metric for comparing the effectiveness of permeation barriers. The PRF is the ratio of the
permeability of a material without a permeation barrier to the permeability of a material with a
permeation barrier according to Eq (2.24) [71]. Hollenberg et. al. provide a review of PRFs for
permeation barrier coatings applied to steel and stainless steel base metals [112]. A summary of this
review is reproduced in Table 2.9. For stainless steels, the natural oxide layer is mainly chromium
oxide (Cr,0s;) which affords a PRF of 10 to 20 on austenitic stainless steels [1 12,1]3]. Specially
applied coatings may offer higher PRFs of 1000 or higher. The Space Nuclear Auxiliary Power
(SNAP) program utilized a uranium-zirconium-hydride fuel/moderator clad in Hastelloy-N [114-
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116]. In order to retain the hydrogen moderator within the fuel, the inside of the Hastelloy-N was
coated in a hydrogen permeation barrier comprised of various metal oxides (see Table 1 of ref [114]
and Table 2 of [115]) having permeation reduction factors of 1000 or higher compared to the base
metal [115]. While metal oxides make effective hydrogen permeation barriers, they are not stable
when facing fluoride salts. Thus the use of a metal oxide hydrogen permeation barrier in FHRs
would have to be restricted to application on air or vacuum-facing surfaces of pipes and vessels.
Section 6.6.1 investigates the effects on tritium transport of varying the PRF and materials selection
(such as using W in place of Type 316 SS) in FHR heat exchangers.

) .
PRF _ bare material (224)

material with permeation barrier

Table 2.5: Constants to calculate permeability (@) and diffusion coefficients (D) from Arrhenius
equations given in the table for isotopes of hydrogen in various grades of stainless steel [109].

Tem- 0=0° exp(—H¢/RT) D=D"exp(—H,/RT)
Macorias Isoiope PO Imstpramsure = onm = e
(K) m-s+/MPa) (kJ/mol) (% (kJ/mol)
304L D 573~1,073 1.33x107"~0.1 (8)
304,304L D 650~1,050 10-19~10"7 1.18x10® 64.04 3.5x10°% 42. 42 {7
304 H 403~673 0.1 54.3 9
304 H 523~873 1.3x1074~0.54 74.4 1o
304 T 373~573 1.24x10°® 56.8 an
304 H 373~873 0.01~3.0 1.06x 1072 64 2.72x10° 54.3 {1X(8)
304 T  298~498 5x10-~7x10-% | 1.8x10* 585 @
gg:ﬁ?gé‘g) D 385~713 0.10~0.3 8.4x10°° 59.8 4.7x10°7 53.9 {1409
309S,310
304 H 673~1,073 1.33x10°3~7.98x 102 8.78x10~* 72.06 {16}
304 H 910~982 2.66x10"*~2.13x10"® {tn
304 T 573~723 1.3x107M~11.3x10°® 57.76 18
304 H 648~871 0.1 19
309S H 423~873 1.3x107~0.13 6.0x10"¢ 58.9 1.2x10-¢ 54.8 2048)
309S D ” ” 4.8x10°¢ 59.8 1.2x10-¢ 55.6  20(8)
309 D 523~723 1.32x10°%~0.1 1.2x10¢ 62.3 £n
310 H 472~779 4.4x107~4.4x10"* 2.84x10"* 56.56 5.15x 1077 48. 82 {8)
310 D ” ” 2.49%x10-* 55.84 3.20x 1077 48. 07 8
316 H 673~1,073 1.33x1073~7.98x 1072 4,46 x10"¢ 65.29 1
316 T 500~~1,000 4.65x 10~3~0.104 3.43x10"* 68.06 22
316 H 10-7~10-¢ 1.41x10°*  63.51 21
321 H 573~1,073 0.01~3.0 3.31x10* 64.80 7.33x1077 52.30 @i8)
446 H 977~1,481 0.107 %
21-6-9 D 523~723 1.32x107*~0.1 3.6x10 66.0 @
-A-286 D 1.4x10-4 62.1 2n
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Table 2.6: Permeability, diffusivity, solubility of hydrogen (‘H,) in different alloys and metals.

From ref [110].
Permeability Diffusivity Solubility

mol/m s MPa'/2 kd/mol m/s ki/mol  mol/mMPa'/2 ki/mol
304 sS 6.25 x 1074 65.4 8.25 x 1077 49.7 7.58 x 10 15.7
316 S5 2.70 x 1074 61.7 6.32 x 1077 47.8 4.27 x 10° 13.9
YUS 170 1.20 x 1074 64.3 1.70 x 1077 37.6 7.59 x 105 26.7
Inconel 600  9.50 x 10”%  66.2 1.36 x 1077 37.7 1.98 x 10°  28.5
Inconel X 2.39 x 1070 s54.1 4.62 x 10°°  36.5 5.17 x 102 17.5
Nichrom 2.20 x 10°%  60.3 .11 x 1077 37.2 1.98 x 10°  23.1
Mone1 2.63 x 1074 s51.6 1.43 x 1077 34.4 1.88 x 103 17.2
Cu 3.66 x 1077 60.5 2.26 x 1077 29.3 1.37 x 102 31.2
Ni 7.08 x 10°%  s4.8 7.43 x 1077 44.1 9.53 x 10°  10.7
YFe 6.3¢ x 100% 716" 6.63x 1077 44.9%  9.55 x 102 26.7

*: ref., 15 *%: ref, 16

Table 2.7: Permeability (®), diffusivity (D), and solubility (K) constants for hydrogen (‘H,). Data

converted into current units from original data in ref [117].

Eo , Ep D, AH K,

wimo, | (mol Hym-s-MPa"%) | (kl/mol) | (m%/sec) | (kJ/mol) | (mol H,/m>-MPa"")
SUS 316 L 66.6 8.17E-04 54.0 1.30E-06 12.5 662.9
Inconel 600 63.7 7.37E-04 42.5 4.90E-07 21.2 1491.5
Inconel 750 64.6 9.32E-04 53.1 1.60E-06 11.6 580.0
Nimonic 80A | 64.6 9.32E-04 53.1 1.40E-06 11.6 704.3
Hastelloy X 64.6 8.29E-04 43.4 4.90E-07 21.2 1698.6
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Table 2.8: Diffusivity (D) and solubility (K) constants for hydrogen (‘H;). From ref [71].

Alloy Diffusivity Solubility, #/D

D = D, exp (—Ep/RT) K = Ko exp (— AH,/RT)

Do(m?s™") Ep(kdmol™") K, (mol Hom=3MPa~"?)  AH, (kJ mol™")
Beryllium 3x 107" 18.3 18.9° 16.8°

5.9 x 10%? 96.6%

Graphite 9x107° 270 19 -19.2
Aluminum 2x1078 16 46 39.7
Vanadium 3x 1078 4.3° 138 —-29
RAFM steels® 1x1077 13.2 436 28.6
Austenitic stainless steel 2 x 1077 493 266 6.9
Nickel 7 x1077 39.5 564 15.8
Copper 1x107° 38.5 792 38.9
Zirconium 8x 1077 453 3.4 x 107 35.8
Molybdenum 4x1078 223 3300 37.4
Silver 9x 1077 30.1 258 56.7
Tungsten 6x10™* 103.1 1490 100.8
Platinum 6x 1077 24.7 207 46.0
Gold 56 x107®8 236 77 9007 99.49

Table 2.9: Summary of PRFs for various hydrogen/tritium barriers on base metals. From ref

[112].

Barrier coating

Base metals

Permeation reduction

Aluminide
(or ALO;)

TiC, TiN, TiO,

Cr (or Cr,0;)
Si

BN

Sn

H;PO, glass
N

SS316, MANET,
TZM, Hastelloy-X, Ni

58316,
MANET, TZM, Ti

SS316
Steels
304SS
Ferritic steel
304SS

Iron

10 to above 10000

Less than 10 to above 10000

10
10
100

Rapidly degraded

100 (unstable)

10-20
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2.7 Chapter summary of tritium behavior in FHR reactor materials

In order to develop a model of tritium transport in an FHR, tritium production rates, tritium
behavior in the salt, tritium behavior on graphite, and tritium diffusion in structural metals must be
considered. This chapter reviewed, collected, processed, and selected data for use in the tritium
transport model developed in Chapter 5. It was shown that FHRs produce more tritium per MWt
than other power reactors. Additionally, because this tritium can exist as T, it will permeate through
structural metals. Tritium in LWRs and HWRs is often in the form of T,O which is not diffusive in
metals and is more easily contained. Experience from the MSRE showed that graphite is a
significant sink for tritium, and a comprehensive review of tritium sorption/desorption from graphite

was given. These data are necessary for building a reactor system-level model of tritium transport in
the FHR.
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3 Fluoride Salt Coolant Chemistry and Material Compatibility

The baseline FHR salt selection is flibe, a lithium-beryllium-fluoride salt. Other salt candidates
exist; however, all of them are fluoride-based salts which have similar chemical behavior. Chloride
salts are generally neutronically and chemically inferior to their fluoride counterparts. Some
neutronic and thermo-physical properties of flibe were discussed in Section 1.5.2. This chapter will
discuss the chemical behavior of flibe and how it pertains to FHRs. Relationships for the chemical
redox potential will be derived which will be used in a number of following sections, including: the
analysis of fission product behavior in FHRs (Section 4.1), an evaluation of the compatibility of Type
316 stainless steel in the FHR, tritium production and transport (Chapter 5), and corrosion modeling
in the FHR (Section 5.8). Plots of the equilibrium Cr corrosion product concentration in the salt as a
function of temperature and redox potential will be presented. Using Henry’s law, the concentrations
of TF and T in the salt are linked to the chemical redox potential of the salt.

3.1 Chemical stability and corrosion in flibe

Much of chemistry involves determining which reactions are energetically favorable and which
reactions are not. This provides a relative comparison of which compounds are chemically stable in
a given chemical environment and which compounds are not. Due to extensive research on fluoride-
based salts in the MSRE program, equilibrium constants for important reactions, Gibbs free energies
of formation for important compounds, and other chemical thermodynamic data are available in
several reports from the MSRE [61,118,119].

Perfectly clean flibe will not corrode structural metals. Rather, corrosion in flibe is due to
impurities present in the flibe. For a metal or alloy to be compatible with a molten salt, the salt
constituents must not be chemically reduced (accept electrons) upon contact with the metal.
Conversely, the structural metals must not be oxidized (lose electrons) upon contact with the salt
[120]. A good way to visualize the relative stability of salt constituents and structural metals is with
the help of an Ellingham diagram which plots the Gibbs free energy of formation as a function of
temperature for various fluorides of interest. The Gibbs free energy indicates the chemical potential
energy of a system, and reactions proceed in directions which minimize this energy. A reaction is
spontaneous if its Gibbs reaction free energy is negative. On the other hand, a Gibbs free energy of
formation denotes the energy change in a system due to the formation of 1 mole of a substance in its
standard state from its constituent elements in their standard states. The Gibbs free energy of
formation can be used to compare chemical stabilities of different compounds. The more negative
the Gibbs free energy of formation, the more stable that compound will be. Figure 3.1 shows an
Ellingham diagram for various fluorides of structural metals and flibe constituents. In order to
construct Figure 3.1, the formation free energies for the compounds listed were calculated from
empirical relations compiled by Baes [118]. These calculated formation free energies were then
normalized by the number of moles of fluorine atoms in the compound of interest.
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The more negative the Gibbs free energy of formation for a given fluoride, the more stable that
fluoride will be. Figure 3.1 shows that LiF and BeF, have two of the most negative formation free
energies, making them two of the most stable fluorides. Fluorides of major structural metals (Cr, Ni,
Fe) have formation free energies more positive than LiF and BeF,. This means that in pure flibe,
structural metal fluorides will not form and metallic Cr, Ni, and Fe will be stable. Any element or
compound which can form a fluoride having a formation free energy more positive than that of
structural metal fluorides is capable of corroding structural metals. Of the structural metals, Cr
makes the most stable metal fluoride. This means that most corrosion in the FHR will be through
selective oxidation of Cr.

Oxidation can occur if Cr metal reacts with oxidizing impurities in the coolant. Figure 3.1
shows that HF has a Gibbs formation free energy more positive than that of the fluorides of structural
metals. This means that HF can corrode structural metals and could pose a significant corrosion
problem [121]. Tritium (in the form of *HF, also written as TF) is an impurity generated in the salt
from neutron transmutation. In flibe, this TF dissolves as the ions T* and F". It is also possible for
moisture to react with flibe to produce HF according to Eq (3.1) [122]. Eq (3.2) shows that this
dissolved TF (or HF) will oxidize Cr to CrF,, and a byproduct of this reaction is Ty which is highly
mobile through heat exchangers.

Although they can be reduced during salt purification, it is common for impurity Fe and Ni
fluorides to exist in as-prepared flibe [123]. Fe and Ni fluorides can actually corrode metallic Cr.
Figure 3.1 shows that NiF,, and FeF; are less stable fluorides than CrF,. Eq (3.3) and Eq (3.4) show
how solid Cr will react to replace less-stable impurity iron and nickel fluorides in solution.

In light water reactors, corrosion products are metal oxides which are insoluble in water. Often,
this means that a stable oxide layer can form on the surface of the metal, protecting the underlying

BULIGS Sas Viiuavs.

metal through passivation. In fluoride salt-cooled reactors, corrosion products are metal fluorides
Metal fluorides are soluble in fluoride salts. This means that corroded metal fluorides dissolve into
the salt, and material is lost from the underlying metal. Thus, protecting metals in the FHR by
passivation on the metal surface is not possible. The best means to protect the metal in an FHR is to
keep the salt clean from impurities and/or impose a chemically reducing condition in the salt.
Effective structural materials in fluoride salt systems are ones which exist in near thermodynamic

equilibrium with the salt [40].

H,O +BeF, ,, - BeO + 2HF, 3.1
2TF )+ Cry > CrEyy + Ty, (3.2)
NiF,,,+ Cr, — CrE,, + Ni, (3.3)
FeF,,+ Cr, — CrF,,+ Fe 3.4
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Figure 3.1: Ellingham diagram (Gibbs free energy of formation) for compounds dissolved in flibe.
Calculated from data in [118].

3.1.1 Mechanisms of corrosion

In the preceding section, it was established that in structural alloys comprised of Fe, Ni, and Cr,
Cr is the most vulnerable element for corrosion by impurities in flibe. In fact, an analysis of
corrosion in fluoride salts can focus on Cr (the least noble structural metal) because appreciable Fe
and Ni corrosion does not occur [35,40,124]. A similar phenomenon occurs in sodium-cooled
reactors where Ni and Cr are selectively dissolved [125].

In a coolant system in which temperature varies throughout the loop, there are several
mechanisms which affect the location and rates of corrosion. From a rate perspective, corrosion rates
are initially high (compared to steady-state rates) as surface Cr is corroded and impurities in the salt
are consumed through reactions such as those in Egs (3.3) and (3.4) [7,35,126]. For salts containing
UF, or ThF, (such as in the MSRE or in a Molten Salt Breeder Reactor) or salts in which TF is
continually produced from neutron transmutation (such as MSRs and FHRs), long-term corrosion can
occur at lower rates [35,127]. Long-term corrosion rates are governed by the rate of Cr diffusion to
the metal surface [35,40,127,128]. More specifically, experimental findings suggest that the
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corrosion rate is governed by grain boundary diffusion of Cr, rather than bulk diffusion. This is true
in both the nickel-base alloy Hastelloy-N (introduced in Section 1.4.2), but is especially evident in
austenitic stainless steels such as types 304 and 316 [126,129,130]. Additionally, experiments have
shown that selective Cr corrosion can produce subsurface voids in the metal due to the Kirkendall
effect where Cr diffuses out of the metal (by a vacancy process) faster than Fe, Ni and other alloying
elements can diffuse in to fill the Cr vacancies [35].

Figure 3.2 shows the diffusion coefficient for bulk Cr diffusion in Type 316 stainless steel [131].
Using the program DataThief, the data from the closed circles were extracted and an exponential fit
was applied in order to yield Eq (3.5). Here Dcrpui 316 has units of m?/s and T is temperature in K.
Figure 3.3 shows grain boundary diffusion coefficients for Cr in types 316 and 316L stainless steel
[131]. Mizouchi et. al. provided an Arrhenius equation for Cr grain boundary diffusion in solution-
treated Type 316L stainless steel. This equation is given in Eq (3.6) where Dc, g 316 has units of m?/s,
R is the universal gas constant (kJ/mol-K), and T is temperature (K). The grain boundary Cr
diffusion coefficient is up to 10 orders of magnitude higher than the bulk Cr diffusion coefficient.
Additionally, the bulk Cr diffusion coefficients in Hastelloy-X and Inconel have been measured to be
similar to the bulk Cr diffusion coefficients in Type 316 SS [127,132]. Chromium grain boundary
diffusion coefficients for Hastelloy-N do not seem to have been measured. However, the bulk Cr
diffusion coefficient in Hastelloy-N has been measured [127]. Using DataThief, the data plotted in
Figure 2 of reference [127] were extracted and an exponential fit was applied in order to arrive at Eq
(3.7), the temperature-dependent bulk Cr diffusion coefficient in Hastelloy-N. Again, D¢, pux n 1S in
units of m*/s and T is in Kelvin.
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Figure 3.2: Bulk Cr diffusion coefficient in Type 316 stainless steel. From Mizouchi et. al. [131].
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Figure 3.3: Grain boundary diffusion coefficients for different heats of types 316 and 316L
stainless steel. From Mizouchi et. al. [131].
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While the corrosion rate in fluoride salts is limited by the solid-state diffusion of the least noble

impurity and temperature gradient effects on corrosion.

element in the base metal, the location of corrosion depends on mass transfer and temperature
conditions along the loop. Below, an expression will be developed which shows the temperature
dependence of the reaction between UF; and Cr observed in the MSRE. This temperature
dependence results in the loss of Cr from the hot parts of a coolant circuit and the deposition of Cr in
the cool parts of the circuit. Later on, Sections 3.1.2.1 and 3.1.2.2 provide experimental examples of

The principle corrosion reaction in the MSRE was between UF, and Cr. In order to help control

this and other reactions, the MSRE maintained a ratio of UF4:UF5 at 100:1 in the MSRE fuel-salt.
Thus, the uranium in an MSR can be used for both fuel and corrosion control. The use of UF4/UF;
for corrosion control in the MSRE is discussed in detail in Section 3.2. For the MSRE, the reaction
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of concern is shown by Eq (3.8). Here the subscript d denotes a species dissolved in the salt, and the
subscript s.s. denotes that the Cr is in a solid solution in an alloy and not in pure, metallic form. Now
the equilibrium constant, K, for the reaction in Eq (3.8) can be written as Eq (3.9). Assuming the
activity coefficients to be 1, K, is a unitless value made up of the concentrations of each species in
brackets. The concentrations of CrF,, UF,, and UF; are their concentrations in the salt and the
concentration of Cry is its concentration in the alloy in contact with the salt. Common
concentration units may be mole fraction or moles/cm’.

Cr

(s.s.)

+2UF, ) = CrFy,, +2UE,, (3.8)

K, = [GEIURF 39)

[UE, 1 [Cr, ]

Next, equilibrium constants obtained from direct measurements can be employed. The
equilibrium constants have been reported for two reactions related to Eq (3.8) by Baes [118]. The
chemical reactions and the Log;o of their associated equilibrium constants (K, and K3) are written
below in Egs (3.10) through (3.13) where T is temperature in Kelvin. The equilibrium constant for
the reaction in Eq (3.10) is given by Eq (3.11). The equilibrium constant for the reaction in Eq (3.12)
1s given by Eq 3.13. In order to arrive at Eq (3.8), Eq (3.10) is reversed, Eq (3.12) is multiplied by 2
and then they are added together. In order to arrive at a temperature dependent expression for K, the
same operations are performed on the expressions for K, and K3 in Eqs (3.11) and (3.13). The result
is Eq (3.14). Equating Egs (3.9) and (3.14) gives Eq (3.15). Solving for [CrF,] gives Eq (3.16): the
equilibrium concentration of CrF, in the salt when an alloy containing Cr at a specified concentration
is in contact with flibe containing a specified concentration of UF; and UF; at a specified
temperature. With a ratio of [UF4] to [UF3] of 100:1 and the chromium concentration in Hasielloy-N
of 0.08 mole fraction and the chromium content of 0.1915 mole fraction in Type 316 L, the
equilibrium concentration of CrF; in flibe contacting Hastelloy-N and Type 316 L stainless steel over
a range of temperatures is plotted in Figure 3.4. The solubilities of CrF; in both flibe and flinak are
also plotted in order to show the temperature dependence of solubility which also plays a role in mass
transfer of CrF,. The calculation from Eq (3.16) does not account for the effects of the solubility
limit, and predicts that near 800 °C, the calculated equilibrium concentration of CrF, can exceed the
solubility. This is impossible, and the solubility limit will force precipitation of CrF, corrosion
products, if necessary. The higher Cr content in Type 316 L stainless steel means that it will result in
a higher equilibrium concentration of CrF; in flibe than will Hastelloy-N. It should also be noted that
this equilibrium calculation will not give any information about the kinetics of the reaction (i.e. how
fast the reaction occurs and how fast equilibrium is reached). Experiments and/or knowledge of the
rate-limiting step for corrosion are required in order to calculate reaction rates. As was discussed
above, the rate limiting step for corrosion in flowing salt is the grain boundary diffusion rate of Cr in
the metal.
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H,,, + CrFy, = Cr + 2HE (3.10)

2(g) 2
Log(Kz):5.12-—9—(;6—0 (3.11)
% Hl(g)+ UF4(d) = UF3(d)+ HF(g) (312)
Log(K,) :4‘07_%% (3.13)
Log(Kl)=3.02—9—67—€)9 (3.14)
[CrE,][UE, T 9600

Log(K))=Log| ——=—3— |=3.02—-—— (3.15)

: [[UF4 ]- [Cr(s.s.)]

_10A _ 9600 [UE, ]

[CrF,]=10 {3.02 /T + Log([Cr,, . D+ 2L0g( 4 [UFB])} (3.16)

A similar analysis can be done for Cr corrosion by HF dissolved in flibe. To begin with, the
corrosion reaction is written as Eq (3.17) and the equilibrium constant for this reaction is written as
Eq (3.18). Here, [CrF;] is the equilibrium concentration of CrF; in flibe contacting a given alloy, and
[Crs.sy] is the concentration of Cr in that alloy. Here, Pyr and Py, are the fractional partial pressures
of HF (pur) and H; (pu2) divided by the total pressure po. The work of Baes provides an empirical
relationship for this equilibrium constant from Eq (3.19) [118]. Setting Eq (3.18) equal to Eq (3.19)
and solving for [CrF,] gives Eq (3.20). Note that Eq (3.20) features the fraction [Pur]*/[Pin]. The
value of this fraction is related to the corrosive chemical potential in the salt: the higher the value of
the fraction, the more corrosive is the salt. This will be discussed in detail in Section 3.2.3. For the
time-being, a value of 8.46x10” is assumed for this fraction because it is representative of the typical
chemical potential in the fuel-salt of the MSRE. The calculation of this value will be discussed in
Section 3.2.3. Plotting Eq (3.20) versus temperature in Figure 3.5 shows how the equilibrium
concentration of CrF; in flibe contacting Type 316 L stainless steel and Hastelloy-N varies due to
corrosion by HF over a range of temperatures. Compared to the behavior in Figure 3.4, Figure 3.5
shows a temperature dependence where the equilibrium concentration of CrF, decreases with
temperature. This is due to the fact that the reaction in Eq (3.17) is exothermic whereas the reaction
in Eq (3.8) is endothermic. Since heat is generated from the reaction in Eq (3.17), the reaction
proceeds more strongly to the right at lower temperatures. The opposite effect occurs for the reaction
in Eq (3.8). This implies that in a system, such as the FHR, where TF is the principle oxidant, mass
transfer could occur from an area of low temperature to an area of high temperature [133]. This
implication for corrosion mass transfer is discussed in Section 3.1.2.2 and in Chapter 5 where a
corrosion model for the FHR is developed.

Cr,

(550 T 2HF ) = CrEy gy + Hy (3.17)
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Figure 3.4: Equilibrium concentration of CrF; in flibe with UF:UF; = 100:1 if Hastelloy-N or Type
316L is in contact with flibe. Calculated using Eq (3.16). Solubility points in flibe and flinak are
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Figure 3.5: Equilibrium concentration of CrF,in flibe if [pHFlz.’[pHZI =8.46x10" for Hastelloy-N and
Type 316L in contact with flibe. Calculated with Eq (3.20). Solubility points in flibe and flinak are
from ref [45]. Dashed line segments denote extrapolation.

3.1.2 Alloy chemical compatibility for the FHR

This section further discusses concepts of corrosion and mass transport applicable to FHRs.
Construction of a commercial FHR must utilize qualified materials. Type 316L stainless steel has
been selected for the piping, reactor vessel, and heat exchangers for the Mk1 PB-FHR. Other alloys
such as alloy 800H and Hastelloy-N may be attractive materials in the future, but Type 316L offers
the best near-term solution. It is attractive for the FHR reactor vessel, piping, and heat exchanger for
several reasons. First, as shall be discussed, Type 316 SS has a demonstrated chemical compatibility
in clean, high-purity flibe in the absence of a neutron field [7,134]. This is important because oxide
layers are not stable in fluoride melts and metal fluoride corrosion products are soluble in the melt.
Thus, one cannot rely on a passivating layer to protect the stainless steel from corrosion in the FHR.
Second, there is significant experience with Type 316 SS in the temperature and fluence regime of
LWRs as fuel support structures, core barrels, and flow baftle plates [135]. Third, Type 316 SS is
considerably less expensive than the nickel-base alloy Hastelloy-N. Fourth, there is an existing
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ASME Section 111 code case for Type 316 SS. This code qualification does not exist for Hastelloy-
N. ASME section II defines the allowable stresses as a function of temperature for Type 316 SS.

The current ASME code temperature limits for Type 316 SS are enumerated in Table 3.1, and a
description of the code sections is provided in Table 3.2. The chemical compositions of four grades
of Type 316 stainless steel are listed in Table 3.3. The low-carbon Type 316L is commonly used in
LWRs, and Type 316H is a candidate for very high temperature operations [135]. Some key physical
and mechanical properties for Type 316 SS are listed in Table 3.4.

Table 3.1: Current ASME code operating temperature limits for 316 stainless steel. From [8]

Applicable AMSE Code Sections Temperature Limits (°Celsius)
Section III: Subsection NH 816
Section I1I: Subsection NB, NC, ND 427
Section III: Subsection NG with Code Case N-201-5 816

Table 3.2: Description of relevant ASME code sections and subsections. From [136].

Code Sections and e
] Description
Subsections
Section I11 Rules for construction of nuclear facility components
Subsection NB Components that are part of the primary core cooling system
Subsection NC Components that are part of safety grade emergency core cooling systems
Subsection ND Components that are part of various systems needed for plant operation
Subsection NG Core support structures
Subsection NH Components frorp subsection NB and NC that are used in elevated
temperature service

Table 3.3: Chemical composition of 316 stainless steel. Units are wt %. Data from [137].

C Mn Si P S Cr Mo Ni Ti Fe
316 0-0.08 0-2.0 0-1 0-0.05 | 0-0.02 | 16.5-18.5 | 2-2.5 | 10-13 - Bal
316L 0-0.3 0-2.0 0-1 0-0.05 | 0-0.01 | 16.5-18.5 | 2-2.5 | 10-13 - Bal
316H 0.04-0.1 | 0-2.0 | 0-0.75 | 0-0.05 | 0-0.02 | 16.5-18.5 | 2-2.6 | 11-14 - Bal
316Ti 0-0.08 - 0-0.75 | 0-0.05 | 0-0.03 | 16.0-18.0 | 2-3 10-14 | 0-0.7 | Bal
Table 3.4: Mechanical and physical properties of 316 stainless steel. Data from [138].
3 [
Ultlm.a te 0'.2 % Elastic . Melting Thermal Electrical | C, from
Tensile Yield Density R ductivi ¢ e . 0-100°C
Strength | Strength M;;iulus (g/em’) 2gge Cosv /uct;zlty Resglzstmty k'-] o
(MPa) (MPa) ( Pa) ( ) ( m- ) (ll 'cm) ( g- )
1370 - | 16.2 @ 100 °C 74
290 1.93 ES 7.99 0.50
379 1400 | 21.4@500°C | @ 20°C
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3.1.2.1 Salt impurity effects on corrosion

In a natural convection flow loop experiment, it was found that flibe in the “as-received”
condition (containing significant concentrations of FeF, and NiF, which are oxidizing toward Cr
metal)® was oxidizing toward Type 316 SS, and weight loss was observed as elements from the
stainless steel reacted with impurities in the flibe to make flibe-soluble metal fluorides [134]. Figure
3.6 shows the weight loss as a function of flibe exposure time for Type 316 SS samples. It was
concluded that weight loss was due to selective Cr attack [134]. Between 3000 and 9000 hours of
exposure at 650 °C, the average material loss was 15 um/yr in the “as-received” case. Because
beryllium forms such a stable fluoride (BeF,), it was found that the addition of Be metal to the salt
reduced the corrosion of the SS to a rate less than 2 um/yr [134]. In this instance, beryllium metal
was sacrificially oxidized to BeF, preventing structural elements (particularly Cr) from being
oxidized to metal fluorides.

A dramatic example of the corrosion effects of impurities on metals in molten salts is given by
Manly et. al. for Inconel (15 wt % Cr, 7 % Fe, ~77 % Ni) in an unirradiated natural convection loop
with NaF-ZrF;-UF; molten salt at 815 °C [139]. The report does not specify the type of Inconel
used; however, given the year of the report (1957) and the chemical composition, this Inconel was
most likely Inconel-600. From here on, it is assumed that the Inconel referred to in ref [139] is
Inconel-600. Figure 3.7 shows void formation due to Cr leaching from the surface of Inconel-600
exposed to salt with varying degrees of impurities. This shows that dissolved Fe, Ni, and HF in the
salt can result in the oxidation of Cr to soluble CrF,. Unfortunately, the meanings of “high”,
“moderate”, and “low” concentrations were not defined in the report.

2 As-received means that the flibe was not purified afier it was mixed from the two component salts, LiF and BeF».
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Figure 3.7: Impurity corrosion of Cr from Inconel-600 in molten NaF-ZrF,-UF, salt. From ref
[139].

3.1.2.2 Mass transfer effects on corrosion

In tests with Type 316 SS (17 wt% Cr), Kesier et. al. observed mass transfer of Cr from the hot
section of their loop to the cold section; however, they did not discuss the process in greater detail
[134]. As depicted in Figure 3.8, Koger observed substantial mass transfer effects in corrosive attack
of Cr during a 9.2 year test of Hastelloy-N (7.4 wt% Cr) in flibe containing UF, and ThF, [35]. The
maximum temperature in the loop was 700 °C and the minimum temperature of the loop was 560 °C.
Going from micrograph G to micrograph A, one can see surface void formation as Cr is corroded
from the samples. Micrograph G was taken on a pipe section at the entrance to the first heated
region, and exhibited minimal corrosion. However, the depth and concentration of the voids increase
with temperature, and micrographs taken from hotter sections F-A show substantial voids. The
Corrosion depth was 76 to 102 pm deep in the worst sections, corresponding to a loss rate of 8.3 to
11.0 pm/year. In the cold leg of the loop, beginning with micrograph I and moving to micrograph H,
Koger observed Cr deposition. Most of the Cr, it would appear, was deposited in these cold sections
prior to reaching section G. Additional loop tests exist for Hastelloy-N variants and Inconels, but the
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only data on flow loop corrosion tests for Type 316 SS are from Keiser et. al. (refs. [7,134]). The
rate of corrosion product mass transfer in the FHR will need to be determined, and a means for either
verifying that this rate is acceptable or mitigating it is required.

It is interesting to note that in salts with UF, and/or NiF, and FeF, impurities, the mass transfer
effect is to remove Cr from the hot part of the loop and deposit it in the cold part of the loop. In a
clean salt where HF is the principle oxidant, however, chemical thermodynamics (see Section 3.1.1)
suggest that mass transfer will occur from the cold part of the loop to the hot part of the loop [133].
This is a phenomenon that appears not to have been investigated experimentally [133]. Since the
principle oxidant in the FHR will be HF due to tritium fluoride production in the salt, the specifics of
this mass transfer must be understood. This issue will be explored in greater detail during the
discussion of the corrosion model developed for the FHR in Section 5.8.
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Figure 3.8: SEM micrographs of Hastelloy-N tube sections from various parts of thermal
convection loop. 500x magnification. From ref [35].

3.2 Definition and control of chemical redox potential

Chemical redox potential is a term used to describe whether the coolant is oxidizing or reducing
with respect to structural metals (e.g. Cr, Fe, Mo, Ni, etc.). It is a useful quantity for discussing both
tritium behavior and corrosion reactions. As will become evident, in a clean fluoride salt reactor
coolant, tritium behavior and corrosion are coupled phenomena which can be described with help of
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the redox potential. “Redox” refers to a reaction where one reactive species is reduced (“red”) and
the other is oxidized (“ox™). For example, Eq (3.21) shows a reaction where dissolved tritium
fluoride (TF) oxidizes metallic Cr to CrF», which then dissolves in the coolant as Cr*" and 2F. In
this case, tritium (T) is reduced and Cr is oxidized. “Potential” describes the thermodynamic
propensity for this reaction to occur and dictates the ratios of Cr*":Cr and T*:T, which would exist at
equilibrium.

2TF,,, +Cr,, = CrF

2(d)

+ T, 3.21)

In the coolant, the chemical redox potential is dictated by the prevailing electron-transfer
reactions. In aqueous systems, the chemical redox potential is oxidizing (corrosive) with respect to a
metal if hydrogen is reduced, and the chemical potential is reducing (non-corrosive) with respect to a
metal if hydrogen is oxidized. In aqueous solutions, the chemical potential for these reactions can be
shifted to be more or less thermodynamically favorable by altering the partial pressure of oxygen
over the solution and/or by varying the concentration of dissolved H" in solution. Similarly, the
redox potential in fluoride salts can also be described by the tendency to reduce or oxidize hydrogen
existing in the system [118]. This hydrogen may exist in an FHR due to tritium production via
neutron transmutation or by deliberate protium addition for purposes of active redox control.
Analogous to the effect of oxygen partial pressure in aqueous systems, the partial pressure of
fluorine, F», over the molten salt can also be used to describe the redox potential in the salt [140].

A useful convention is to refer to the redox potential in the FHR coolant as defined by the
fluorine potential method suggested by Olander [140]. Mathematically, the fluorine potential, AGg,,
has units of kJ/mol F, and is given by Eq (3.22) where R is the universal gas constant (8.314E-3

kJ/mol-K), T is temperature (Kelvin), and Pg; is the fractional partial pressure of F, (pr;) over the

, and actio tial pressur 2

total system pressure (por1) Shown in Eq (3.23).

AG,, =RTIn(P,) (3.22)
P, =2r (3.23)
ptotal

The fluorine potential can be used to describe the overall redox potential in any fluoride salt
coolant. The fluorine potential can also be dictated by a controlling reaction occurring in the salt.
Recall that the MSRE used a fuel-salt where the uranium fuel was dissolved directly in the coolant as
uranium fluoride (UF,). The coolant chemistry concerns for the MSRE were TF production, buildup
of fission products in the fuel salt, and slow oxidation of Cr by reaction with the dissolved UF, fuel
according to Eq (3.24).

2UF, + Cr = CrF, + 2UF, (3.24)
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Even though UF, is a more stable fluoride than CrF,, some reaction of Cr with UF, does occur,
and thanks to the temperature dependent equilibrium constant for this reaction, Cr can be transported
within a polythermal loop containing dissolved UF, [124].  Figure 3.1 shows that the Gibbs
formation free energy for UF, and UF; are nearly identical. Since UF; is more negative than the
formation free energy for CrF,, UF; acts as a reductant in the salt. (UFs does not form in flibe; thus,
UF, will not act as a reductant.) In order to maintain a reducing potential in the coolant, the MSRE
maintained a 100:1 ratio of dissolved UF,:UF;. Thus, in addition to fueling the reactor, UF, and UF;
acted as a redox buffer for maintaining the desired redox potential. Engel ez. a/. noted that if the ratio
of UF4/UF; were reduced to about 6:1 or lower, uranium carbide (UC,) would form via a reaction
between UF; and carbon which would damage the graphite [141]. A 100:1 ratio was chosen for the
MSRE because it was reducing enough to minimize corrosion of Cr, but not so reducing that the
moderator graphite was degraded by uranium carbide formation via reaction with dissolved UF;
[124,142].

If buildup of TF and/or fission products occurred, the result was that some UF; was oxidized to
UF, and the coolant redox potential remained virtually constant [6]. For example, TF could be
consumed by UF; according to Eq (3.25). If the ratio of UF4:UF; increased to greater than 100:1,
the 100:1 ratio was re-established in the MSRE by periodically inserting a Be rod which reacted to
convert excess UF, into UF; [6,42]. The mixture of UF, and UF; not only fueled the reactor, it also
acted as a redox buffer in the coolant.

2UF,,, +2TF, = 2UE,,, + Ty, (3.25)

3.2.1 Comparison of redox agents and suggestion of new agent

Fission products (which can raise the redox potential) are not produced in the FHR coolant;
however, tritium fluoride (TF) is produced in the FHR coolant and will raise the redox potential
unless a redox control method is employed.” Since the FHR operates with an un-fueled coolant, the
use of a UF,/UF; buffer is not possible. However, other options exist for controlling the redox
potential in the FHR. A gaseous mixture of Ho/He (or H»/Ar) could be bubbled through the coolant
in order to remove any dissolved T and some TF. A gaseous mixture of H,/HF could also be used
to enforce a reducing potential on the coolant [143]. Section 3.2.2 will show that maintaining the
appropriate ratio of H, to HF can achieve the same redox potential that was used in the MSRE.
However, while H, is sufficiently reducing to remove NiF, and FeF,, it was found to be difficult to
remove CrF, from solution using H, alone [123]. The use of H,/HF for redox control is currently
being investigated at the University of Wisconsin-Madison.

? An average fission event in UF, generates fission products with a net oxidation state of less than 4+; however, four
fluorine atoms are released. The result is that UF, fission creates an oxidizing effect. On the contrary, fission in
PuF; may generate a somewhat reducing effect [143].
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Another option is the use of a dissolved redox buffer analogous to the use of UF4/UF; in the
MSRE. Possible dissolved buffers include CeF,/CeFs;, SmF;/SmF,, YbF;/YbF,, VF3/VF,, and
EuFs;/EuF; [143,144]. Several of these may incur a neutronic penalty depending on the required
concentration in the salt. Another issue to consider is that the presence of certain dissolved metal-
fluorides may alter the solubility of other metal fluorides. For example, it was found that ThF4, BaF,,
and CeF; reduce the solubility of PuF; in flibe [145]. While an FHR should never have Pu in the
coolant, this effect would be important in MSRs. Next, since Zr is known to make ZrF,, it has been
postulated that ZrF; might also exist in the coolant such that a ZrF,/ZrF; buffer could also be a
possibility. However, previous investigations in lithium-sodium-potassium-fluoride salts did not
observe lower oxidation states of Zr [146]. Another option is the use of major-metal redox control
by inserting a sacrificial anode such as Be or Zr into the salt [147]. Beryllium has been investigated
for this purpose because it reacts strongly with HF/TF and is already a component of flibe [56]. In
Section 3.1.2.1, an example of the use of Be metal to reduce corrosion of Type 316 SS in flibe was
discussed. However, the findings cited by Engel ez. al. (ref. [141]), Cantor and Grimes [121], and the
assertions from Williams et. al. (ref. [148]) indicate that the use of Be or a high concentrations of
other strong reducing agents will result in the formation of carbides and the degradation of graphite.
This would be unacceptable in a graphite-moderated pebble-bed reactor. Thus major-metal control
might be suitable for systems with no graphite (such as fusion reactors), but in the FHR, Be or Zr
major-metal control could degrade graphite through formation of beryllium or zirconium carbides
unless their use can be kept to an absolute minimum. It may also be possible to have electrodes in
the salt which would use impressed current to enforce a reducing chemical potential in the coolant.

The different dissolved redox buffers and major-metal agents proposed for redox control were
compared based on their free energies of formation. Figure 3.9 is an Ellingham diagram plotting the
Gibbs free energy of formation for metal fluorides which have been proposed for redox control in
flibe. This diagram was constructed using HSC Chemistry. Two metal fluorides (YbF, and EuF;)
were not available in the database. More stable metal fluorides appear on the plot with more
negative free energies of formation. In order for chromium to be stable as a metal, and for the
constituents of flibe (LiF and BeF,) to be stable, the redox potential in the coolant (in terms of the
Gibbs formation free energy) must be more negative than the free energy of formation for CrF,, but
more positive than the free energy of formation for BeF,. This redox potential region where both Cr
and BeF; are stable is shaded in green in Figure 3.9. If the redox potential is too oxidizing, Cr can be
oxidized and preferentially attacked in structural alloys. If the redox potential is too reducing,
beryllium fluoride (BeF,) could be reduced to beryllium metal (Be).

Because Zr and Be have only one oxidation state in flibe (4" and 2"), they represent major-metal
redox control agents where the redox couples are Zr/ZrF4 and Be/BeF,, which set a very reducing
potential in the salt. The other metal fluorides (CeF4/CeF;, SmF;/SmF,, YbF5;/YbF,, VF;/VF,,
UF3/UF,, and EuF;/EuF») can dissolve in flibe in two oxidation states. This allows them to buffer the
redox potential in flibe. For example, for the UF3;/UF4 couple, UF; sets a more reducing potential
than UF,4. If UF; is oxidized to UF,, the redox potential is then set by UF, which is only a little more
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oxidizing than UF;. According to the relative stabilities plotted in Figure 3.9, in order to ensure that
BeF, is stable, the SmF;/SmF,, YbF3/YbF,, CeF4/CeFs, and EuF;/EuF; couples should not be used.
Both samarium fluorides have formation free energies more negative than that of BeF,. Both the
EuF; and YbF; species have formation free energies slightly more negative than BeF,. (Data for the
formation free energies of EuF, and YbF, were not available.) The CeF; species has a more negative
Gibbs free energy of formation than BeF,, but the CeF, species has a more positive Gibbs free
energy of formation than BeF,. The CeF./CeF; couple could be used for redox control as long as the
CeF; content is kept very low. One problem with the CeF,/CeF; couple is that the oxidation of CeF;
to CeF, results in a considerable increase in the redox potential [140]. The VF3/VF, couple might
work for redox control as long as the VF; content is always kept low. Oxidation of VF; to VFj also
results in a considerable increase in the redox potential, and the redox potential enforced by VFj; is
not considerably less than the Gibbs formation free energy of CrF,. Thus VF;3/VF; is likely not
strong enough as redox control agent.

One metal that is absent from mention in the literature as a possibility for major-metal redox
control is aluminum. Beryllium metal has been shown to dissolve in flibe after reaction with HF in
order to create a reducing potential in flibe, and some beryllium dissolves in flibe in the metallic
form Be® [7,56,149]. Analogous to the use of Be, aluminum metal immersed in flibe would react
with TF to produce T, and maintain a reducing potential in the salt. Galvanic coupling of the
aluminum to the container metal would enhance this reaction [149]. In this case, the redox couple
would be metallic Al and dissolved AlF;. Figure 3.9 shows that AlF; has a formation free energy
more positive than BeF, (and UF;) but more negative than ZrF,4 (and UF,). Thus, aluminum major-
metal control would produce a more reducing environment than control by Zr metal, but less
reducing than control by Be metal. A drawback to the use of Zr and Be for major-metal redox
control is the possibility of zirconium carbide or beryllium carbide formation. Figure 3.10 shows the
formation free energies for relevant metal carbides.! Compared to carbides formed by the two other
major-metal redox agents, Be and Zr (which form Be,C and ZrC, respectively), the stability of
aluminum carbide (A1,Cs) is considerably less. This indicates that the risk of carbide formation in a
salt controlled by Al major-metal should be less than that for Be and Zr major-metal control.

The vapor pressure of AlF; is low. At 1511 K, the vapor pressure of pure AlF; is 0.12 kPa
[151]. In comparison, at 1420 K, the vapor pressure of pure BeF; is 79.9 kPa [152]. AlF; also has
good solubility in flibe [153]. Flibe, and other mixtures of LiF and BeF,, have previously been
evaluated as a solvent for reprocessing nuclear fuel from aluminum-uranium alloys clad in aluminum
[153,154]. Solubility of AlF; in LiF-BeF, was observed up to 31 weight % AlF; [154]. A ternary
phase diagram for AlF;-LiF-BeF, showed that even at high AlF; loadings, the liquidus point in the
AlF;-flibe system (AlIF;-0.67LiF-0.33BeF,) was less than 600 °C [154]. Given that less than 1/3 of a
gram of T is produced per GWD in FHRs, little dissolved AlF; would be generated, and any

4 Note that both UC and UC; are plotted. Although the data show that UC is a more stable fluoride, experiments
have determined that UC, is the primary carbide formed from reaction of dilute UF3;/UF, mixtures with graphite
[150].
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alteration of the melting point of flibe by AlF; should be negligible. Additionally, in flibe, AlF; can
compete for unassociated fluoride ions in order to form AlF* [154]. This was undesirable for fuel
reprocessing, but might be advantageous in FHRs where free F~ ions contribute an oxidizing
influence.

The neutronic impact of any redox agent may also be of concern. Figure 3.11 shows the total
cross section for possible redox agents. In Figure 3.11, elements Ce, Eu, Sm, Zr, V, and Yb all have
more than one significant isotope. The isotope with the smallest cross section is plotted in Figure
3.11. Natural aluminum and beryllium exist with only one significant isotope. Figure 3.11 indicates
that the neutronic effect of dissolved AlF; in the salt should be the smallest of all possible redox
agents. If a strong redox agent is required, redox control using Al major-metal control may be a
reasonable option. Experimental studies would be required in order to determine the rate of reaction
between Al and TF and/or free fluoride and for determining the amount of Al that could be used
without excessive carbide formation.
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Figure 3.9: Ellingham diagram comparing relative stabilities of metal fluorides proposed for redox
potential control in flibe. Region for FHR shaded in green. Calculated with HSC.
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3.2.2 Derivation of fluorine potential

Olander provides a brief presentation of an equation for fluorine potential based on control by
the redox couple of dissolved CeF;/CeF4 [140]. Below, an equation for fluorine potential as a
function of the ratio of the dissolved redox couple UF,/UF; will be developed. Then, a unique
formulation for the fluorine potential for use in a system controlled by the ratio of HF/H, will be
developed.

3.2.2.1 Fluorine potential for dissolved-salt redox control

As was discussed earlier in Section 3.2, the MSRE used a 100:1 ratio of UF,4 to UF; in order to
maintain the desired redox potential in the coolant. The MSRE proved that a 100:1 ratio of dissolved
UF4:UF; in flibe created a suitable potential: oxidizing enough to prevent production of uranium
carbides from UF3, but reducing enough to prevent excessive Cr corrosion. In this case, the fluorine
potential is fixed by the ratio UF4:UF3, and the controlling reaction is given by Eq (3.26) where UF;
and UF, interact with hydrogen and hydrogen fluoride present in the system. Unless hydrogen
and/or hydrogen fluoride is deliberately added to the system (this might be done in order to help
control the redox potential in the salt), the only hydrogen in the system will be from tritium produced
due to neutron transmutation in the salt. Thus, in the equations which follow, hydrogen is denoted as
T for the tritium isotope of hydrogen. In order to write the controlling reaction in terms of moles of
F,, Eq (3.27) is added to Eq (3.26) in order to obtain Eq (3.28). Next, the equilibrium constant for Eq
(3.28) is written in Eq (3.29), where Py, is the fraction of the partial pressure of F, (pg,) over the total
system pressure (P.ar), and ayrs and ayrs are the activities of UF; and UF, in solution, respectively.
The Gibbs reaction free energy for the reaction in Eq (3.28) is written as AG®; 55 in Eq (3.30). Again,
R is the universal gas constant (8.314E-3 kJ/mol) and T is temperature (Kelvin). Substituting Eq
(3.29) into Eq (3.30) and re-arranging results in the usual form for a law of mass action depicted in
Eq (3.31). Solving Eq (3.31) for Py,, and substituting this into the definition of fluorine potential
from Eq (3.22) gives the fluorine potential in the salt (AGy;) in Eq (3.32) with units of kJ/mol-F,.

UK, + Tk, = Uk, + szng) (3.26)
YT+ JoF = TF (3.27)
UF, + % F, = UE, (3.28)
K = P (3.29)
ay,
AG®, ,, = -RT In(K, ;) (3.30)
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,,P a —AG®
Kix = ot =exp( ag 3'28] (3.31)

Ay, RT

a,

AGy, = 2RT ln[—UF"—j+ 2AG®, (3.32)

a UF,

Experimental data specifically for AG’; s do not exist; however, since Eq (3.28) was found by
adding Eq (3.26) to Eq (3.27), AG®; 25 can be calculated by adding the known reaction free energies
of Eq (3.26) and Eq (3.27). In Eq (3.33), Baes has reported the equilibrium constant for the reaction
in Eq (3.26). Solving Eq (3.33) for K; 6 and using it in Eq (3.34) results in a value for AG®; % in
units of kJ/mol. Reaction free energy data for the reaction of Eq (3.27) in flibe are not available. In
order to find AG®;,7, a thermodynamics program called HSC Chemistry v.7.1 was used to calculate
AG®;,7 from a vast database of reaction enthalpies and entropies with respect to temperature. HSC
cannot account for solvent effects; however, the error associated with ignoring solvent effects was
generally found to be no more than 5-10 %. The temperature dependence of the reaction free energy
(AG®;27) is plotted in Figure 3.12. A polynomial fit to the HSC calculation from 500 to 1600 °C is
shown on Figure 3.12 and in Eq (3.35) where T is in Kelvin. At 650 °C, AG% 5 = -106.7 kJ/mol and
AG®; 57 = -278.9 kJ/mol. With AG’;,5 and AG®;,7, AG®; 24 in kJ/mol is calculated from Eq (3.36). At
650 °C, AG®; 5 = -385.6 kJ/mol. Assuming activity coefficients of unity, ayrs/ayr; becomes simply
the mole ratio xyrse/xyr;. With the MSRE mole ratio of xygs/xyr; = 100 and the value for AG®; 25 in Eq
(3.32), taken at 650 °C, the fluorine potential of the MSRE salt is -700.5 kJ/mol F, at 650 °C. Thus,
in Eq (3.32) a means has been established for expressing the chemical potential of the MSRE salt in
terms of the fluorine potential if the temperature and mole fraction xygs/xur3 1s known.

Log(K, ) = —4.07 + 9.33(100%) (3.33)

AG®,,. = -RT In(K,,,) (3.34)

AG?, =AG,, =—-4.6976x107°T +3.1425x10 °T* —8.8612x10°T —2.7305x10>  (3.35)
AG®,,, = AG®,,, +AG®, , (3.36)
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Figure 3.12: Reaction free energy (AG"s,;) for Eq (3.27). Points calculated with HSC Chemistry.
Polynomial fit applied to yield Eq (3.35).

3.2.2.2 Fluorine potential for gas-phase redox control

In the previous section, an equation was developed for expressing the fluorine potential (a
measure of the chemical redox potential) in the MSRE due to redox control by dissolved uranium
fluoride (UF4/UF;) at 650 °C. In the FHR, TF is generated in the salt due to neutron transmutation
and T is produced due to metal corrosion by TF. Additionally, HF/H, may be deliberately added for
redox control. In either case, the relative equilibrium amounts of TF and T, (or HF and H,) in the
FHR coolant can be related to the fluorine potential (AGy») in the salt. If HF and H, are used to
actively control the redox potential, then the fluorine potential will be dictated by the ratio of HF:H,
injected into the system. Alternatively, if some other means of applying redox control is assumed
(such as impressed current or a dissolved redox buffer), this will enforce a particular AGg; fluorine
(redox) potential on the coolant, and this redox potential will determine the relative amounts of TF
and T, in the system. Thus, depending on the specific arrangement of the system, a specific AGy,
could be enforced (and from this fluorine potential, the ratio of TF:T> could be calculated) or one
could specify a particular TF:T, (and from this, calculate the corresponding AGy:»).

In Eqgs (3.37) and (3.38), Py and P> are the fractional partial pressures of TF (p1y) and T, (p12)
divided by the total pressure p. Eq (3.39) (borrowed from ref [140]) can be used to calculate the
relative amount of TF versus T, in the coolant given a specific fluorine potential AGy,. In this
equation, AG’ry is the Gibbs formation free energy for Eq (3.27), which can be calculated as a
function of temperature from Eq (3.35) in units of kJ/mol-F,. Solving Eq (3.39) for Pri/(P1a)"? gives
Eq (3.40).
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p,, = L (3.37)
plalal

P, = P (3.38)
ptoral

AG, = 2RT ln[ il }L 2AG°,, (3.39)

P

AG, —2AG®,,
Pu _ exp[#} (3.40)

\/ﬁ 2RT

Next, a means for determining the absolute values for Py and P, from the ratio PTF/(PTZ)” 2 s
needed. In order to do this, Henry’s law from Eq (2.10) for the solubility of gases in liquid fluoride

salts and a mass balance for the total amount of tritium in the salt in order to arrive at a set of 2
equations and 2 unknowns will be employed. The Henry’s law constant (kyr) from Field and Shaffer
(ref [57]) was converted to units of [mol HF/m® flibe-Pa] using the molar mass (32.89 g/mol) and
density of flibe. An exponential fit was applied to these data points in order to yield Eq (2.12): the
Henry’s law constant (in units of mol HF/m® flibe-Pa) for HF in flibe as a function of temperature
(°C) from 500 to 700 °C. Here, it is approximated that the Henry’s law constant for TF, kgenry,1r,
should be nearly the same as that for HF, Aenry, 1.

The Ostwald constant for the solubility of H, in flibe from Malinauskas and Richardson (ref
[98]) was converted to a Henry’s law constant in units of [mol H,/m’ flibe-Pa]. An exponential best-
fit for these data produced the expression in Eq (2.13) for the Henry’s law constant of H» in flibe
from 500 to 800 °C. In this equation kpenry,2 has units of mol H,/m® flibe-Pa and T is in degrees
Celsius. Here, it is assumed that the solubility of T, in flibe should be roughly the same as that for
H, such that Atienry, 12 = Kttenry, 12

Now that suitable Henry’s law constants for TF and T, have been attained, these can be used in
Henry’s law, and the results from Henry’s law can be used in Eq (3.40). First, Henry’s law is written
for TF and T, as Eq (3.41) and Eq (3.42), respectively. Here, crrand c1; are the concentrations of TF
and T, in flibe in units of mol/m’ flibe. The partial pressures of TF and T, are written as prrand pr
in units of Pa. The Henry’s law constants in units of mol/m® flibe-Pa are kttenry,7F and kigenry,12. EQs
(3.37) and (3.38) are solved for prr and pr; and then substituted into Eqs (3.41) and (3.42) in order to
give Egs (3.43) and (3.44). Solving Eqs (3.43) and (3.44) for Pty and P> and substituting these into
Eq (3.40), results in Eq (3.45). In a given volume of flibe, the total amount of tritium in that volume
of flibe can be expressed by summing the two chemical forms of tritium according to Eq (3.46).
Solving Eq (3.46) for c1r and substituting this into Eq (3.45) gives Eq (3.47).

Eq (3.47) can be used in a number of different ways. If the total system pressure is known, then
Diorar is known. In the case of the FHR, the total system pressure is 1 atm or 101325 Pa. If the redox
potential in terms of the fluorine potential (kJ/mol-F,) of the salt is known, then AGg; is known.
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AG°rr is known from Eq (3.35). R is the universal gas constant (8.314E-3 kJ/mol-K), and T is
temperature in Kelvin. The Henry’s law constants for TF and T, are known. If ¢ is also known,
then Eq (3.47) can be solved for c12. Once both ¢ and cr; are known, crr can be calculated using
Eq (3.46). If the right-hand side of Eq (3.47) is known, P1¢/(P1,)"” can be solved for. Alternatively,
if the relative amounts of TF and T, in the system are known (i.e. P1¢/(P12)" is known) Eq (3.47) can
be solved for the redox (fluorine) potential in the coolant.

Crp = kHenry,TFpTF (3.41)
Cr, = Kigenny,1, P, (3.42)
Crr = kHem'y,TFP 15 Protal (3.43)
Cr, = kHenry,TQP T, Protal (3.44)
Cr
_ /Henry 8 Prowal  _ (AGFZ —2AG’; J (3.45)
NN \F/ IRT
Henry T, Protat
Cootal = 2cTz +Cpp (3.46)

( Cootal — -2 CT%
P, Krtorry 1+ Proar _ exp(wﬁ] (3.47)
= 2

T RT
Henry T, Protal

3.2.3 Use of MSRE redox potential as a reference for FHR

The MSRE proved that a 100:1 ratio of dissolved UF,:UF; in flibe created a suitable redox
potential: oxidizing enough to prevent production of uranium carbides from UF3, but reducing
enough to prevent excessive Cr corrosion. Since both the FHR and MSRE have a fluoride salt in
contact with graphite and metal containing chromium, the chemical redox potential in the MSRE can
serve as a suitable baseline redox potential for the FHR. Since the FHR uses a clean, unfueled salt,
UF4/UF; cannot be used as a redox agent in the FHR, but other methods (such as those mentioned at
the beginning of Section 3.2 and discussed in Section 3.2.1) could be used in the FHR in order to
attain the same (or similar) redox potential as in the MSRE.

Mathematically, the redox potential generated by a ratio of UF4:UF; can be expressed in a
number of conventions. Two such conventions will be discussed here. One is using the Gibbs free
energy of formation such that the redox potential from UF4:UF; can be plotted in an Ellingham
diagram. The other, is to express the UF,:UF; ratio in terms of the fluorine potential derived earlier.
In order to calculate the equivalent Gibbs formation free energy for a mixture of UF, and UF;, the
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Gibbs-Duhem relationship will be used. The Gibbs-Duhem relationship for a binary mixture at
constant pressure and temperature says that the chemical potential of such a system is essentially the
mole-fraction-weighted average of the chemical potential of the two components in the mixture
[155]. Using the Gibbs-Duhem relationship, the redox potential in terms of the Gibbs free energy of
formation for a 100:1 mixture of UF, to UF; in flibe was calculated and plotted as function of
temperature in Figure 3.13. The green region in Figure 3.13 indicates the potential (in terms of a
Gibbs free energy of formation) that must exist in flibe for both the salt and structural metals to be
chemically stable. Again, anything that exists above the MSRE redox potential dotted line will not
be a stable fluoride, and anything that exists below the dotted line will be a stable fluoride.
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Figure 3.13: Ellingham diagram showing calculated Gibbs free energy of formation for a mixture
containing 100:1 UF,:UF; in flibe.

Putting the redox potential in terms of the Gibbs formation free energy, as was done for Figure
3.13, is useful for visually representing the relative stabilities of various compounds and predicting
the compounds which will be stable under a given redox regime. In order to calculate how much of a
certain species exists in a particular chemical state, the fluorine potential is a more useful
representation. In section 3.2.2.1, Eq (3.32) was developed, which can be used to convert a UF4:UF;
ratio of 100:1 into a fluorine potential in kJ/mol-F,. Assuming the activity coefficients for UF, and
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UF; are 1, then the fraction ayps/aurs in Eq (3.32) reduces to the mole fraction. At 650 °C, a UF4:UF5
ratio of 100:1 equates to a fluorine potential of -700.5 kJ/mol-F,. Figure 3.14, made with Eq (3.32),
illustrates how the fluorine potential changes with varying UF;:UF; ratio and temperature. In a
system, such as the FHR, whose redox state is controlled by the HF/H, (or TF/T,) couple, the MSRE
fluorine potential can be converted into the ratio [Pyy]*/[Pua] using Eq (3.47). In this case, a fluorine
potential of -700.5 kJ/mol-F, equates to a ratio of [Py]*/[P2] = 8.46E-9. This value for [Pyy]*/[Pis2]

was used in Section 3.1.1 to generated Figure 3.5.
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Figure 3.14: Plot of fluorine potential as a function of the UF,:UF; ratio and temperature.
Calculated with Eq (3.32).

Using Eq (3.47), the ratio of TF and T, in flibe versus the fluorine potential can be plotted. If
TF and T, are not the agents controlling the redox potential, then the fluorine potential is determined
by whatever means is used to control redox (such as impressed current, a dissolve redox buffer, etc.),
and the ratio of TF to T, is dependent this redox potential. Figure 3.15 shows that as the fluorine
potential increases, the ratio of TF to T, increases. If the fluorine potential is decreased (made more
reducing) the ratio of TF to T, decreases. Conversely, if TF and T, are the main redox agents in the
salt (as would be the case if no redox control methods are applied to the FHR or if HF/H, are used for
redox control), then it is the fluorine potential which is dependent on the ratio of TF to T».

Now that the use of the fluorine potential has been established, Figure 3.5 can be re-plotted in
‘terms of the fluorine potential and the ratio [Pur]”:[Py2]. Figure 3.16 shows the equilibrium
concentration of Cr*" dissolved in flibe contacting Type 316 L stainless steel at 650 °C. The top
horizontal axis shows the fluorine potential and the bottom horizontal axis shows the corresponding
ratio of [Pyr]*:[Piz]. As the fraction of TF increases, the redox fluorine potential increases, the salt
becomes more oxidizing, and a greater amount of Cr*" is corroded.
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Figure 3.15: [Prg]*:[P12] versus fluorine potential at 650 °C. Calculated with Eq (3.47).
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Figure 3.16: Equilibrium concentration of CrF, in flibe if Type 316 SS is exposed to flibe at 650 °C
over a range of redox (fluorine) potentials determined by [Pre]’:[Pr2]. Calculated with Eq (3.20).
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3.3 Chapter summary of fluoride salt chemistry

The FHR is a fluoride salt cooled reactor. In order to model tritium transport and corrosion
reactions (as is done in Chapter 5 and Chapter 6), an understanding of fluoride salt chemistry is
required. It was shown that the redox potential determines the extent of corrosion and the chemical
form of tritium in the salt. Methods of redox control were compared based on their range of redox
potentials, propensity for carbide formation, and nuclear cross section. If experiments determine that
a strong redox agent is required, the use of aluminum was suggested as an alternative to major-metal
control by Be or Zr. The concept of a redox potential, as defined by the fluorine potential in the salt,
was introduced. A reference redox potential was chosen for the FHR based on the potential
maintained in the MSRE. This potential maintains the chemical stability of flibe while
simultaneously maintaining the chemical stability of structural metals.

The mechanisms of corrosion were reviewed based on experiments from the MSRE which show
that Cr is selectively attacked by corrosive impurities in the salt. The ultimate rate of corrosion is
limited by solid-state grain boundary diffusion of Cr in the base metal. A corrosive impurity is any
fluoride in the salt which is less stable than CrF,. NiF, and FeF, can corrode Cr, but these reactions
go to completion and will not persist once the Ni and Fe fluorides have been consumed. Tritium
fluoride (TF) is a strong oxidant which will preferentially corrode Cr. Because tritium is produced as
TF in flibe, corrosion of Cr by TF is a concern in FHRs.

An equation linking the redox potential with the amounts of TF and T, dissolved in the salt was
derived in Eq (3.47). This is an important realization because TF and T, will dictate the redox
potential in the FHR unless a redox control method is implemented. With an increasing redox
potential, the fraction of tritium existing in the salt as TF increases, the relative amount of T,

nnnnnnnnn ERRT A
decreases, and the thermody

namic driving force for Cr corrosion increases. Tritiuin as T, has a low
solubility in flibe and can diffuse through structural metals. Thus the selection of a redox potential
presents a compromise between limiting corrosion by TF and limiting tritium diffusion out of the
system as T,.

Equations were derived which show the temperature and redox dependence of corrosion
reactions in Type 316 stainless steel and Hastelloy-N. Eq (3.16) shows the temperature and redox
dependence for the corrosion of Cr by UF4 (which occurred in the MSRE). Eq (3.20) shows the
temperature and redox dependence for the corrosion of Cr by TF (which is the principle corrosion
reaction in FHRs). As shown in Figure 3.15, an increasing redox potential means an increase in the
ratio of TF to T, and an increase in the equilibrium concentration of Cr dissolved in the salt from
corrosion. Figure 3.5 shows the temperature dependence of the reaction of Cr with TF (for a fixed
redox potential). Because of the negative reaction enthalpy for this reaction, corrosion of Cr by TF is
exothermic and proceeds more strongly at lower temperatures. By contrast, the corrosion of Cr by
UF4 is an endothermic reaction occurring more readily at higher temperatures. This has implications
for mass transfer of Cr due to corrosion by TF. The tritium transport and corrosion model developed
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in Chapter 5 accounts for the temperature and redox potential effects on the TF to T, ratio and the
extent of corrosion in the system.
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4 Chemical stabilities and TRISO fuel PIE in support of BDBA analysis

The previous section introduced basic elements of fluoride salt chemistry and derived
relationships that will be useful for further analysis. This chapter analyzes the chemical stability of
fission products and concrete in FHRs. This is the first fission product analysis to consider TRISO
fuels in a liquid fluoride salt environment. This section presents the first look at the stability of
concrete in contact with a fluoride salt under severe accident conditions. This section also presents
the results of post-irradiation examinations (PIE) of TRISO particles after irradiation in flibe.

4.1 BDBA analysis of fission product behavior in FHRs

The preceding sections provided a background in the chemistry of fluoride salts. With that, the
fission product behavior during beyond-design-basis-accidents (BDBAs) in FHRs can be analyzed.
Recall that the TRISO fuel in FHRs will utilize a UCO kernel. TRISO particles are characterized by
their low failure rates and stable high-temperature operation, and the flibe coolant has the ability to
dissolve many fission products as stable fluorides. However, because the FHR is the first concept to
pair TRISO fuel with a salt coolant, an analysis of fission product behavior is required in order to
prove that the FHR can effectively contain fission products during both normal and accident
conditions.

As a preliminary look at the fission product behavior in the FHR, fission product release data
from TRISO fuel irradiations for gas-cooled reactors were combined with data from fission product
behavior observed in the MSRE. A series of plots of Gibbs free energies of formation for fission
product fluorides, carbides, and oxides were constructed in order to help predict the chemical form of
certain fission products with varying coolant chemical (redox) potential. Plots of Gibbs reaction free
energies were also made in order to determine the likelihood of key reactions occurring.

4.1.1 Connecting fission product behavior to coolant chemistry

If fission products are released from the fuel pebble, they will encounter the flibe coolant in the
FHR. The chemical redox potential of the coolant will determine whether these fission products will
be stable fluorides dissolved in the coolant, or volatile forms liable to escape the coolant. Figure 3.1
and Figure 3.13 show how the stability of certain fluorides can vary with the redox potential in the
coolant. Flibe has excellent solubility for fission product fluorides, but in a highly reducing
environment, it might be possible to reduce soluble fission product fluorides (such as cesium
fluoride) such that they exist in the more volatile metallic state.

The MSRE employed a redox buffer by setting the ratio of UF4:UFj; in the fuel salt at 100:1. TF
and fission product build-up in the MSRE salt caused this ratio to increase above 100:1. The ratio
was re-established by periodically inserting a Be rod in order to convert excess UF, back into UF;. It
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was found that this ratio was sufficiently reducing to keep Cr corrosion to a minimum while not so
reducing as to generate uranium carbides. In Section 3.2.3 the case was made that the MSRE
potential provides a suitable reference potential for what a real FHR may see. Thus, fission product
behavior in this section will be described in the context of a dominant coolant redox potential
equivalent to that for the UF4/UF; couple existing in a 100:1 ratio from the MSRE.

4.1.2 Fission product behavior in TRISO fuel

Since the FHR combines TRISO fuel with a salt coolant, an analysis of fission product behavior
in FHRs must begin with an understanding of fission product behavior in the fuel. Numerous
reviews on fission product release from TRISO particles exist in the open literature [156]. Table 4.1
summarizes the key radionuclides for accident and normal operation and their release behavior from
TRISO fuel. Except for Ag-110m and noble gases, nominal releases from a single fuel compact or
fuel pebble are only a small fraction of the inventory of a single TRISO particle.

Table 4.1: Summary of fission product release from TRISO fuel in high temperature gas-cooled

reactors (HTGRs).
Important R
Element Nuclide(s) Importance Hold-up/Release Behavior Refs
Ag Ag-110m Normal operation; plant Release through 'mtact SI.C; little/no [13,157-159]
maintenance hold-up in graphite
Cs Cs-134/137 Sev;re Acmdem Relea:se; main | Release throggh bro.ken SlCt some hold- [159-161]
indicator of SiC failure up in matrix graphite
Ce Ce-144 Normal Operation Release thif’”g}.’ broken SiC, hold-up by [158,159]
orming Ce carbide
Release through intact coatings; hold-up
Eu Eu-154 Normal Operation in matrix graphite via formation of Eu [158,159]
carbide
| 131 Severe acc'lden! release and Release through broken SiC; intact [159,160]
licensing OPyC delays release
Indicates defect; Kr-85 gives s
Kr Kr-85/90 same release as [-131 and Xe- Releaseotgr()ctl%};l?zl(rzrlleiég, intact [159-161]
133; Kr-90 is Sr-90 precursor y y
Pd Pd-105 Normal operatsl(i)g; may corrode Release through intact coatings [158,159]
Severe Accident Release, Similar to Cs but with greater hold-up in
Sr Sr-90 indicates SiC failure matrix graphite via Sr carbide formation [159-161]
Indicates defect; use to estimate .
o Rel ;
Xe Xe-133/137 upper limit for iodine release; € easeotgr(éjﬁl; ll;r(;kr?l]eiég’ intact [159,160]
Xe-137 is Cs-137 precursor Y o
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4.1.3 Fission product behavior in the MSRE

Recall that the MSRE was a molten salt reactor with the fuel dissolved in the coolant. This
means that fission products are produced directly in the coolant. Fission products in the MSRE can
be divided into three categories: noble gases, salt-seeking elements, and noble-metal elements.
Noble gases are Xe and Kr which have a small solubility in the salt but are readily stripped into the
off-gas system by helium sparging of the salt [68]. Greater than 80% of the Xe-135 was removed
from the salt in this manner. Some of the noble gas inventory diffused into the moderator graphite
[66].

Salt-seeking elements are those which form stable fluorides which are soluble in the salt. Salt-
seeking elements include Ba, Ce, Cs, Rb, Sr, Y, Zr, rare-earth elements, and the lanthanides. An
aerosol salt mist produced in the pump bowl allowed small amounts of these elements to be collected
in the off-gas [66]. Barium, Cs, Rb, Sr, and Y have noble-gas precursors with half-lives long enough
for some of the gas to be stripped from the salt before decaying.

Noble-metal fission products include Ag, Mo, Nb, Pd, Rh, Ru, Sb, Tc, and Te. These do not
form stable fluorides and deposit on system surfaces such as metal, graphite, or at the salt/cover-gas
interface [66]. However, under higher than normal redox conditions, Nb can be oxidized to a
fluoride. Tellurium has a vapor pressure of 1.7 kPa at 650 °C which allowed some of it to be
captured in the off-gas, whereupon Te-131 decayed to I-131 [66]. Iodine could be considered to be
in a category of its own. lodine was often found to remain in the salt with no evidence of deposition
on metal or graphite surfaces. At the redox potential of the MSRE, iodine existed in the salt as the
iodide ion or as iodides (e.g. Csl), and less than 0.1% was stripped from the salt as I, gas [66]. If the
salt were to be increasingly oxidizing, a greater portion of the iodine would be in the I, gas form.

4.1.4 Fission product behavior in FHRs

Under normal operating conditions, only those elements listed in Table 4.1 are a concern for the
FHR. MSRE experience indicates that Ce, Cs, Eu, and Sr will form stable fluorides which are
soluble in the salt at the intended redox potential and operating temperatures. Figure 4.1 shows an
Ellingham diagram for key fission product metals, calculated using the HSC Chemistry v7.1
software. HSC comes with libraries of temperature-dependent thermodynamic data (e.g. enthalpies
and entropies of formation) tabulated from the open literature. It uses linear interpolation to fill in
temperature ranges for which data are not explicitly available. HSC is not capable of accounting for
solvent effects; however, HSC showed only a 5-10% difference when comparisons were made to
experimental data. Additional nuclides, not expected to be released from the TRISO fuel in
significant quantities, are also included in Figure 4.1. With the redox potential set equivalent to that
used in the MSRE, the metal fluorides below the “Reference Redox” line (Ce, Cs, Sr) will be stable
in the salt. Metal fluorides above the “Reference Redox” line will exist in the reduced metallic state
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and will not be soluble in the salt. For example, silver (Ag-110m) will deposit on metal, graphite,
and at the salt-cover gas interface. lodine will largely stay in the salt as the iodide ion or as an iodide
compound. Noble gases Kr and Xe will mostly exit the salt in the off-gas stream.

Figure 4.1 shows that when the coolant temperature approaches the boiling point of flibe (1430
°C), CsF is less stable. At extreme temperatures, CsF will have reduced stability and some Cs may
be volatilized from the metallic state. Additionally, if the redox potential is significantly more
reducing than that used in the MSRE, CsF stability will be reduced. Strontium appears to form a
stable fluoride under any possible coolant state.

Under normal reactor conditions, the liquid salt does not wet the graphite and is not expected to
enter the graphite pores [162]. Thus, under normal conditions, the salt will not enter the fuel pebble
graphite and will not come into direct contact with the TRISO particles. This means that only the
fission products listed in Table 4.1 should be a concern for release to the salt as long as salt/TRISO
separation is maintained.

Under certain conditions, however, the MSRE program observed salt wetting of the graphite
[162]. This was observed in smaller loop experiments when a graphite surface was contacted by flibe
under an atmosphere of helium gas containing moisture of about 10 ppm or higher [162]. Wetting of
fuel pebbles by the salt might present additional challenges. It might enhance fission product
transport out of the pebble. This is not a major concern for salt-soluble fission products, but might be
a concern for gaseous fission products. Another possibility that will need investigation is the
possibility of damaging the graphite if the salt were to wet it and then the reactor were to cool below
the freezing point of flibe (459 °C).

If an accident were to severely damage the fuel, such that the fuel kernel is directly exposed to
the salt, the fission product analysis becomes more complicated. Part of the virtue of the TRISO
particle is that it can retain many fission products and actinides as stable oxides or carbides [15]. In
an intact UCO kernel (not exposed to salt), the metal oxide versus metal carbide stability is
determined by the chemical redox potential in the kernel. In the context of an intact kernel, the redox
potential is best expressed as the oxygen potential, which is governed by the reaction UC, + O, =
UO, +2C [15].
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Figure 4.1: Ellingham diagram (Gibbs free energy of formation) for select fission product metal
fluorides. Calculated with HSC. Reference redox potential is set equivalent to MSRE redox
potential and expressed in terms of a formation free energy.

If a damaged UCO fuel kernel is exposed to salt, the relative stabilities of metal fluorides
compared to metal carbides and metal oxides must be known. These stabilities are determined, in
part, by the dominant chemical redox potential in the coolant. In this case, the chemical redox
potential is determined by the fluorine potential in the coolant in contact with the exposed kernel.
As was discussed earlier, the FHR will operate with a chemical redox potential similar to that used in
the MSRE. This MSRE redox potential can be used as a reference potential for the FHR by
converting it into a fluorine potential as was done in Section 3.2.3. This reference fluorine potential
can then be used to determine the relative stability of metal oxides vs metal fluorides vs metal
carbides.

Figure 4.2 and Figure 4.3 depict the relative stability of fluorides compared to carbides, and
fluorides compared to oxides, respectively. This comparison is made by plotting the Gibbs reaction
free energy for relevant reactions. A negative Gibbs reaction free energy indicates that a reaction
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will proceed spontaneously to the right, subject to the dominant redox potential in the media in which
the reaction occurs. The reaction free energies (AGin = ZGproducts — ZGreactants) Were calculated with
HSC and normalized with respect to the moles of F, required to balance equations of the type xMC +
nF, — yMF, + zC or xMO + nF, = yMF, + zOy,. A more accurate formulation of the equations
would have BeF, reacting with the metal oxides and LiF reacting with the metal carbides; however,
these reactions cannot be related to the fluorine potential. Using F,